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Abstract

With the increasing demand for high-speed and reliable
communication in 5G networks, efficient antenna design for the sub-6
GHz band has become a crucial research area. Slotted patch antennas
offer significant advantages such as compact size and wide bandwidth,
making them suitable for 5G-enabled devices. However, achieving high
gain, broad bandwidth, and stable radiation characteristics within the
compact form factor remains challenging, especially in the 3.5-4.5
GHz range used for sub-6 GHz 5G. This work presents a novel slotted
hexagonal patch antenna structure designed to operate efficiently
within the 3.3-4.2 GHz frequency range. The design introduces a
unique hexagonal geometry with symmetrical slotting and ground
plane optimization to enhance return loss, bandwidth, and gain.
Simulation using HFSS yielded a peak gain of 5.3 dBi, a return loss of
—32 dB at 3.8 GHz, and a bandwidth of 850 MHz. The design also
achieved a radiation efficiency of 92.4%, and a VSWR of 1.1.
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1. INTRODUCTION

The increasing demand for high-speed, low-latency
communication in next-generation wireless networks, particularly
for 5G and beyond, has fueled rapid advancements in antenna
technology. 5G is designed to provide higher data rates, larger
device connectivity, and improved reliability. A key element of
achieving these goals is the design of efficient, high-performance
antennas for the sub-6 GHz frequency band, which is vital for
early-stage 5G deployment. Antennas play a crucial role in
ensuring optimal performance by enabling efficient signal
transmission and reception [1]. One prominent antenna design is
the microstrip patch antenna, which has garnered attention due to
its low-profile, compact size, and ease of integration into systems.
However, for 5G applications, meeting the increasing demand for
bandwidth and maintaining high gain while ensuring low return
loss and efficient radiation has proven challenging [2]. Although
traditional patch antennas such as rectangular and circular patch
antennas have been widely studied and used in wireless
communication systems, they face several limitations when used
in 5G sub-6 GHz applications. One of the primary challenges is
the limited bandwidth of conventional microstrip patch antennas,
which restricts their ability to handle the broader frequency ranges
required for high data rates in 5G systems [3]. Additionally, low
gain and poor radiation efficiency are common issues for many
conventional designs, making them less suitable for long-range
communication and high-throughput applications. These
limitations arise from the simple geometry and design of
traditional antennas, which often result in narrowband
performance and low directional gain.
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Furthermore, impedance matching is a critical factor in
ensuring maximum power transfer from the antenna to the
transmitter and receiver. Achieving effective impedance
matching across the desired bandwidth is often challenging,
especially for antennas with a wide operating range. The
complexity of designing antennas with high radiation efficiency
while maintaining compact size is another major obstacle [4]. The
problem that this work aims to address is the need for a high-
performance antenna design that can meet the stringent
requirements of 5G networks, specifically for sub-6 GHz
frequencies. The existing antenna designs, while efficient in
certain conditions, do not provide the optimal combination of
wide bandwidth, high gain, low return loss, and high radiation
efficiency needed for modern wireless communication systems
[5]. Additionally, there is a lack of designs that address both
impedance matching and multi-resonance characteristics across a
wide frequency range, which are crucial for supporting the high
data rates demanded by 5G technologies.

The main objectives of this work are:

 To propose a novel hexagonal patch antenna design with
symmetrical rectangular slots that can achieve broader
bandwidth and better performance at sub-6 GHz
frequencies.

« To demonstrate that this design enhances impedance
matching, gain, and radiation efficiency, thus making it a
suitable candidate for 5G sub-6 GHz applications.

* To evaluate the performance of the proposed antenna
through simulations and experimental measurements and
compare it with existing designs, including rectangular patch
antennas and monopole antennas.

The novelty of this work lies in the use of symmetrical
rectangular slots within a hexagonal patch configuration, a design
that has not been widely explored for 5G applications. These slots
are strategically placed to introduce multiple resonances, which
significantly improve the bandwidth and gain of the antenna. The
contributions of this work include:

« A new antenna design that improves upon existing
microstrip patch antenna designs by introducing slot
configurations that expand the bandwidth.

« The demonstration of enhanced gain and radiation efficiency
compared to conventional designs, making it ideal for high-
performance 5G communication.

« A comprehensive performance analysis of the proposed
antenna, including metrics such as return loss, gain, VSWR,
radiation efficiency, and bandwidth, to validate its
effectiveness for 5G applications.
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2. RELATED WORKS

The design of microstrip patch antennas for wireless
communication systems, especially for 5G applications, has been
extensively studied in recent years. Several innovative designs
have been proposed to overcome the limitations of conventional
antennas.

One of the most common approaches to enhancing the
bandwidth of microstrip antennas is the incorporation of slots
within the rectangular patch. For example, a rectangular
microstrip patch antenna with a slot for wideband performance.
They showed that by modifying the slot geometry, the bandwidth
of the antenna could be increased, but still, the performance was
limited to around 500 MHz for 5G applications [8]. This work
highlighted the difficulty of achieving a wideband design with
traditional rectangular patch antennas.

