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Abstract

Microstrip antennas offer several advantages, including small size,
easy fabrication, controllable polarity and radiation patterns, and
easy integration with other components. These qualities make
microstrip antennas more reliable than other antenna types.
However, they also have limitations, such as lower radiation
efficiency and narrow bandwidth, primarily due to the thin
substrate thickness. Substrate integrated waveguide (SIW) is a
type of microstrip antenna. SIW antennas come in two forms: one
with a rectangular shape, typically designed as a slot, and the
other in the form of a horn. However, SIW slot antennas face
challenges with narrow impedance bandwidth due to the thin
substrate, unlike conventional bulky hollow waveguides. The half-
mode substrate integrated waveguide (HMSIW) slot antenna,
which is a 50% miniaturized version of the SIW slot antenna, also
suffers from reduced fractional bandwidth, resulting from the
miniaturization and the thin substrate. This paper focuses on
enhancing the bandwidth of HMSIW antennas by incorporating a
demi-hexagonal ring slot. The broadband impedance bandwidth
simulation (27.36%) is achieved through triple resonance
frequencies to address the issue of narrow impedance bandwidth.
Both the simulation results and measurements show consistency,
with the measured impedance bandwidth ranging from 8.91 to
12.62 GHz (34.46%), demonstrating at least triple resonance
frequencies.
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INTRODUCTION

Antennas with a low profile, a small size,
and a wide bandwidth are highly sought after for
a variety of applications due to the rapid growth
of wireless systems such as Wi-Fi [1], 5G [2], etc.
Substrate integrated waveguide (SIW) cavity
antennas have received much attention in recent
years because of their alluring benefits, including
their affordability, simplicity of integration, and
elevated radiation performance. Additionally, SIW
cavity-backed antennas can be produced at a
low-cost thanks to the ability to use the traditional

printed circuit board (PCB) process for the entire
design. However, the thin substrate has a
significant impact on the SIW cavity's quality
factor, which results in a small operating
bandwidth (BW) [3]. So, conventional SIW slot
antennas are not the best option for multi-
resonant achievement.

Researchers have suggested several
methods to solve the limited-BW issue using slot
antenna implementation into the planar SIW. By
using two parallel slots of unequal length, an
improvement in BW was achieved [4]. By using a
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modified bow-tie coupling slot in the cavity layer
for each 2 x 2 subarray antenna, the BW was
improved [5]. A pair of bow-tie or hourglass-
shaped slots can be used to enhance the
impedance bandwidth without using additional
complicated mechanisms that were
recommended in [6]. The dumbbell slot, the half
bow-tie complementary-ring slot, and shorting
vias are used for creating the dual modes as
presented by [7][8]. The shorting vias combined
with a cross-shape slot or dual T-shape slot also
can be used for bandwidth enhancement as
presented by [9] and [10]. Integrating the
modified spiral slot resonator (MSSR) with tilted
slots and meta-surface loading resulted in triple
resonance for bandwidth enhancement as
presented by [11]. Bandwidth enhancement also
can be achieved through aperture coupling that is
formed by the feeding part [12]. The quality factor
is extracted with characteristic mode analysis
(CMA) between patch and shorting pins. It results
in broadband impedance BW and stable elevated
gain. Reference [13] used a combination of the
hexagonal and rectangular slots to enhance
bandwidth rather than use conventional slots.
The aforementioned techniques are sufficient for
enhancing BW by resulting in multi-resonant
frequencies, however the full-mode SIW cavity
technology results in larger antenna dimensions.
A theoretical approach for antenna
miniaturization is provided in particular by fraction
modes like half mode (HM-), quarter mode (QM-),
and eighth mode (EM-) cavities. Despite having
much smaller required sizes, they can still
maintain a field spreading that resembles that of
the full mode (FM). HM-, QM-, and EM-SIW
cavites were used to miniaturize the
conventional SIW slot antennas [14, 15, 16, 17,
18, 19, 20, 21, 22]. The electric field spreading
for the dominant mode is the same in the HM-
/QM-/EM-SIW cavities antennas. With the use of
HMSIW and QMSIW cavities, the size of the
antennas can be decreased to 50% and 25%
while sustaining the same performance. The
HMSIW cavity slot antennas stand out for their
ability to meet the demands of wide impedance
BW with small dimensions. There were few
reports of HMSIW antennas with multi-resonant
frequencies [23, 24, 25, 26, 27, 28]. The dual
resonant frequencies have been reported by [23,
24, 25, 26, 26] by using rectangular slots, circular
slots, triangular slots, and defective ground
structures (DGS). The results have a broadband
impedance BW by combining two adjacent
resonant frequency modes. An HMSIW-based
antenna with a wide-impedance BW also can be
constructed by using cork material [27] and
results in 1.3 GHz impedance BW. However,

