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Design of High-Gain Single-Element Microstrip
Antennas for Modern 5G Devices Using
Hammer-Shaped Slots in a Rectangular Patch
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Abstract—Microstrip patch antennas have found extensive
use in today’s mobile communication systems, particularly in
5G applications. They have proven to operate effectively across
various 5G bands. In this paper, we specifically focus on the
millimeter-wave 5G bands, namely the 28 GHz and 38 GHz
frequencies, as they represent a strategic choice for 5G
deployment. The primary goal is to design compact single-
element microstrip antennas suitable for 5G-enabled mobile
devices. The proposed designs aim to achieve significantly
higher gain and directivity compared to other single-element
designs, resulting in improved wireless coverage. The
enhancement approach employed in the study involves
incorporating simple-shaped slots into a rectangular patch, with
a particular emphasis on hammer-shaped slots. Thorough
investigations are conducted using the CST simulator to
measure essential radiation parameters, including gain,
directivity, VSWR, bandwidth, and efficiency for each antenna.
As a result, the study findings demonstrate that the single-
element designs showcased in the research achieve a remarkable
directivity exceeding 10 dBi, a characteristic typically associated
with multiple-element array antennas.

Index Terms—5G communication, antennas, microstrip,
patch, slot

I. INTRODUCTION

M icrostrip patch antennas have found widespread
application in various communication systems such as
mobile phones, RFID, GPS, and other applications. This is
primarily due to their advantages including low profile, cost-
effectiveness, easy fabrication, and ability to conform to
different requirements [1-4]. Recently, these antennas have
also demonstrated significant usefulness in 5G wireless
communication devices [5,6]. Considering that the
millimeter-wave (mmWave) band is a crucial component of
both present and forthcoming 5G networks, the newly
designated frequency bands for 5G connectivity fall within
the ranges of 24.25 to 27.5 GHz, 27.5 to 29.5 GHz, 37 to 40
GHz, and also 64 to 71 GHz [7]. However, the 28 and 38 GHz
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frequencies are strategically chosen for 5G deployment due
to their high bandwidth capabilities and ability to support
high data rates, enabling the delivery of faster and more
reliable wireless communication services [8]. In turn, many
researchers focusing on 5G technology have devoted
significant attention to these specific mmWave frequencies.
On the other hand, numerous researchers have dedicated their
efforts to enhancing the radiation properties of microstrip
patch antennas specifically for 5G applications.

In practice, the primary challenges faced by microstrip
antennas are their restricted gain and limited bandwidth.
These limitations can be addressed through various
techniques, including the utilization of slotted patches,
thicker substrates, substrates with low effective permittivity,
incorporation of multiple resonances, and optimization of
impedance matching [9,10]. Conversely, the primary
drawbacks of utilizing mmWaves include their experience of
significant path loss, high susceptibility to absorption caused
by rain and atmosphere, as well as shadowing caused by
materials and the human body. However, these challenges
can be mitigated by employing antennas with high gain and
wide bandwidth [11].

However, in the context of 5G, the narrow bandwidth is not
a significant concern compared to wireless applications
operating at lower frequency bands. Instead, the primary
challenge lies in achieving high gain while ensuring that the
bandwidth is not excessively compromised [12,13]. Hence,
the central focus of this study is to enhance the gain and
directivity of microstrip antennas for 5G applications,
specifically targeting the promising frequencies of 28 and 38
GHz.

