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ABSTRACT: This manuscript investigates the design and implementation of a Substrate Integrated Waveguide (SIW) bandpass filter
using an inset feed as a defect and a rectangular slot defect in the ground plane. In this research, the feed line is also used as a defect by
replicating the inset feed line on the ground. The inset-feed structure on both conducting layers improves filter performance and reduces
size. To further enhance the filter’s passband characteristics, a simple rectangular slot is introduced in the ground plane. This Defected
Ground Structure (DGS) modifies the current distribution and improves the impedance bandwidth. The proposed filter operating at a
center frequency of 10.5GHz with a bandwidth of 500MHz and offering a return loss better than 30 dB is designed, fabricated, and
experimentally validated. The measured results show good agreement with simulations. The filter exhibits good performance, featuring
appropriateness for single-channel satellite communication applications.

1. INTRODUCTION

The rapid growth of wireless communication systems
demands compact, low-loss, and high-performance mi-

crowave filters. Among various microwave filters, bandpass
filters (BPFs) are widely used, whose design is complicated
compared to low-pass or high-pass filters. Waveguide filters
offer low losses, high Q factor, and good power-handling
capabilities, and are hence widely utilized despite being bulky
and posing difficulty in interconnections. With the advent
of planar microwave filters, the disadvantages of waveguide
filters were overcome. However, these planar filters suffer
from high loss, especially radiation loss, and hence provide a
very low Q factor. These limitations led to the development
of substrate-integrated waveguide (SIW) filters that offer
advantages similar to waveguide filters, such as low losses
and good Q factor, while providing easy integration [1–3].
SIW resembles a waveguide because of the presence of lateral
vias, which act as side walls. The vias confine the signal and
contribute to the reduction of losses and increased Q factor.
Several methods such as the use of metamaterial [4], vias or

inductive posts [1, 5, 6], slots [3, 7–9], SIW resonators [2, 8, 10–
15], defected microstrip structures (DMS) [16–19], tuning
with active/passive components [20,21], defected ground
structure (DGS) [2, 4, 19, 22–24], multilayered struc-
tures [7, 9, 12, 18, 25], and hybrid structures formed by
the combination of them [7–9, 14, 18–21, 26] have been
utilized for improving filter characteristics. Slots can be used
in applications that require a large bandwidth and improved
stopband performance. Vias help suppress spurious signals and
harmonics, thereby improving stopband characteristics, but at
the cost of additional conductor losses that decrease the filter’s
quality factor. When multiple resonant cavities are used,
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coupling between them can be in-line or cross [10]. Improved
selectivity can be achieved through transmission zeros by
using additional active components like diodes or passive
components like capacitors [2], which increase fabrication
complexity. A half-mode SIW loaded with S-shaped com-
plementary spiral resonators [27] is also used for introducing
transmission zeros (TZs). Recently, controllable TZs have
been achieved using hybrid structures comprising microstrip
and complementary split-ring resonators (CSRRs) in SIW [28],
or DGS along with CSRRs in SIW [34], which increase design
complexity. Even though the use of additional active/passive
components, multilayered or hybrid structures, improves
performance, issues with complexity, fabrication, and align-
ment increase. Defecting the ground by etching a desired
pattern modifies current distribution and alters resonance [19].
Since the SIW structure provides high-pass characteristics,
DGS-based SIW filters can be used to improve selectivity by
introducing transmission zeroes and suppressing higher-order
harmonics. Several shapes of DGS, such as dumbbell [19, 29],
modified dumbbell [22, 30], Hilbert curve [24], H-shape [31],
and CSRR [4, 28, 32–34], were designed and analyzed in the
past; yet simple rectangular slot DGS is not fully explored.
Also, the designed filters either provide a wide bandwidth or
a narrow bandwidth, which will not serve the purpose. This
article presents a novel yet simple bandpass filter structure that
offers 500MHz bandwidth and good passband and stopband
characteristics in the X-band, used in satellite and radar
applications.
The novelty of the proposed filter lies in the simultaneous