because of the substrate's greater thickness, it
can only be used on floors. Another HMSIW
antenna with wideband BW has been presented
in [28] by spending the epsilon-shaped slot to
excite multi-resonant frequencies to merge.
However, all BW of the presented reports are still
below 30%. The suggested HMSIW antenna is
an appealing choice to utilize in many real-world
applications, particularly where the BW of the
antenna is a main need, according to the results
of the resonant mode analysis.

This paper presents an HMSIW antenna
with a broadband BW in a single cavity for X-
band application. The broadband BW is achieved
by resulting multi-mode merge. The multi-mode
merge itself is excited by using a demi-hexagonal
ring slot shape. The measured BW enhances up
to 34.46% (8.91 — 12.62 GHz) with more than
triple frequencies resonant. The same demi-
hexagonal ring slot is also used in reference [29]
in the HMSIW structure. However, the previous
reference has only one resonant with a restricted
impedance bandwidth. It happens because of the
differentiation cavity shape used and the feed line
port location.

ANTENNA DESIGN
Antenna Evolution

The antenna design is presented in
Figure 1a where it is similar to previous work
presented in [26] and [30] in associations of
HMSIW technology, but there are differences in
the slot shape and HMSIW used. Unlike the
prototypes from [26] and [30], which were
intended to use dual HMSIW cavities among
inner and outer, the recommended antenna
design only used a single inner HMSIW cavity.

In comparison to FMSIW [31], the
recommended antenna's HMSIW design
provides a small dimension with a broadband
impedance bandwidth. The suggested geometry
is implemented on a one-layered RT/Duroid
5880 substrate using a loss tangent of 0.0009, a

B
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Figure 1. Antenna evolution: (a) FMSIW cavity

with a hexagonal ring slot antenna, (b) HMSIW

cavity using a demi-hexagonal ring slot antenna
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dielectric constant of 2.2, and a depth of 1.57
mm. The metallic holes are arranged in a
rectangular pattern near the cavity's side wall to
create the half-rectangular SIW cavity. To
reduce losses via the ideal electric conductor
wall, the diameter holes (d) and space among
the center of the hole (p) are specified following
the SIW recommendations (p/d < 2 and Ao/d >
10) [32, 33, 34].

The recommended antenna design is
derived from the antenna's evolution, which is
described in Figure 1. The recommended
antenna design starts with the rectangular
FMSIW cavity. The rectangular FMSIW cavity
dimension is achieved by the frequency
application into the antenna design where it can
be calculated by (1) [35]. The hexagonal ring slot
is added into the patch rectangular FMSIW cavity
as displayed in Figure 1a (ANT-1).

The hexagonal ring slot is used for
radiating an electric field into the air. The 260
MHz impedance bandwidth is resulted by ANT-1
that is on 11.85 — 12.11 GHz as shown in Figure
2. The low fractional bandwidth (2.17%) is
achieved by ANT-1 because of only in single
resonant frequency on TE120 mode.

2 2 2
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By dividing symmetrically along BB’, a
rectangular FMSIW cavity becomes two pieces of
half-rectangular cavities as shown in Figure 1b.
The half-rectangular cavity with a demi-
hexagonal ring slot shape is achieved as called
ANT-2. The ANT-2 has 2990 MHz impedance
bandwidth as displayed in Figure 2. The ANT-2
resonance on 9.65 — 12.64 GHz. The broadband
impedance bandwidth is achieved on ANT-2
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Figure 2. Coefficient reflection simulation for
antenna evolution

A
o

o
©

because of a higher fractional bandwidth
(26.83%) than the ANT-1. The final of the
recommended  antenna  design (ANT-2)
dimension is displayed in Figure 3, while the
dimension of the ANT-2 is tabularized in Table 1.
The recommended antenna design is created by
spending Ansys HFSS electromagnetic simulator.