In literature, several significant related works have been
presented. For instance, a triple-band antenna was designed
using a reduced-thickness substrate with a low relative
permittivity [6]. This antenna was intended to operate at
frequencies of 24.4 GHz, 28 GHz, and 38 GHz. The achieved
gains at the two considered frequencies were found to be 6.65
dBi, 7.02 dBi, and 5.05 dBi, respectively. In a different study,
a compact planar inset-fed microstrip antenna was developed
for operation at 28 GHz, achieving a maximum gain of 6.83
dBi [14]. Another research work focused on a dual-band
“coplanar waveguide” (CPW) slot directive antenna designed
for 28 GHz and 38 GHz in a 5G system [15]. The maximum
gains achieved for the two frequency bands were 6.6 dBi and
5.6 dBi, respectively. In another work, an elliptical-shaped
slotted patch antenna was designed for broadband 5G
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communication covering the frequency range from 20 GHz
to 40 GHz, but the maximum gain was 5 dBi [16]. Another
study presented dual-band “planar inverted-F antenna”
(PIFA) with a CPW feed line [17]. This antenna exhibited a
bandwidth of 3.34 GHz and 1.395 GHz, with gains of 3.75
dBi and 5.06 dBi at 28 GHz and 38 GHz, respectively.
Additionally, a combined design using a microstrip patch
radiator and a waveguide aperture was proposed to achieve a
wide beam and high gain in a specific tilted direction [18].
The proposed antenna offered the maximum gain of 7.41 dBi
at 28 GHz. Another design involved a slotted microstrip patch
antenna resonated at 28 GHz for 5G applications [19]. The
antenna consisted of two slots of different shapes connected
by a narrow short strip, providing a gain of 6.37 dBi.
Moreover, a dual-band circular patch antenna using elliptical
slots was developed for 5G communication, achieving a
maximum gain of 7.6 dBi at 28 GHz while operating in dual
bands at 28 GHz and 45 GHz [20]. Subsequent studies aimed
to achieve higher antenna gain at 28 GHz for 5G, reaching
maximum values of 7.43 dBi and 9.82 dBi, respectively
[21,22].

Furthermore, numerous studies have explored the use of
patch arrays to improve beamforming, directivity, and overall
gain in microstrip patch antennas [23,24]. Notably, these
studies have demonstrated impressively high gains, often
exceeding 15 dBi. However, it is important to recognize that
while these designs offer substantial performance
enhancements, they are not ideal in terms of simplicity,
compactness, and cost. Incorporating patch arrays adds
significant complexity to the design, increases the overall
antenna size, and raises costs.

In contrast to the aforementioned studies, the objective of
the research presented in this paper is to develop single patch
microstrip antennas capable of operating at the 28 GHz and
38 GHz mmWave bands in 5G. The focus of the paper is
specifically on utilizing the slotted patch method to achieve a
substantial improvement in antenna gain, as well as
enhancing other radiation characteristics such as reflection
coefficient, “voltage standing wave ratio” (VSWR),
directivity, and efficiency. Additionally, the designs aim to
maintain a compact size and reasonable bandwidth across the
two 5G frequency bands under consideration.

Il. ANTENNA DESIGNS AND RESULTS

Since that rectangular patch is more widely used among
many other geometric shapes [25], the proposed antenna is
designed using a rectangular radiating patch. This patch
incorporates  hammer-shaped  slots  with  various
configurations, resulting in different designs and
performance characteristics. The selection of such slot shapes
is based on best practices in microstrip patch antenna design.
For example, incorporating hammer-shaped and rectangular-
shaped slots into the radiating patch can significantly enhance
gain and other radiation characteristics of microstrip patch
antennas designed for next-generation mobile applications
[26, 27]. The patch is placed on a rectangular substrate made
of the Rogers RT5880 material. The substrate has the
following dimensions: 20 mm length, 16.5 mm width, and
0.508 mm thickness with a relative dielectric permittivity of
2.2 and a loss tangent of 0.0009 [28]. Moreover, the inset

feeding is used here to provide a good matching between the
feed line and the patch. The feed line characteristics are: 50
Q impedance, 0.7 mm width, and 4.75 mm length. The patch
area is 9.9 x 9.7 mm?. The slot dimensions of each design are
detailed in the next subsections.

The designed antennas were built and simulated using the
popular CST simulation software tool. The simulation results
for the optimized designs will be presented in terms of the key
radiation parameters selected for this study to evaluate the
developed antennas’ performance. The parameters include:
the center resonance frequency, the reflection coefficient
(S11), the bandwidth (BW), the gain, the directivity, the
VSWR, and finally the efficiency. In this study, the
bandwidth is defined as the frequency range over which the
S11 remains below —10 dB, indicating effective impedance
matching and acceptable signal transmission. Below are the
various designs and their results.

