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ABSTRACT A substrate-integrated waveguide (SIW) antenna is an implementation of a waveguide antenna
in a microstrip antenna. The microstrip antenna, as a low-profile antenna, suffers from narrow impedance
bandwidth. This paper proposes a novel bandwidth enhancement method for solving a narrow impedance
bandwidth. Bandwidth enhancement was achieved by using quad-resonant frequencies. The quad-resonant
frequencies are resulted from the hybrid half-mode substrate-integrated waveguide (HMSIW) cavities
between the inner and outer cavities. The inner HMSIW cavity has a half-pentagon ring slot that disturbs
the TE101−inner, TE102−inner, TE202−inner, and TE103−inner modes, whereas the outer HMSIW cavity consists
of two outer quarter-mode substrate-integrated waveguide (QMSIW) cavities. The outer HMSIW cavity
generated the TE102−outer and TE202−outer modes. The hybrid cavities were fed simultaneously using a
port with a quarter-wavelength feed transmission line. The hybrid HMSIW cavities generated resonant
frequencies that were close to each other. Additionally, this method was applied to the X-band frequency
with a low-profile substrate. The simulated impedance bandwidth and peak realized gain was 33.86%
(8.98 − 12.64 GHz) and 7.97 dBi, while the measured impedance bandwidth and peak gain were 31.83%
(9.14 – 12.6 GHz) and 7.62 dBi, respectively. Strong agreement was observed between the measurement and
simulation results.

INDEX TERMS Bandwidth enhancement, hybrid cavities, quad-resonant, a half-pentagon ring slot, half-
mode substrate-integrated waveguide antenna.

I. INTRODUCTION
Substrate-integrated waveguides (SIW) are an attractive tech-
nology that offers many advantages, such as high quality, low
profile, and the possibility of integrating many components in
the same substrate [1], [2], [3]. SIW can be implemented in
active and passive components, including antenna elements.
One type of SIW implementation in antenna elements
involves cavity-backed-slot (CBS) antennas [4]. However, the
SIWCBS antenna has a narrow impedance bandwidth (1.7%)
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owing to its high quality, and its structure is associated with
only a single resonant frequency [4]. Various techniques have
been employed to improve the impedance bandwidth through
slot substrate removal [5], slot radiator modification [6], [7],
[8], [9], shorting vias [10], [11], [12], [13], and dual-mode
SIW with pin loading [14].

Substrate removal [5] can be implemented to improve the
narrow bandwidth by decreasing the slot capacitance of a
conventional SIW CBS antenna. A 24% wider bandwidth
and 6.2% higher antenna efficiency were achieved using this
technique when compared with the conventional SIW CBS
antenna. However, the substrate removal method is not an
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easy task, and the impedance bandwidth improvement is not
significant, because it still has a single resonant frequency.

Slot radiator modifications, such as non-resonant slots
[6], dual unequal slots [7], bowtie slots [8], and dumbbell
slots [9], can be implemented to improve the narrow
impedance bandwidth by resulting in hybrid-, triple-, and
penta-resonant frequencies. Penta-resonant frequencies suc-
cessfully enhance impedance bandwidth by up to 26.7% [9].
Penta-resonant frequencies were successfully generated by
even and odd high-order modes, tilted slots of the feeding
structure, and a combination of two high-order modes.
However, these antenna dimensions [6], [7], [8], [9] are large
owing to their full-mode SIW (FMSIW) structure.

An investigation of the via hole above the slot [10] yielded
an impedance bandwidth of 3.35 %. A pair of shorting
vias was used to combine the lower cavity mode with the
higher modes [11] and 17.5% of impedance bandwidth has
developed. Another method of combining a pair of shorting
vias with a cross-shaped slot can be used to improve the
impedance bandwidth by generating multi resonant frequen-
cies [12], [13]. Multi resonant frequencies consist of even-
and odd-high-order modes. Multi resonant frequencies, that
is, triple- [11], [11], [12], penta- [12], [13], and hepta- [13]
resonant frequencies, successfully yielded improvements in
the impedance bandwidth. Hepta-resonant frequencies in an
elliptical cavity improve impedance bandwidth by up to
22.7% [13]. However, shortening the placement of the vias
is difficult. Another bandwidth enhancement method can be
achieved using aperture coupling of the patch antenna. The
patch antenna was fed using dual-mode SIW [14]. A 22%
impedance bandwidth was achieved using triple-resonant
frequencies with a stack substrate. However, the alignment
of the stack substrates is not an easy task.