utilization of an inset-feed defect and a rectangular-slot de-
fect. Unlike conventional DGS, where resonant slots perturb
the ground current, the proposed structure introduces a repli-
cated inset-feed geometry in the ground plane that is identical to
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the inset feed implemented on the top conductor. This arrange-
ment modifies the coupling mechanism between the microstrip
feed and the SIW cavity while simultaneously perturbing the
ground-current distribution. Consequently, an additional trans-
mission zero is generated through destructive interference be-
tween the direct propagation path and the defect-induced res-
onant path without increasing structural complexity. Further-
more, a simple rectangular-slot DGS is incorporated to improve
passband characteristics. The combination of these two defect
mechanisms provides improved selectivity while maintaining
a compact single-layer SIW configuration suitable for X-band
satellite and radar applications.
The detailed design of the SIW bandpass filter with a DGS

structure is presented in Section 2 along with its analysis. Sec-
tion 3 discusses the electromagnetic behaviour of the proposed
filter. Section 4 presents the simulated and measured results,
and Section 5 provides the conclusion.

2. DESIGN AND ANALYSIS OF THE SIW BANDPASS
FILTER
The structure of the proposed filter is shown in Fig. 1, with
its dimensions in mm. The novelty of the design lies in the
use of inset-feed ports in the ground plane (GP) in addition to
the top plane (TP) and a simple rectangular DGS to improve
performance.

(a)

(b)

FIGURE 1. (a) Top view of the proposed filter and (b) bottom view
of the proposed filter with all the dimensions in mm. (LT = 30.25,
L = 25.42, W = 14.5, L1 = 8.349, W1 = 1.565, P = 1.815,
d = 1.21, S = 0.4, Ls = 5.4,Ws = 3.5).

The design flow of the proposed filter is as follows:

Step a: Design of an SIW high-pass filter.
Step b: Inclusion of an inset-feed structure in the top plane
and its replication in the ground plane.
Step c: Rectangular slot DGS and its optimization.

2.1. Design of SIW High Pass Filter (Step a)
Based on the basic SIW design equations, as specified in Equa-
tions (1)–(5) [1], the high-pass filter with a cutoff frequency
(fcm0n) of 9GHz is designed. Characteristics of the chosen
substrate include a dielectric constant (ϵr) of 2, a loss tangent
of 0.009, and a height of 0.508mm.

fcm0n =
c

2π
√
ϵr

√(
mπ

ae

)2

+

(
nπ

be

)2

(1)

ae = a− d2

0.95p
(2)

be = b− d2

0.95p
(3)

where ae is the effective width; be is the effective length of the
SIW cavity, which is obtained from Equations (2) and (3) [1];
a and b define the actual width and length of the SIW structure;
and p and d respectively denote the pitch and diameter of the
vias. For lateral confinement of the signal, the vias’ diameter
and pitch are calculated in Equations (4) and (5) [1], respec-
tively.

d < 0.2λg (4)
where λg is the guide wavelength.

p ≤ 2d (5)

The cutoff frequency of the designed high-pass SIW filter
is 9GHz, as seen from Fig. 2(a). To facilitate providing an
input signal to the SIW filter, any one of the feed structures
can be used, with the most popular being the microstrip feed,
as it provides ease of fabrication and better impedance match-
ing. Microstrip feed structures can be directly coupled, tapered,
or inset. Although a tapered feed provides better impedance
matching, it obviously increases the size. Circuit size is a very
stringent requirement in many applications, and hence, a mod-
ified microstrip feed structure, such as an inset feed, is gaining
potential. Inset microstrip feed projects itself as a better candi-
date for narrowband applications as the amount of coupling can
be adjusted by varying the inset’s gap and depth. Hence, the in-
set feed is adopted in the proposed SIW filter and is discussed
in Step b.