A. Single-band hammer-slotted antenna

Design #1

Fig. 1 illustrates the first proposed design, with the
optimized slot dimensions detailed in Table I. The values in
the table were obtained through a comprehensive empirical
parametric study conducted with utilizing the sweep feature
offered by the CST simulator.

The proposed structure features a rectangular patch with
three hammer-shaped slots. Two of the slots are arranged
symmetrically along the center axis, while the third slot is
positioned in the center and oriented in the opposite direction,
effectively reversing the orientation of the other two slots.
The dimensions of the hammer heads, labeled L1 and W1, are
1 mm and 1.5 mm, respectively, while the length and width
of the hammer sticks, labeled L2 and W2, are 5.3 mm and 0.5
mm, respectively. Notably, the inset feed line is flanked by
two gaps on either side, each measuring 0.5 mm in width.
This feed line configuration will be used in all subsequent
designs.

L1
W1

Fig. 1. Geometrical representation of the slotted patch for Design #1,
including three hammer-shaped slots.

TABLE I
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #1
Dimension L1 w1 L2 W2
Value (mm) 1 1.5 53 0.5
TABLE II
SIMULATION RESULTS FOR DESIGN #1
Frequency  S11 VSWR BW Gain Directivity  Efficiency
(GHz) (dB) (GHz) (dBi)  (dBi) (%)
28.05 -43.79 1.01 0.67 9.244 9.99 92.59
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Fig. 2. S11 parameter as a function of frequency for Design #1, showing a strong resonance at 28.04 GHz (—43.79 dB), indicating effective impedance
matching at this frequency.

The simulation results for Design #1 are presented in Table
Il. They demonstrate excellent performance for a single-
element antenna operating at a frequency of 28.05 GHz. The
antenna exhibits a low return loss of —43.79 dB, resulting in
a VSWR of 1.01. The bandwidth of the antenna is 0.67 GHz,
which is considered reasonable for a single-band design. The
maximum gain achieved is 9.244 dBi, with a corresponding
directivity of 9.99 dB. The antenna's efficiency is 92.59%,
demonstrating high power transfer capability. Overall, these
results suggest that Design #1 is a promising candidate for 5G
mmWave applications, offering a balance of gain, bandwidth,
and efficiency.

Fig. 2 shows the S11 parameter for Design #1. A
pronounced dip at 28.04 GHz indicates excellent impedance
matching with minimal reflection, as confirmed by the
simulation results in Table I1. Furthermore, Fig. 3 shows the
3D radiation pattern for Design #1. The color scale represents
the gain in dBi, with warmer colors indicating higher gain.
The X, y, and z axes represent the spatial coordinates. The
radiation pattern exhibits a broadside radiation characteristic,
with the maximum gain of 9.25 dBi occurring in the x-y
plane. The pattern exhibits a slight lobbing structure, with
minor side lobes present. The overall shape of the radiation
pattern is consistent with the expected performance of an
enhanced single-patch antenna.

Fig. 3. 3D gain plot of Design #1.

Design #2

Fig. 4 presents the second proposed design, with the
optimized slot dimensions detailed in Table I1l. The antenna
structure features a rectangular patch with two hammer-
shaped slots along with a central stick slot in a rectangular
shape. The two hammer slots are symmetrically aligned along

the center axis, while the third slot is centrally positioned.
Again, the dimensions of the hammer heads, labeled L1 and
W1, are 1 mmand 1.5 mm, respectively, while the length and
width of the hammer sticks, labeled L2 and W2, are 5.3 mm
and 0.5 mm, respectively. Additionally, the central
rectangular slot dimensions, labeled L3 and W3, are 5.3 mm
and 0.5 mm, respectively.