A SIW also offers miniaturization by dividing a single
cavity into sub-cavities, such as the HMSIW, QMSIW,
and eighth-mode SIW (EMSIW), because the dominant
mode field distributions of these cavities are similar.
This can be implemented using multiplexed antennas
[15], [16], [17], [18]. However, multiplexing antennas [15],
[16], [17], [18] and HMSIW CBS antennas with single
resonant frequencies [19], [20] have narrow impedance
bandwidths. The impedance bandwidths are not more than
5%. Few studies have focused on improving the impedance
bandwidth in sub-cavities SIW antennas, such as in the
cavities of HMSIW, QMSIW, and EMSIW, using slot mod-
ification [21], [22], [23], coupling [24], [25], [26], fraction
modes [27], and metamaterials [28]. Impedance bandwidth
improvements of up to 23.7% were realized through hybrid-
resonant frequencies in the HMSIW cavity [28]. However,
owing to the limited patch area of a single HMSIW cavity
[21], [22], [23] and the use of substrates with a high profile
thickness [28], only triple resonant frequencies have been
reported [22].

In this study, a novel method using hybrid HMSIW
cavities between the inner and outer cavities was proposed
for bandwidth enhancement. The inner and outer HMSIW

TABLE 1. Dimension of ant-3 design (unit = mm).

cavities have different dimensions; the outer HMSIW cavity
has larger dimensions than the inner HMSIW cavity. The
inner and outer HMSIW cavities are fed simultaneously
to generate a series of resonant frequencies. The series of
resonant frequencies are close to each other and merge. The
inner HMSIW cavity uses a half-pentagon ring slot to excite
the triple-resonant frequencies, whereas the addition of an
outer HMSIW cavity improves the impedance bandwidth.
To the best of our knowledge, this is the novelty of
impedance bandwidth enhancement. This study is also an
improvement over previous research [23], where hybrid
resonant frequencies were used for impedance bandwidth
enhancement.

The main contributions of this paper are:
1) A novel bandwidth-enhancement method was devel-

oped using quad-resonant frequencies with hybrid
HMSIW cavities between the inner and outer cavities.
This resulted in an impedance bandwidth measurement
of 31.83% (9.14 – 12.6 GHz).

2) Simple structure using a half-pentagon ring slot on the
inner and outer HMSIW cavities without additional
substrates

3) A low-profile SIW antenna with 0.048 λ0 at 9.14 GHz,
and

4) 50% miniaturized the SIW CBS antenna that used the
HMSIW structure.

II. DESIGNED ANTENNA AND PARAMETRIC STUDY
The geometry of the proposed antenna, Ant-3, is shown
in Fig. 1. Ant-3 has hybrid HMSIW cavities with a half-
pentagon ring slot in the inner HMSIW cavity for impedance
bandwidth enhancement. A Rogers-Duroid 5880 substrate
with a thickness (h) of 1.575 mm, dielectric relative
permittivity (εr ) of 2.2, and tangent loss (δ) of 0.0009 was
used for the proposed antenna and fabrication. The proposed
antenna is simulated using an electromagnetic full-wave
simulator. The antenna dimensions are listed in Table. 1.

The impedance bandwidth enhancement of Ant-3 is
resulted from the evolution of the hybrid HMSIW cavities
antenna, as shown in Fig. 2. The proposed antenna begins
with a basic cavity antenna. The basic cavity antenna consists
of an inner FMSIW cavity and a fourth outer sub-cavities
(QMSIW), as shown in Fig. 2(a). The inner and outer cavities
were separated diagonally using holes. Each via hole has
diameter Dv, distance between two adjacent hole centers
(Pv), and free-space wavelength (λ0). The separation can be
optimized to minimize the energy leakage [29]. Therefore,
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FIGURE 1. The geometry of hybrid half-mode substrate-integrated
waveguide (HMSIW) cavities antenna Ant-3 design. The antenna
dimensions are listed in Table 1. (a) Copper patch details, (b) ground
details, and (c) 3-D detail.

TABLE 2. The calculated series of TE modes for outer QMSIWs (GHz).

Dv/Pv ≥ 0.5 and λ0/Dv ≥ 10 should be considered for this
optimization.

The inner and outer cavity dimensions were influenced by
the frequency implementation. In the proposed antenna, the
X-band frequency range was used for the frequency imple-
mentation in the TE102−outer mode. The inner FMSIW cavity
dimensions were obtained by determining the TE102−outer
mode as the frequency implementation, as indicated by the
Lc-inner and Wc-inner dimensions. The outer and inner

FIGURE 2. Evolution of hybrid half-mode substrate-integrated waveguide
(HMSIW) cavities antenna with half-pentagon ring slot: (a) the basic
cavities for the inner and the outer, (b) Ant-1, (c) Ant-2, and (d) Ant-3.