Electric Field

The recommended antenna design has a
broadband impedance bandwidth by developing
in triple frequencies resonant. The triple
frequencies resonant consists of several adjacent
TE modes joined together for a wider impedance
bandwidth. The adjacent TE modes consist of
TEi10, TEi2, TE20, and TEi mode
combinations that are analyzed by electric field
spreading as shown in Figure 4, Figure 5, and
Figure 6.

Figure 4 shows the first resonance that
occurs at 10.1 GHz. The electric field spreading
at 10.1 GHz takes place because of a blend of
TE110 and TEi20 modes. The stronger TEi20 mode
happens than the TE110 mode. It can be seen in
the differentiation phase between up and down
slot segments. The electric field spreading in the
second resonant occurs on the 11.42 GHz as
shown in Figure 5. It shows the electric field
spreading combination between odd and even
TE220 modes.

Ws

L\'

(a) (b)
Figure 3. The geometric of the ANT-2 dimension:
(a) top layer. (b) ground layer

Table 1. Antenna parameters.

Parameter D'T;rgf;on Description

Ws 18.5 substrate width

Ls 30 substrate length

d 1 diameter vias

p 15 distance between two vias
center

Wp 2.425 port width

Lp 6.5 port length

wd 4.5 gap width

Sp 7 slot position

Sg 0.6 slot gap

S 20.90 slot length
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E Field (V/cm)
100

f=10.10 GHz f=10.10 GHz

Phase 0° |
(a) (b)
f=10.10 GHz f=10.10 GHz

Phase 270° |

Phase 180° b

(d) (©)
Figure 4. The electric field distribution on 10.10
GHz at phase: (a) 0°, (b) 90°, (c) 180°, and
(d) 270°

It can be analyzed by the same electric field
spreading between the up, down, and right slot
segments. They alternate every 90°steps.

The third resonant electric field spreading
at 12.45 GHz is depicted in Figure 6. It displays
the combination of the electric field spreading
between the TEi130 and TE220 modes in the same
phases. The same electric field spreading
between the up, down, and right slot segments
can be utlized for investigating it. Every
90°steps, they switch places.

Dual Polarization

The recommended antenna design has
dual polarization i.e. linear and circular
polarization as shown in Figure 7. Circular
polarization emerges when the two orthogonal
electric field component vectors have equal
magnitudes and are identically 90°, or one-
quarter wavelength, out of phase. Circular
polarization can occur in this recommended
antenna design because the hexagonal slot is
almost the same as the circle slot while the 90°

E Field (V/cm)
100

f=11.42 GHz f=11.42 GHz

Phase 0°

f=11.42 GHz

Il
Phase 270°/ | Phase 180°

(d) (c)
Figure 5. The electric field distribution on 11.42
GHz at phase: (a) 0°, (b) 90°, (c) 180°, and
(d) 270°

phase differentiation is generated by TEi2 or
TE220 modes.

The recommended antenna design (ANT-
2) has circular polarization even right-handed
circular polarization (RHCP) or left- handed
circular polarization (LHCP) on 10.23 — 10.58
GHz (350 MHz) with a 3.36% axial ratio
percentage. The recommended LHCP antenna
design is achieved by mirroring the RHCP
antenna dimension.

Parametric Investigation

The impedance bandwidth enhancement is
predisposed by the slot length (S)), the slot gap
(Sg), and the slot position (Sp) as shown in Figure
8, Figure 9, and Figure 10. The triple frequency
resonance disappears when the slot length is
less than one guided wavelength for TE110 mode
(9 GHz) as shown in Figure 8. The first and the
third resonant frequencies shift into the lower
frequency. A broadband bandwidth with triple
frequencies resonant disappears and becomes a
dual-band impedance bandwidth.
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E Field (V/cm)
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f=12.45 GHz f=12.45 GHz

(b)

f=12.45 GHz

Phase 180°

Phase 270°

(d)

Figure 6. The electric field distribution on 12.45
GHz at phase: (a) 0°, (b) 90°, (c) 180°, and
(d) 270°