2.2. Inclusion of Inset-Feed Structure in Top Plane and Its
Replication in Ground Plane (Step b)
The feed dimensions are given in Fig. 1. The inclusion of an
inset feed combines the first two resonant modes, exhibiting
band-pass characteristics. To further improve performance, a
novel idea of defecting the ground with an inset feed, same as
that in the top plane, is used in this design. The replication
of the feed in the ground plane defects the ground, resulting in
the introduction of a transmission zero, thereby improving filter
performance. The characteristic response is shown in Fig. 2(b),
which shows a transmission zero at 13GHz.
The replicated inset structure perturbs both electric- and

magnetic-field distributions near the feed transition and intro-
duces an additional resonant path in the ground plane. The
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(a) (b)

FIGURE 2. (a) Highpass characteristics of the SIW filter and (b) characteristics of the SIW filter with inset-feed in GP and TP.

(a) (b)

FIGURE 3. Parametric analysis of the slot length (Ls) and width (Ws). (a) Variations of width Ws from 2.5 to 5mm, with Ls = 5mm and (b)
variation of Ls from 5.2 to 5.6mm withWs = 3.5mm.

modified current path increases the equivalent inductance and
distributed capacitance between the feed and cavity walls. At
frequencies close to 13GHz, the fields associated with this path
become out of phase with the dominant transmission mode in-
side the SIW cavity. The destructive interference between these
propagation paths suppresses signal transmission and produces
a transmission zero. Consequently, the resonant characteristics
of the SIW cavity aremodified, producing improved impedance
matching and enhanced stopband suppression, but with high in-
sertion loss.
The defect in the ground (feed) improves the filter’s passband

and stopband responses, but with high insertion loss. From the
literature, we understand that using DGS is a simple method
to improve filter characteristics. Hence, to further enhance the
performance of the proposed filter, an additional DGS is incor-
porated and discussed in Step c.

2.3. Rectangular Slot DGS and its Optimization (Step c)

This section explores improvements in impedance bandwidth
by the inclusion of a rectangular slot in the ground plane. To
start with, a square-shaped DGS of 5mm side length is included

at the center of the ground plane. It improves filter performance
by better impedance matching at the operating bandwidth. Fur-
ther, analyses are carried out to finalize optimal dimensions that
provide a resonance at the center frequency 10.5GHz and mir-
ror response from the center frequency. All the prominent vari-
ations are illustrated in Figs. 3(a) and 3(b).
To finalize the length (Ls) and width (Ws) of the rectangu-

lar slot, parametric analysis is carried out. Initially, the length
(Ls) is fixed as 5mmandwidth (Ws) varied from 2.5 to 5mm in
steps of 0.5mm. It is observed that for values ofWs as 2.5 and
3mm, a wide bandwidth is obtained by combining the first two
resonant modes. For Ws between 4 and 5mm, the bandwidth
decreases considerably, but the return loss is not appreciable.
Hence, the optimal value of Ws is chosen as 3.5mm, which
provides a passband return loss greater than 30 dB and com-
paratively better 10 dB impedance bandwidth. Proceeding to
optimize the length (Ls), it is varied from 5 to 6mm by fixing
Ws as 3.5mm. It is observed that as Ls increases, the pass-
band return loss decreases considerably, in addition to a slight
decrease in bandwidth. Hence, considering the return loss in
the passband to be less than 30 dB, with better passband char-
acteristics, the Ls value is finalized as 5.4mm. Thus, after a
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(a) (b)

FIGURE 4. Parametric analysis of the inset-feed. (a) Length (L1) and (b) gap (S).

(a) (b)

FIGURE 5. Field distribution at resonance. (a) E-field and (b)H-field.

complete analysis ofWs and Ls variations, optimal values are
finalized as 3.5mm and 5.4mm, respectively, as they provide
comparatively good performance in terms of bandwidth, inser-
tion loss, and passband return loss.