W3

L3

L1
W1

Fig. 4. Geometrical representation of the slotted patch for Design #2,
including two hammer-shaped slots and a central stick slot.

TABLE III
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #2
Dimension L1 W1 L2 W2 L3 W3

Value (mm) 1 15 53 05 53 05

The simulation results for Design #2 are presented in Table
IV. It exhibits excellent performance for a single-element
antenna operating at the frequency of 28.29 GHz. The
antenna exhibits a return loss of —31.10 dB, a VSWR o0f 1.05,
and a bandwidth of 0.73 GHz, which is adequate for a single-
band design. However, the achieved gain, directivity, and
efficiency are enhanced over the previous design, with a gain
of 9.47 dBi, a directivity of 10.13 dBi, and an efficiency of
93.48%.

TABLE IV
SIMULATION RESULTS FOR DESIGN #2
Frequency  S11 VSWR BW Gain  Directivity ~ Efficiency
(GHz) (dB) (GHz) (dB)  (dBi) (%)
28.29 -31.10 1.05 0.73 9.47  10.13 93.48
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Fig. 5. S11 parameter as a function of frequency for Design #2, showing a strong resonance at 28.29 GHz (—31.10 dB), indicating effective impedance
matching at this frequency.

Fig. 5 presents the S11 parameter for Design #2, showing
a good dip at 28.29 GHz, indicating effective impedance
matching and a low return loss, as confirmed by the
simulation results in Table 1VV. Additionally, Fig. 6 depicts the
3D radiation pattern for Design #2. Again, the color scale
represents the gain in dBi, with warmer colors signifying
higher gain. The maximum gain, reaching 10.1 dBi, occurs
predominantly in the x-y plane, with the pattern showing
slight lobbing and minimal side lobes. This radiation profile
aligns with the typical performance expected from a well-
optimized single-patch antenna.

dBi
10.1
4.07
-1.99 3
8.05

Fig. 6. 3D gain plot of Design #2.

Design #3

Fig. 7 presents the third proposed design, with the
optimized slot dimensions provided in Table V. The antenna
structure consists of a rectangular patch incorporating two
hammer-shaped slots and a central rectangular slot. Again,
the two hammer slots are symmetrically positioned along the
center axis, while the third slot is centrally positioned. The
dimensions of the hammer heads, labeled L1 and W1, are 1
mm and 1.5 mm, respectively, while the length and width of
the hammer sticks, labeled L2 and W2, are 5.3 mm and 0.5
mm, respectively. The central rectangular slot dimensions,
labeled L3 and W3, are 3.5 mm and 3 mm, respectively.

The simulation results for Design #3 are presented in Table
VI. It exhibits improved performance for a single-element
antenna operating at the frequency of 28.01 GHz. Even
though the antenna exhibits a return loss of —28.58 dB, a
VSWR of 1.07, and a bandwidth of 0.79 GHz, the achieved
gain, directivity, and efficiency are further enhanced over the

previous designs. The antenna now achieves a gain of 10.66
dBi, a directivity of 11.31 dBi, and an efficiency of 94.25%.
These enhancements make Design #3 highly promising for its
5G intended applications.

w2
W3

Fig. 7. Geometrical representation of the slotted patch for Design #3,
including two hammer-shaped slots and a central rectangular slot.

TABLE V
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #3
Dimension L1 w1 L2 W2 L3 W3
Value (mm) 1 1.5 53 0.5 3.5 3
TABLE VI
SIMULATION RESULTS FOR DESIGN #3
Frequency  S11 VSWR BW Gain Directivity ~ Efficiency
(GHz) (dB) (GHz)  (dBi)  (dBi) (%)
28.01 -28.58 1.07 0.79 10.66  11.31 94.25

Fig. 8 illustrates the S11 parameter for Design #3,
revealing a marked dip at 28.01 GHz, which indicates good
impedance matching. Furthermore, Fig. 9 showcases the 3D
radiation pattern for Design #3. The enhanced gain of 10.66
dBi is predominantly observed in the x-y plane, with the
pattern exhibiting minor lobbing and limited side lobes.
Again, this radiation profile is consistent with the expected
performance characteristics of a well-optimized single-patch
antenna.
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Fig. 8. S11 parameter as a function of frequency for Design #3, showing a strong resonance at 28.01 GHz (—28.58 dB), indicating effective impedance
matching at this frequency.