FIGURE 3. Reflection coefficient simulation for the fourth outer
sub-cavities QMSIW.

cavities were fed simultaneously by using 50� characteristic
impedances and a quarter-wavelength feed transmission
line. The calculated series of resonant frequencies were
determined by the four outer sub-cavities, QMSIW, as listed
in Table 2, and the inner FMSIW cavities, as listed in Table. 3.
The TE modes of the resonant frequencies were calculated
based on [30].

The TE modes of the fourth outer sub-cavities, QMSIW,
were simulated using ANSYS HFSS, as shown in Fig. 3.
The predicted resonances for the TE101−outer, TE102−outer,
and TE202−outer modes were excited at 6.26, 10.03, and
12.90 GHz, respectively. These predictions matched the
results of the calculations presented in Table 2. The same
prediction is made for the inner FMSIW cavity. According
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TABLE 3. The calculated series of TE modes for inner FMSIW (GHz).

FIGURE 4. Reflection coefficient simulation for the inner FMSIW cavity.

to Fig. 4, which shows these frequencies, the expected
resonances for the TE101−inner, TE102−inner, TE202−inner, and
TE103−inner modes were excited at 9.28, 14.27, 18.03, and
20.19 GHz, respectively. These predictions match the results
of the calculations presented in Table 3 for these modes.

The four outer sub-cavities, QMSIW, of the basic cavity
antenna were removed, and the antenna became a conven-
tional antenna with a single FMSIW cavity, named Ant-1,
as shown in Fig. 2(b). Ant-1 uses a pentagon ring slot as
the radiating slot in its inner FMSIW cavity. Ant-1 had
a pentagon ring slot shape consisting of three segments:
horizontal, right-slanted, and left-slanted. Right-slanted and
left-slanted segment ring slots occurred at φ1 = −47◦

and φ2 = 31◦, respectively. The half-pentagon ring slot
segment has an approximate ratio of 1:2:3 based on the guided
wavelength of the TE102−outer mode.
Ant-1 generates a resonant frequency on the TE102−inner

mode and Ant-1 can be operated on 11.61 – 11.81 GHz
(1.71%) associated with the −10 dB reflection coefficient
as indicated in Fig. 5. Ant-1 suffers from narrow bandwidth
and large dimensions. A narrow bandwidth occurs because
of the single resonant frequency, whereas a large dimension
occurs because of the use of the FMSIW structure. Ant-1 can
be minimized by dividing it vertically along the AA’ line.
Ant-1 becomes two parts of Ant-2, as shown in Fig. 2(c).
Each part of Ant-2 is an HMSIW CBS antenna with a 50%
miniaturization from the FMSIW CBS structure.

Ant-2 can generate triple resonant frequencies, which are
combinations of TE101−inner, TE102−inner, and TE202−inner

FIGURE 5. Reflection coefficient simulation for antenna evolution of
hybrid half-mode substrate-integrated waveguide (HMSIW) cavities.

FIGURE 6. Electric field distribution Ant-1 at 11.7 GHz on phase 0◦, 90◦,
180◦, and 270◦.

modes. The impedance bandwidth significantly improved
to 27.71% (9.39 – 12.41 GHz). The additional outer
part of Ant-2 results in the Ant-3 design, as shown in
Fig. 2(d). The combination of the inner and outer HMSIW
cavities (Ant-3) resulted in quad-resonant frequencies. These
frequencies are associated with an impedance bandwidth
of 33.86% (8.98 − 12.64 GHz), indicating that the outer
HMSIW improved the impedance bandwidth.

Fig. 5 shows a comparison of the peak realized gain for
the antenna evolution. Ant-1 has a maximum 4.56 dBi peak
realized gain at 11.6 GHz. The peak realized gain is 3.86 dBi
on 11.7 GHz. The peak realized gain for Ant-1 fluctuates
significantly. The peak realized gains for Ant-2 and Ant-3
are flatter than those for Ant-1. The peak realized gains for
Ant-2 and Ant-3 are higher than those for Ant-1. The peak
realized gain for Ant-2 raises from 6 dBi up to 8.44 dBi in
the range 9.39 – 12.1 GHz and declines to 7.32 dBi in the
range 12.1 – 12.41 GHz. In the impedance bandwidth range
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FIGURE 7. Electric field distribution Ant-2 at (a) 9.99, (b) 11.43, and
(c) 12.18 GHz on phase 0◦, 90◦, 180◦, and 270◦.