2.4. Inset-Feed Optimization

The inset-feed length is denoted as L1, which consists of a
microstrip length 2.42mm and an inset depth 5.929mm. To
know the impact of inset depth, a parametric analysis is car-
ried out on L1 by keeping the microstrip length constant,
shown in Fig. 4(a). The inset depth primarily controls coupling
strength between the feed and the SIW cavity. It impacts input
impedance. An increase in inset depth contributes to converg-
ing multiple modes and obtains a narrow bandwidth. The S21

characteristic is poor for an inset depth less than 8mm, whereas
the S11 characteristic deteriorates for an inset depth greater
than 9mm. From these, the inset depth dimension of 8.34mm
is chosen as optimum. An increase in inset gap from 0.3 to
1.1mm shows a significant increase in bandwidth, while shift-
ing the resonance to the higher end. It governs the impedance
matching at the feed transition, shown in Fig. 4(b). Thus, the
inset gap dimension of 0.4mm is chosen as optimum.

3. ELECTROMAGNETIC BEHAVIOUR OF THE PRO-
POSED FILTER

To study the electromagnetic behaviour of the designed fil-
ter, E- and H-fields are plotted in Figs. 5(a) and 5(b), re-
spectively. The electric-field distribution at the centre fre-
quency demonstrates strong field confinement inside the SIW
cavity with maximum field intensity around the inset-feed tran-
sition. The field concentration indicates efficient excitation of
the dominant mode and confirms proper impedance matching.
It showcases the E-field predominantly confined to the slot
region, while the H-field exhibits symmetric circulating pat-
terns around the resonator. These field distributions confirm
the dominant LC resonance and efficient energy confinement
at the operating frequency.
Figure 6 illustrates the surface current density at 10.5GHz

and 13GHz. Strong current concentration around the resonator
at 10.5GHz confirms the passband resonance, whereas the cur-
rent confinement near the input port at 13GHz verifies effective
stopband suppression, i.e., at the transmission-zero frequency,
the electric field becomes localized around the inset-feed-defect
region, reducing the field intensity within themain transmission
path and preventing signal propagation. This can be evinced
from the surface current density plot given in Fig. 6(b).
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TABLE 1. Effect of fabrication tolerance on slot dimensions.

Slot Length, Ls (mm) Slot Length,Ws (mm) Shift in fc (MHz) Change in BW (MHz) IL (dB) RL (dB)
5.4 3.3 5 70 1.50 22.7
5.4 3.4 0 40 1.54 26.0
5.4 3.5 0 0 1.54 33.8
5.4 3.6 0 −40 1.54 44.0
5.4 3.7 −5 −90 1.50 27.9
5.2 3.5 0 10 1.47 33.0
5.3 3.5 0 10 1.49 30.0
5.4 3.5 0 0 1.50 34.0
5.5 3.5 5 −30 1.47 57.0
5.6 3.5 10 −40 1.47 40.0

Note: Ls = slot length,Ws = slot width, fc = center frequency, BW=bandwidth, IL = insertion loss, RL= return loss.

(a) (b)

FIGURE 6. Surface current density. (a) At 10.5GHz and (b) at 13GHz.

4. RESULTS AND DISCUSSIONS

The proposed filter offers a 3 dB insertion loss and 10 dB
impedance band from 10.2 to 10.75GHz. The proposed
filter exhibits a fractional bandwidth (FBW) of approximately
5.25%, corresponding to 550MHz bandwidth centered at
10.5GHz. The insertion loss and return loss values of the
simulated filter are −1.5 dB and −31 dB, respectively. A
transmission zero is obtained at 13GHz. The loaded quality
factor of the proposed filter is 21 as per the ratio of center
frequency to the 3 dB pass bandwidth. The unloaded quality
factor of the proposed filter is estimated as 104 [32]. The filter
offers improved selectivity in the upper passband, with over
20 dB/GHz of selectivity factor, achieved by introducing a
TZ using an inset feed DGS and a rectangular-slot DGS. The
stopband rejection exceeds 10 dB up to 19.5GHz, except for a
small spurious band near 15GHz.
To validate the results, the proposed filter is fabricated. Mea-