Figure 9 shows the parametric
investigations for the slot gap variations. A thin

slot gap causes the broadband impedance
bandwidth to disappear and shift to lower
frequencies. The  broadband impedance
bandwidth occurs on a 0.6 mm slot gap value
with  26.95% (9.63-12.62 GHz) fractional
bandwidth.
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Figure 7. The ANT-2 axial ratio simulation
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Figure 8. The parametric studies for the slot
length variations
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Figure 9. The parametric studies for the slot gap

variations
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Figure 10. The parametric studies for the slot

position variations

The impedance bandwidth antenna
becomes larger as shifts into the upper side
rectangular cavity as shown in Figure 10. It
occurs because of the third resonant joint with
the first and the second resonant. The
optimization of this antenna design was achieved
at 7.0 mm for the slot position.
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(b)
Figure 11. Antenna fabrication for (a) RHCP and (b) LHCP
RESULTS AND DISCUSSION The impedance bandwidth measured is
Antenna Fabrication wider than the impedance bandwidth simulated

The recommended antenna design is as displayed in Figure 12.
manufactured by utilizing photo etching on the
Duroid/RO 5880 with 1.575 mm substrate 10

thickness. The manufacture of the recommended Simulation
antenna design (ANT-2) is displayed in Figure = oL | Meas. (LHCP)
11. Figure 11a shows the manufacture of the c - - - - Meas. (RHCP)
RHCP while the opposite of RHCP is shown in I
Figure 11b as the LHCP one. The demi-hexagon 2 -10
ring slot shape is scratched on the top layer while g
the ground layer is full of copper layers. £ 20 R ) (R
g fl I

Measurement = A "-._g},‘

The recommended antenna design is o -30 W ;
measured by using a Vector Network Analyzer . '.- ,
for measuring impedance bandwidth. The 3.33 -40 . - 1 L .
GHz (9.35 — 12.68 GHz) impedance bandwidth 8 9 10 1 12 13 14
measured is achieved for the RHCP antenna . Frequency (GHz) N
design (ANT-2), while the impedance bandwidth Figure 12. The ANT-2 reflection coefficient
simulated of the RHCP antenna design is 2.99  comparison among simulation and measurement
GHz (9.65 — 12.64 GHz). for RHCP, and LHCP
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Figure 13. The radiation pattern simulation on 10.45 GHz for (a) E-plane and (b) H-plane.

Table 2. Comparison of the recommended antenna result with the previous research in the HMSIW

structure
Ref. Substrate type Substrate Substrate BW Fc FBW
thickness dimension (GHz) (GHz) (%)
(mm) (5]
[23] RO 5880 0.78 0.48 x 0.24 0.5 8.64 5.67
[24] RO 5880 0.508 0.65 x 0.26 3.53 275 12.84
[27] Cork Material 3 0.64 x 0.64 1.3 5.5 23.64
[28] RO 5880 1.575 0.87 x 0.6 0.73 5.45 13.29
[25] RO 5880 1.575 0.4x0.4 0.38 3.85 9.87
[26] RO 5880 1.575 0.72 x 0.37 0.88 6.15 14.31
[30] RO 5880 1.575 1.63 x 0.67 3.46 10.87 31.83
This RO-5880 1.575 1.08 x 0.66 3.33 11.02 30.23
Work
(RHCP)
This RO-5880 1.575 1.08 x 0.66 3.71 10.77 34.46
Work
(LHCP)

The same condition also occurs with the
LHCP antenna design. The 34.46% (8.91 — 12.62
GHz) of fractional bandwidth measured is
achieved for the LHCP antenna design. The
quad- and penta-resonance are achieved in the
reflection coefficient measured. The difference in
the number of resonances and the width of the

impedance bandwidth between the simulated and
measured reflection coefficients are most likely
caused by imperfections in the vias walls in the
antenna fabrication.

The radiation pattern simulation is
displayed in Figure 13 for E-plane and H-plane at
10.45 GHz. The E-plane has a higher gain rather
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than the H-plane. The E-plane has a 5.22 dBi
gain while the H-plane has a 3.44 dBi gain. The
E-plane and H-plane have an omnidirectional
antenna direction. The comparison of the
recommended antenna result with the previous
research is listed in Table 2.

CONCLUSION

The broadband bandwidth antenna is
reported in this paper by resulting in triple
frequencies resonant for solving a narrow
impedance bandwidth. The 30.23% (9.35 - 12.68
GHz) fractional bandwidth is measured for the
right-handed circular  polarization (RHCP)
antenna  while  the left-handed circular
polarization (LHCP) antenna has a 34.46%
(8.91-12.62 GHz) fractional bandwidth. The
measurement results are in good agreement with
the simulation results. Each antenna has 50%
miniaturization because of using a single HMSIW
structure rather than previous research. The
antenna can be applied to the X-band application
(8 - 12 GHz).
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