(8.98 – 12.64 GHz), Ant-3 has a minimum of 5.53 dBi at
12.3 GHz and a maximum of 7.97 dBi at 11.4 GHz for the
peak realized gain. The flatter peak realized gains on Ant-2
and Ant-3 occur because of the combination of TEmodes that
merged, rather than on Ant-1, which has a single TE mode.

A. ANALYSIS OF ELECTRIC FIELD MODE
An analysis of the electric field distribution was performed
to understand the TE modes that combine and radiate into the
free air. The Ant-1 and Ant-2 structures consisted of copper
patch resonators located in the inner cavity. Therefore, the
modesmerging from the single- to triple-resonant frequencies
originated only from this cavity. The electric field distribution
for Ant-1 occurs at 11.7 GHz as shown in Fig. 6. The electric
field distribution for Ant-1 had the same scale of 150 V/cm
for one period for each phase 90◦ increment. The electric field
distribution of Ant-1 occurs because of the strong TE101−inner
and weak TE102−inner mode combinations.
Fig. 7 shows the electric field distribution of Ant-2 at 9.99,

11.43, and 12.18 GHz on the same scale of 150 V/cm. The
electric field distribution at 9.99 GHz occurs because of the
strong TE101−inner and weak TE102−inner mode combination.

FIGURE 8. Electric field distribution Ant-3 at (a) 9.31, (b) 10.48, (c) 11.45,
and (d) 12.37 GHz on phase 0◦, 90◦, 180◦, and 270◦.

This is demonstrated by the same electric field distribution for
each phase increment, as shown in Fig. 7(a). Fig. 7(b) shows
the electric field distribution at 11.43 GHz and which occurs
because of the TE202−inner−odd mode. This is proven by the
different 90◦ phases in one period. While in Fig. 7(c) shows
the electric-field distribution for the TE202−inner−even mode.
Ant-3 consists of an inner HMSIW resonator and

outer HMSIW resonator. The outer HMSIW consists of
both outer QMSIW cavities, and the QMSIW cavity can
generate TE102−outer and TE202−outer modes. The quad-
resonant frequencies resulted in bandwidth enhancements
of 9.31, 10.48, 11.45, and 12.37 GHz. Through reflection
coefficient simulations based on antenna evolution (see
Fig. 5), these frequencies can be easily defined as combi-
nations of TE101−inner, TE102−inner, TE202−inner, TE103−inner,
TE102−outer, and TE202−outer.

Fig. 8 shows the electric field distribution at the same
scale as the 100 V/cm electric field distribution. The
electric field distribution in the inner HMSIW is stronger
than that in the outer HMSIW. Fig. 8(a) shows the first
of electric-field distribution at 9.31 GHz. The maximum
electric field distribution in the inner HMSIW occurred along
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FIGURE 9. Reflection coefficient simulation for Ls parameter as a
half-pentagon ring slot length.

the horizontal, right, and left slant half-pentagon ring slot
segments. In the inner HMSIW, the distribution is resulted
from the strong TE101−inner and weak TE102−inner modes in
the same phase. The electric field distribution in the outer
HMSIW resulted from the TE102−outer mode.
The second quad-resonant frequencies was located at

10.48 GHz as shown in Fig. 8(b). The maximum electric field
distribution occurred in the upper and lower parts of the half-
pentagon ring slots in the inner HMSIW. The distribution
also occurred in the outer HMSIW, similar to that in the
TE102−outer mode. In the inner HMSIW, the electric field
distribution was induced by a combination of the strong
TE102−inner and weak TE101−inner modes. This indicates that
the inner HMSIW had a different phase.

The third resonant frequency occurs at 11.45GHz as shown
in Fig. 8(c). The maximum electric field distribution in the
inner HMSIW occurred on the left slant half-pentagon ring
slot segment and inner edge of the cuttingmagnetic wall. This
was attributed to the TE202−inner−odd mode. The electric field
on the outer HMSIWwas identified as TE202−outer−odd mode.
The last resonant frequency is located at 12.37 GHz as

shown in Fig. 8(d). The electric field distribution on the
inner HMSIW occurs because of the combination of the weak
TE202−inner−even and the strong TE103−inner modes, while on
the outer HMSIW results by the TE202−outer−even mode.