surement is carried out using a vector network analyzer (VNA).
Themeasurement setupwith an image of the prototype is shown
in Fig. 7(a). The measured results are on par with the simulated
ones, as evident in Fig. 7(b). The measured −10 dB return loss
and 3 dB or less insertion loss are from 10.28 to 10.78GHz,
which are close to the simulated results. The slight variations
in the measured results might be due to material property vari-

ations over frequencies and minor issues in fabrication, such as
via filling and soldering. The group delay variation in the pass-
band of the filter is 0.05 ns (violet color line, Y -axis on RHS),
which attributes to the optimum performance of the proposed
filter.

4.1. Fabrication Tolerance Analysis

4.1.1. Slot Dimensions

The effect of slight variation in the slot dimension during fabri-
cation is analysed in simulation by varying the slot dimensions
within ±0.2mm from the finalized value and provided in Ta-
ble 1. This reveals that these variations have an impact on the
bandwidth and not significantly on the center frequency and in-
sertion loss (IL).

4.1.2. Via Diameter

The effect of slight variation in the via diameter during fabrica-
tion is analysed in simulation by varying the via diameter from
1 to 1.4mm and is provided in Table 2. This reveals that these
variations impact the center frequency and not significantly the
bandwidth, IL, and return loss (RL).
The comparison between existing literature and the proposed

filter is provided in Table 3. The purpose of a filter is to allow
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TABLE 2. Effect of fabrication tolerance on via diameter.

Via Diameter, d (mm) Shift in fc (MHz) Change in BW (MHz) IL (dB) RL (dB)
1.00 −210 20 1.50 26.80
1.10 −110 0 1.48 32.54
1.20 −10 −20 1.50 48.31
1.21 0 0 1.50 33.80
1.30 100 −30 1.48 33.60
1.40 200 −40 1.48 32.00

Note: d = via diameter, fc = center frequency, BW=bandwidth, IL = insertion loss,
RL= return loss. The nominal design corresponds to d = 1.21mm.

TABLE 3. Comparison of the proposed filter with reported SIW bandpass filters.

Ref. fc (GHz) BW (MHz) FBW (%) IL (dB) RL (dB) TZ QL Size (mm2) Technique/Remarks Complexity

[6] 10.05 530 5.3 < 2.0 > 18 0 18.9 40.16× 17.87
Half-mode SIW. Upper

stop-band rejection > 30 dB.
Moderate

[7] 8.5 520 6.1 < 2.5 > 10 2 16.3 20.29× 19.37
Multilayer SIW. 50 dB
attenuation at TZ.

High

[11] 10.04 420 4.2 NA > 20 2 23.8 29.5× 42
Bypass coupling. > 30 dB
stopband attenuation.

High

[12] 10.01 1620 16.2 < 2.0 > 14 0 6.2 11.2× 8.57
Shielded SIW. Wide stopband with
> 45 dB attenuation at 2.73f0.

Very High

[14] 10.0 100 1.0 NA NA 2 100 33× 25
Parallel-coupled SIW. > 30 dB

attenuation in stopband.
Moderate

[15] 11.25 580 5.1 1.55 23 0 19.4 46.31× 32.97

Series-connected resonators.
Stopband reaches > 20 dB

at 1.03f0.
Moderate

[16] 11.5 780 6.8 < 2.0 > 13 2 14.8 24× 15
Hybrid SIW. > 40 dB

of attenuation in stopband.
High

[17] 9.99 1080 10.8 1.8 20 2 9.3 37.9× 20.4
Hybrid SIW. > 20 dB

attenuation up to 1.57f0.
High

[18] 10.71 1070 10.0 < 2.0 > 15 2 10.0 23.5× 12.6
Multilayer HM-SIW. > 20 dB

attenuation in stopband.
Very High

[25] 8.34 824 9.8 1.1 > 10 – 17 27× 8.55

Two-layer HMSIW with
U-slot slow-wave.