Fig. 9. 3D gain plot of Design #3.

B. Double-band hammer-slotted antenna

Design #4

The fourth proposed design is graphically depicted in Fig.
10. This is a modification to the third design, in which we
optimized the rectangular slot width to 4 mm, while keeping
all other parameters the same (see Table VII). The simulation
results, presented in Table VIII and illustrated in Fig. 11,
show that the optimized design produces an extra band at
26.21 GHz with good radiation characteristics including high
gain and directivity. However, this comes at the expense of
the S11 values, which, although they slightly degrade at both
frequencies, remain below —15 dB. Except the S11 parameter,
the results achieved at 28 GHz are comparable to those
obtained from Design #3.

w2
W3

L3

Fig. 10. Geometrical representation of the slotted patch for Design #4,
including two hammer-shaped slots and an optimized rectangular slot at the
center.

TABLE VII
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #4
Dimension L1 w1 L2 W2 L3 W3
Value (mm) 1 1.5 5.3 0.5 35 4
TABLE VIII
SIMULATION RESULTS FOR DESIGN #4
Frequency  S11 VSWR BW Gain Directivity ~ Efficiency
(GH2) (dB) (GHz) (dBi)  (dBi) (%)
26.21 -16.17 137 0.506  8.678 8.972 96.8
27.78 -15.95 1.37 0.72 1062  11.22 94.65

Fig. 11 presents the S11 parameter for Design #4, while
Fig. 12 illustrates the 3D radiation patterns for this particular
design.

si1
(dB) 251

ljl,llul! 4)  -15.95204 |

Frequency (GHz)

Fig. 11. S11 parameter as a function of frequency for Design #4, showing a strong resonance at 26.21 (-16.17 dB) and 27.78 GHz (—15.95 dB), indicating
effective impedance matching at this frequency.
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(b)
Fig. 12. 3D gain plot of Design #4 at (a) 26 GHz and (b) 28 GHz.

Design #5

Fig. 13 depicts the proposed fourth design, with the slot
dimensions outlined in Table IX. This design features a
rectangular patch that incorporates two hammer-shaped slots
and a central elliptical slot. Again, the hammer slots are
symmetrically positioned along the center axis, while the
elliptical slot is centrally located. The dimensions of the
hammer heads, denoted by L1 and W1, are 1 mmand 1.5 mm,
respectively, while the lengths and widths of the hammer
sticks, labeled L2 and W2, measure 5.3 mm and 0.5 mm,
respectively. For the central elliptical slot, the major and
minor diameters, indicated as L3 and W3, are 3 mm and 1
mm, respectively.

The simulation results for Design #5 are summarized in
Table X, indicating good performance across two frequency
bands. At 28.25 GHz, the antenna exhibits a return loss of
—28.66 dB, a VSWR 0f 1.077, and a bandwidth of 0.729 GHz.
It achieves a gain of 10.2 dBi, a directivity of 10.9 dBi, and
an efficiency of 93.6%. At the higher frequency of 38.11
GHz, the return loss is —28.20 dB, with a VSWR of 1.08 and

a wider bandwidth of 1.538 GHz. Additionally, the antenna
delivers a gain of 9.827 dBi, a directivity of 10.15 dBi, and
an improved efficiency of 96.8%.

Fig. 13. Geometrical representation of the slotted patch for Design #5,
including two hammer-shaped slots and a central elliptical slot.