B. PARAMETRIC ANALYSIS OF BANDWIDTH
ENHANCEMENT
Parametric analyses were performed to verify the impedance
bandwidth enhancement in the inner and outer HMSIW
cavities. Generally, impedance bandwidth enhancement is
influenced by the length and width of a half-pentagon
ring slot. This was also influenced by the position of the
half-pentagon ring slot relative to the bottom edge of the
copper patch.

A half-pentagon ring slot with approximately one guided
wavelength TE102−outer mode was added to the top substrate.
The slot shape has an asymmetric segment that disrupts

FIGURE 10. Reflection coefficient simulation for St parameter as a
half-pentagon ring slot thickness.

the electric-field distribution of the TE101−inner, TE102−inner,
TE202−inner, and TE103−inner modes. The two outer QMSIWs
contributed to the electric field distribution of the TE102−outer
and TE202−outer modes.

Fig. 9 shows the reflection coefficient simulation for a half-
pentagon ring slot length, Ls. The impedance bandwidth was
33.86% when Ls = 1.00 times the guided wavelength of the
TE102−outer mode. If this length is larger than the guided
wavelength of the TE102−outer mode, quad-resonant frequen-
cies still exist, but the impedance bandwidth is narrow. For
example, when Ls = 1.03 times the guided wavelength of
the TE102−outer mode, the proposed antenna can operate at
8.94 − 12.34 GHz. This implies that the proposed antenna
has an impedance bandwidth of 31.95 %. When Ls =

1.06 times the guided wavelength of the TE102−outer mode,
the proposed antenna has an impedance bandwidth of 29.56%
(8.91 − 12.00 GHz). The fourth resonant frequency separates
the frequency bands, and the quad-resonant frequencies
become triple-resonant frequencies. This occurs when the
length of the half-pentagon ring slot is smaller than that of
the guided-wavelength TE102−outer mode (Ls = 0.97). The
proposed antenna had a 26.88% impedance bandwidth of
9.05 − 11.86 GHz.
The half-pentagon ring slot thickness also influences the

impedance bandwidth improvement, as shown in Fig. 10.
The proposed antenna has a maximum impedance bandwidth
when the slot thickness is St = 0.6 mm. Quad-resonant
frequencies can still be achieved for other slot thickness
parameters even though the impedance bandwidth is narrow.
For example, when St = 0.55 mm, the proposed antenna has
a 33.64% impedance bandwidth that can be implemented
at 8.95 – 12.57 GHz. The narrow impedance bandwidth
also occurs when the slot thickness St = 0.65 and St =

0.70 mm with 33.63% (9.03 – 12.68 GHz) and 33.55%
(9.08 – 12.74 GHz). With increasing thickness of the half-
pentagon ring slot, the quad-resonant frequencies shifted
to a higher frequency, and the reflection coefficient values
increased.
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FIGURE 11. Reflection coefficient simulation for Hs parameter as a
half-pentagon ring slot position.

FIGURE 12. The photo of the antenna fabrication.

The half-pentagon ring-slot position starts at the end of
the feed transmission line and has a considerable influence
on the quad-resonant frequencies, as shown in Fig. 11.
When a half-pentagon ring slot was placed near the upper
sidewall, most of the quad-resonant frequencies shifted
to lower resonant frequencies, with the exception of the
second resonant frequency. The quad-resonant frequencies
combination for the broadband range was achieved when
the half-pentagon slot was not placed above or below the
upper sidewall. For example, when Hs = 9.3 mm, the
first quad-resonant frequencies separate and become dual-
band frequencies. The first resonant frequency had an 8.7%
(8.91 – 9.72 GHz) impedance bandwidth, whereas the other
triple resonant frequencies had an impedance bandwidth of
19.55% (10.29 – 12.52 GHz). The same conditions were
applied for Hs = 8.7 mm. Triple resonant frequencies have
24.62% (9.19 – 11.77 GHz) impedance bandwidth and the
fourth resonant frequencies has 4.79% (12.23 – 12.83 GHz)
impedance bandwidth. Quad-resonant frequencies have the
maximum impedance bandwidth on Hs = 8.9 mm and Hs =

9.1 mm with impedance bandwidths of 33.23% and 33.86%,
respectively.

From the above impedance bandwidth enhancement
method (Ant-3), the following steps can be implemented in
other frequency-band applications:

FIGURE 13. Reflection coefficient simulation and measurement of the
proposed antenna.

FIGURE 14. Measurement of the peak gain and radiation pattern of the
proposed antenna.