Stopband suppression > 30 dB.
High

[26] 10.22 2390 23.4 > 2.5 > 10 0 4.3 30× 20
Cascaded SIW. Stopband
attenuation > 20 dB.

High

[34] 10.1 2710 26.8 1.5 21 3 3.7 27× 22
Hybrid SIW + DGS + DMS.

Stopband > 20 dB up to 1.94f0.
High

Proposed 10.5 500 4.76 < 3 > 30 1 21 30.25×14.5

Inset-fed SIW with rectangular DGS.
> 10 dB till 1.87f0.

Stopband rejection exceeds
45 dB at 13GHz.

Low

Note: fc –– center frequency, BW— bandwidth, FBW— fractional bandwidth, IL — insertion loss, RL — return loss; TZ — transmission zeros,
QL — loaded quality factor, NA — not available.

only the required band of signals and filter out the other sig-
nals. Hence, having a filter passband more than the required
bandwidth will not serve the purpose. Most satellite appli-
cations need 500MHz bandwidth to accommodate 1 channel.

The filters in [12, 17, 18, 26, 34] provide more than the required
bandwidth, which increases system complexity as they offer
more than 1GHz bandwidth. Bandwidth is less than 500MHz
in [11, 14]. Works [6, 7, 11, 15, 16] provide comparable band-
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(a)

(b)

FIGURE 7. (a)Measurement setup and prototype, and (b) simulated and
measured results.

width suitable for single-channel communication, but the large
circuit area of Refs. [6, 11, 15] is the major drawback com-
pared to our proposed work. The filter in [7] provides the
required bandwidth with compact size, but has design com-
plexity as it involves staking layers vertically. Its return loss
is high compared to the proposed filter. The reported filters
employed techniques such as DMS [16, 17], bypass coupling
methods [11], and dual-mode excitation [6], which require rel-
atively complex design approaches. Furthermore, multilayer
structures [7, 12, 18, 25] made the system bulky and more diffi-
cult to design and align. Ref. [16] offers a slightly higher band-
width but is complex to design, including more vias, which will
increase conductor losses and have moderate return loss. Fil-
ters reported in [7, 11, 14, 16–18, 34] offer improved selectivity

by generating multiple TZs, but either involve increased de-
sign complexity, such as a multilayered architecture, or com-
plex coupling mechanisms, or increased circuit size. Compared
to previous studies, the proposed filter is tailored to obtain the
required bandwidth of 500MHz, which meets the application
requirement. It features the advantages of a simple structure, a
single layer, and is comparatively compact.
Like waveguides, the proposed SIW filter can also be used

without restrictions of top and bottom planes, meaning that the
slot made in the ground can also be reversed on the patch side,
exhibiting invariance in the performance.

5. CONCLUSION
This work has presented a novel idea of using an inset-feed
structure in the ground plane as a DGS in addition to a sim-
pler rectangular-slot DGS. Inset feed reduces filter footprint
and allows bandwidth tuning by varying inset gap and depth.
Defecting the ground plane with the same inset feed helps
improve stopband characteristics by the inclusion of a trans-
mission zero. Further, to improve passband characteristics, a
simple rectangular-slot DGS is utilized. Parametric analysis
on the length and width of the rectangular slot is carried out.
Like waveguides, the proposed filter provides the same perfor-
mance even if the top and bottom planes are reversed. The pro-
posed SIW bandpass filter with 500MHz bandwidth centered
at 10.5GHz is suitable for single-channel satellite or radar ap-
plications operating in the X band.
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