TABLE IX
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #5
Dimension L1 W1 L2 W2 L3 W3

Value (mm) 1 15 5.3 0.5 3 1

TABLE X
SIMULATION RESULTS FOR DESIGN #5
Frequency S11 VSWR BW Gain Directivity ~ Efficiency
(GHz) (dB) (GHz)  (dBi) (dBi) (%)
28.25 -28.66 1.077 0.729 10.2 10.9 93.6
38.11 -2820 1.08 1.538 9.827  10.15 96.8

Fig. 14 presents the S11 parameter as a function of
frequency for Design #5, showcasing prominent resonances
at both 28.25 GHz and 38.11 GHz, and confirming its
effective dual-band performance. In Fig. 15, the 3D radiation
patterns for Design #5 are shown for the two different
frequencies. At 28 GHz, the antenna achieves a gain of 10.2
dBi, while at 38 GHz, the gain reaches 9.827 dBi. Both
patterns exhibit stable performance with some lobbing and
minimal side lobes, demonstrating the antenna's efficiency
across both frequency bands.

0
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Fig. 14. S11 parameter as a function of frequency for Design #5, showing a strong resonance at 28.25 (—28.66 dB) and 38.11 GHz (—28.20 dB), indicating
effective impedance matching at this frequency.
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Fig. 15. 3D gain plot of Design #5 at (a) 28 GHz and (b) 38 GHz.

C. Triple-band hammer-slotted antenna

Design #6

Fig. 16 illustrates the fifth design, with the slot dimensions
provided in Table XI. This design consists of a rectangular
patch featuring two inverted hammer-shaped slots with a
thinner hammer head. The new head's dimensions,
represented by L1 and W1, are 0.5 mm and 1.5 mm,
respectively, while the length and width of the hammer sticks,
indicated as L2 and W2, are 53 mm and 0.5 mm,
respectively.

The simulation results for Design #6 are summarized in
Table XII, indicating good performance across three
frequency bands. At 13.09 GHz, the antenna exhibits a return
loss 0of —25.79 dB, a VSWR of 1.14, and a bandwidth of 0.176
GHz. It achieves a gain of 4.769 dBi, a directivity of 5.672
dBi, and an efficiency of 84.1%. At 28.59 GHz, the return
loss is —23.88 dB, with a VSWR of 1.137 and a bandwidth of
0.75 GHz. The antenna delivers a gain of 9.555 dBi, a

directivity of 10.22 dBi, and an efficiency of 93.5%. At the
higher frequency of 38.40 GHz, the return loss is —24.54 dB,
with a VSWR of 1.13 and a wider bandwidth of 1.508 GHz.
Additionally, the antenna achieves a gain of 10.82 dBi, a
directivity of 11.18 dBi, and an efficiency of 96.8%.
Although 13 GHz is not a core 5G band, it can complement
5G infrastructure through applications such as backhaul and
satellite communications.

W2

Fig. 16. Geometrical representation of the slotted patch for Design #6,
including two inverted hammer-shaped slots with a thinner hammer head.

TABLE XI
OPTIMIZED DIMENSIONS OF THE SLOTTED PATCH FOR DESIGN #6
Dimension L1 w1 L2 W2
Value (mm) 0.5 15 5.3 0.5
TABLE XII
SIMULATION RESULTS FOR DESIGN #6
Frequency  S11 VSWR BW Gain Directivity  Efficiency
(GHz) (dB) (GHz) (dBi) (dBi) (%)
13.09 -25.79 1.14 0.176 4769 5.672 84.1
28.59 -23.88 1.137 0.75 9.555  10.22 93.5
38.40 —24.54 1.13 1508 10.82 11.18 96.8

Fig. 17 illustrates the S11 parameter as a function of
frequency for Design #6, highlighting significant resonances
at 13.09 GHz, 28.59 GHz, and 38.40 GHz, which confirm its
capability to operate effectively across three frequency bands.
Fig. 18 shows the 3D radiation patterns for Design #6 at the
three frequencies. Again, the antenna achieves a gain of 4.77
dBi at 13 GHz, 9.56 dBi at 28 GHz, and 10.8 dBi at 38 GHz.
These patterns demonstrate consistent performance with
moderate lobbing and minimal side lobes, reflecting the
antenna’s high efficiency across the triple-band spectrum.