1) Set the frequency center as the TE102−outer mode on
a substrate with a dielectric relative permittivity (εr )
of 2.2, tangent loss (δ) of 0.0009, and thickness (h) of
1.575 mm,

2) Calculate the outer and inner HMSIW cavities dimen-
sions according to [30] for all the TE modes.

3) Add the 50 � width and quarter-wavelength of the
TE102−outer mode as the feed transmission line.

4) Put one of the guided wavelengths of the TE102−outer
mode as a half-pentagon ring slot with a ratio of
1:2:3 for the horizontal, right-slanted, and left-slanted
segments. The right-slanted and left-slanted segments
were set as φ1 = −47◦ and φ2 = 31◦, respectively.

5) Optimize the guided wavelength, thickness, and posi-
tion of the half-pentagon ring slot and the width feed
transmission line for impedance bandwidth improve-
ment by resulting in quad-resonant frequencies.

III. RESULT AND DISCUSSION
The proposed antenna was fabricated using a photo etching
process, as shown in Fig. 12. The fabricated antenna was val-
idated by measurements to verify the impedance bandwidth
enhancement method, as shown in Fig. 13. The measured and
simulated impedance bandwidths for the −10 dB reflection
coefficient are 3.46 GHz (9.14 – 12.6 GHz) and 3.66 GHz
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FIGURE 15. The radiation pattern was simulated and measured for
quad-resonant frequencies on (a) 9.33 GHz, (b) 10.5 GHz, (c) 11.5 GHz,
and (d) 12.32 GHz.

(8.98 – 12.64 GHz), respectively. The measured impedance
bandwidth deviates only modestly from the measured value,
possibly owing to the fabrication of the antenna and the
soldering connector.

Fig. 14 shows the anechoic chamber room used for
the radiation pattern measurement. The radiation pattern
measurement used a standard method that employed a
VNA as the signal generator, a spectrum analyzer, and a
horn antenna. The signal generator from the VNA radiates
electromagnetic waves into the air using a horn antenna, and
the antenna under test (AUT) receives electromagnetic waves.
The far-field condition must be considered for the radiation
pattern measurement, including the alignment between the
AUT and horn antenna, to obtain a better radiation pattern
and peak gain.

FIGURE 16. Peak gain simulation and measurement of the proposed
antenna.

TABLE 4. Comparison of proposed measured antenna with previously
published studies.

Fig. 15 shows the normalized radiation pattern simulation
and measurement for quad-resonant frequencies of 9.33,
10.5, 11.5, and 12.32 GHz. Omnidirectional and unidirec-
tional radiation patterns were observed for the xoz and yoz cut
planes, with a main beam direction of 30◦. The radiation pat-
terns obtained from the simulation and measurement results
were similar for both the planes, although a discrepancy
was observed in the main beam direction. This results from
the inner HMSIW cavity and electric field distribution on a
half-pentagon ring slot, as shown in Fig. 8.

The simulated and measured gain values are shown in
Fig. 16. The simulated peak realized gain is 7.96 dBi. The
measured value fluctuates between 5 dBi and 7.62 dBi, owing
to the measurement conditions in the anechoic chamber and
the effect of different mode combinations. The simulated
efficiency, which ranges from 0.90 to 0.97, is shown in Fig 16.
Table 4 presents the proposed antenna results, which

were compared with those of previously published studies.
Hybrid HMSIW cavities with quad-resonant frequencies
significantly increased the impedance bandwidth. The pro-
posed antenna has a broadband impedance of up to 31.83%,
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which is larger than those of other SIW cavity-slot antennas.
Furthermore, the outer HMSIW resonator succeeded in
adding another resonance without a substrate extension. The
proposed antenna also has a higher gain than those in [22]
and [23] for the HMSIW structures.

IV. CONCLUSION
Anovel hybridHMSIWcavities antennawith a half-pentagon
ring slot was investigated, fabricated, and tested for
impedance bandwidth enhancement. Impedance bandwidth
enhancement was achieved using hybrid HMSIW cavities
between the inner and outer cavities. The inner HMSIW
cavity used a half-pentagon ring slot. This method results
in quad-resonant frequencies consisting of the TE101−inner,
TE102−inner, TE202−inner, TE202−outer, and TE103−outer mode
combinations. The implementation of the X-band frequency
range application yielded a measured impedance bandwidth
of 31.83% (9.14 –12.6 GHz). The flat gain achieved ranged
from 5 dBi to 7.62 dBi with a unidirectional radiation pattern
obtained for the yoz cut plane.
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