S11
(dB) -

§1,1 : -23.892353

20

25 28.59 | 30 35 40

Frequency (GHz)

Fig. 17. S11 parameter as a function of frequency for Design #6, showing a strong resonance at 13.09 (—25.79 dB), 28.59 (-23.88 dB) and 38.40 GHz (—
24.54 dB), indicating effective impedance matching at this frequency.
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Fig. 18. 3D gain plot of Design #6 at (a) 13 GHz, (b) 28 GHz, and (c) 38
GHz.

I1l. SUMMARY AND DISCUSSION OF RESULTS

In this section, we put all the achieved results together in
Table X111 for discussion and comparison purposes. The most
notable values are highlighted in the table.

For the 28 GHz frequency band, Design #3 provides the
closest frequency to the target with 28.01 GHz. Design #1
achieves the best S11 value of —43.79 dB and also provides
the best VSWR of 1.01, indicating optimal impedance
matching. However, Design #3 stands out with the largest
bandwidth of 0.79 GHz, the highest gain of 10.66 dBi, the
best directivity of 11.31 dBi, and the highest efficiency at
94.25% while preserving competitive values for VSWR and
return loss. These results ensure the best radiation behavior
and minimal energy loss, making Design #3 the most efficient
option for this frequency band.

For the 38 GHz frequency band, Design #5 outperforms
Design #6 in resonance frequency (38.11 GHz vs. 38.40
GHz), S11 (-28.20 dB vs. —24.54 dB), VSWR (1.08 vs. 1.13),
and bandwidth (1.538 GHz vs. 1.508 GHz), offering better
impedance matching and slightly broader frequency
coverage. However, Design #6 achieves higher gain (10.82
dBi vs. 9.827 dBi) and directivity (11.18 dBi vs. 10.15 dBi),
indicating stronger signal strength and improved radiation
characteristics. Both designs share the same efficiency of
96.8%, ensuring minimal energy loss.

To demonstrate the excellence of our results compared to
those achieved by other analogous antennas, Table XIV and
Table XV provide a detailed comparison with various
microstrip patch designs found in the literature for 28 and 38
GHz bands, respectively. The tables are sorted by the gain
value in descending order, with the best values for each
parameter highlighted to simplify comparison between our
design and alternative designs. Also, the last row is added to
provide remarks on our designs, explicitly highlighting the
advantages of each case.

From both comparison tables, it is clearly noticed that our
proposed antennas provide the highest gain compared to other
designs. For both frequency bands, the gain exceeds 10 dBi
with very high efficiency. However, the other performance
metrics remained comparable to those obtained from the
other designs. Again, this trade-off is compensated by
achieving a remarkably high gain. These findings indicate
that the proposed antennas can be strong candidates for 5G
mobile communication devices, particularly when simplicity,
compactness, and cost-saving form the key design
considerations.

TABLE XIII
SIMULATION RESULTS OF ALL DESIGNS
Design Frequency  S11 VSWR BW Gair_] Dirgctivity Efficiency
# (GHz) (dB) (GHz) (dBi) (dBi) (%)
1 28.05 -43.79  1.01 0.67 9.244 9.99 92.59
2 28.29 -31.10 1.05 0.73 9.47 10.13 93.48
3 28.01 -2858  1.07 0.79 10.66 11.31 94.25
4 26.21 -16.17 1.37 0.506 8.678 8.972 96.8
27.78 -15.95 1.37 0.72 10.62 11.22 94.65
5 28.25 -28.66  1.077 0.729 10.2 10.9 93.6
38.11 -2820 1.08 1.538 9.827 10.15 96.8
6 13.09 -2579 114 0.176 4.769 5.672 84.1
28.59 -2388  1.137 0.75 9.555 10.22 935
38.40 -2454 113 1.508 10.82 11.18 96.8
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TABLE XIV
COMPARISONS OF OUR DESIGN WITH PREVIOUS DESIGNS AT THE 28 GHZ BAND
Center L . ..
Design Frequency Minimum S11 VSWR BW (GHz) Ga".] Efficiency
(dB) (dBi) (%)
(GHz)
Our Design #3 28.01 —28.58 1.07 0.79 10.66 94.25
[26] 27.78 -15.95 1.37 0.72 10.62 94.65
[22] 28.1 —42 1 1.29 9.82 99.99
[23] 28 —54 1 5.13 8.31 98
[20] 28 -40 1.01 13 7.6 85.6
[18] 28 -35 - 15 7.41 -
[6] 28.1 -19.3 1.244 0.9 7.02 85.5
[14] 28.06 -18.25 1.278 11 6.83 -
[19] 28 -40 1.022 2.48 6.37 86.73
Remarks on our Our design Our design offers ~ Our design Our design Our design Our design
design operates very  very low return offersa offers a wide offers the offersa
close to the loss, indicating nearly-unity enough highest gain competitive
28 GHz efficient power VSWR bandwidth among high
target transfer suitable for compared efficiency
frequency high-data-rate  designs
applications
TABLE XV
COMPARISONS OF OUR DESIGN WITH PREVIOUS DESIGNS AT THE 38 GHZ BAND
Center . . -
. Minimum  S11 BW Gain Efficiency
Design Frequency (dB) VSWR (GH2) (dBi) %)
(GHz)
Our Design #6 38.40 —24.54 1.13 1.508 10.82 96.8
Our Design #5 38.11 -28.20 1.08 1.538 9.827 96.8
[8] 35.22 -51.96 1.0051 2.54 8.64 -
[29] 37.35 -13 1.56 2.35 8.41 68
[30] 38 -34.9 - 6.2 8.2 90
[31] 38 —45 - - 7 ~90
[32] 37.76 —42 ~1 2 6.2 89.57
[6] 38 -18.7 1.266 0.48 5.05 71.85
[33] 36.94 -55.029 1.0036 3.028 4.83 -
[34] 38 —24.35 ~1 1.021 127 77.54
Remarks on our Our designs Our designs offer ~ Our Our designs offer ~ Our designs Our designs
designs operate very very low return designs wide enough offer the offer the
close to the 38 loss, indicating offer bandwidths highest gains highest
GHz target efficient power nearly- suitable for high- ~ among efficiencies
frequency transfer unity data-rate compared among
VSWR applications designs compared
values designs

IV. CONCLUSIONS

This study has successfully demonstrated the design and
optimization of high-gain single-element microstrip antennas
tailored for modern 5G applications at millimeter-wave
frequencies of 28 GHz and 38 GHz. By integrating hammer-
shaped slots into rectangular patches, the proposed designs
achieved significant enhancements in gain, directivity, and
efficiency, with gain values exceeding 10 dBi, typically
associated with array antennas. In particular, at 28 GHz, our
Design #3 provided the best gain of 10.66 dBi, the best
directivity of 11.31 dBi, the best bandwidth of 0.8 GHz, and
the highest efficiency of 94.25%. Similarly, at 38 GHz, our
Design #6 offered the best gain of 10.82 dBi, the best
directivity of 11.18 dBi, and the highest efficiency of 96.8%.
As far as the resonance frequency, VSWR, and S11 are

concerned, our Design #5 offered the best performance across
these metrics. In fact, the results outlined in the paper indicate
that the proposed antennas not only meet essential
performance criteria but also maintain a compact form factor,
making them suitable for integration into 5G-enabled mobile
devices. Additionally, the superior performance of our
antennas emphasizes their potential as viable solutions for the
evolving demands of 5G and 6G communication systems.
Future work may explore further optimizations and
integration within complex communication networks, paving
the way for enhanced wireless coverage and connectivity. It
may also include investigating slotted patch arrays to enhance
the radiation bandwidth of the microstrip antenna while
maintaining high gain and directivity at the same millimeter-
wave bands under study.
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