Another widely studied design is the circular patch antenna
with E-shaped slots, which was explored. This design aimed to
improve bandwidth and gain by introducing a symmetric slot
pattern. Their design achieved a bandwidth of 670 MHz, but still
faced the challenge of limited gain and radiation efficiency
compared to the performance required for 5G systems [9].
Additionally, the impedance matching was not as optimized,
affecting the overall efficiency of the antenna.

The U-shaped monopole antenna was proposed as a solution
for wideband 5G sub-6 GHz communication. The antenna
achieved 740 MHz of bandwidth, which was an improvement
over previous designs, but the gain (4.5 dBi) and radiation
efficiency were still limited for some 5G use cases [10]. The U-
shape contributed to wideband behavior, but the antenna's low
gain and relatively high VSWR made it less suitable for long-
range, high-speed applications.

To address the need for higher gain and bandwidth,
researchers have explored antennas with multi-resonant elements.
For instance, an antenna with a multi-layer design that combined
multiple resonant frequencies to achieve a wider bandwidth and
higher gain. This design was promising but added complexity and
cost, which could limit its practical applications in 5G systems
[11]. The proposed hexagonal patch antenna design in this work
introduces multi-resonance without the complexity of multi-layer
structures.

Metamaterials have also been investigated as a way to
improve antenna performance. A metamaterial-inspired patch
antenna for sub-6 GHz communication, which achieved high gain
and radiation efficiency. However, the bandwidth of these designs
was limited due to the inherent trade-offs between size and
resonance characteristics. The proposed hexagonal patch antenna
design in this study achieves broader bandwidth while
maintaining high radiation efficiency and gain, thus overcoming
some of these limitations.

Slot-loaded antennas have been shown to provide wideband
performance. Slot-loaded patch antennas to achieve broadband
characteristics for 5G. Their design, however, focused on a
rectangular patch with relatively small slots, which limited the
gain and radiation efficiency in comparison to the proposed
method in this study [12]. By introducing symmetrical rectangular
slots in the hexagonal patch geometry, the proposed antenna
offers better gain, bandwidth, and radiation efficiency.
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Thus, while existing methods such as rectangular, circular
patch, and U-shaped monopole antennas have made significant
contributions to the development of antennas for wireless
communication, they still face limitations in bandwidth, gain, and
radiation efficiency. The proposed hexagonal patch antenna with
symmetrical rectangular slots introduces a novel design that
improves upon these existing methods by providing broader
bandwidth, higher gain, and better impedance matching, making
it more suitable for 5G sub-6 GHz applications.

3. PROPOSED METHOD

The proposed antenna is based on a hexagonal patch with
symmetrical rectangular slots etched into its surface to enhance
current distribution and achieve wider bandwidth. A partial
ground plane is employed to improve impedance matching. The
antenna is fed using a microstrip line optimized for 50-ohm input.
The hexagonal geometry was chosen to provide additional design
degrees of freedom for tuning resonant modes. The placement and
dimensions of the slots are fine-tuned using a parametric sweep in
HFSS to optimize the antenna’s performance in the 3.3-4.2 GHz
sub-6 GHz 5G band. The resulting structure offers improved
return loss, wider bandwidth, and higher gain compared to
conventional rectangular or circular patch designs.

3.1 PROPOSED ANTENNA DESIGN

The proposed antenna design is based on a hexagonal patch
structure, chosen for its superior radiation symmetry and
increased edge length compared to square or circular patches,
which facilitates the excitation of multiple resonant modes. To
enhance bandwidth and impedance matching, symmetrical
rectangular slots are etched onto the surface of the hexagonal
patch. These slots act as parasitic resonators that introduce
additional resonant frequencies close to the fundamental
frequency, resulting in a broadened overall bandwidth. The
placement of the rectangular slots is symmetrical about the center
of the patch to maintain a balanced current distribution and
omnidirectional radiation pattern. Each slot is precisely
positioned along the radiating edges of the hexagon, with their
lengths and widths optimized through parametric sweeps in
HFSS. The hexagonal patch resonates when the effective length
Ler Of the structure satisfies the fundamental mode condition,
given by:

f-_—° 1
T €
where,
fr is the resonant frequency

c is the speed of light in free space

Lerr is the effective length (related to hexagonal geometry and slot
length)

eff IS the effective dielectric constant

The rectangular slots further modify the current path,
effectively increasing the electrical length without altering the
physical size, thus lowering the resonant frequency and enabling
multi-resonance behavior. As detailed in Table 1, the dimensions
of the patch and slots are selected to target resonance within the



ISSN: 2395-1680 (ONLINE)

3.3-4.2 GHz sub-6 GHz band, ensuring enhanced gain and
radiation efficiency.

Table.1. Hexagonal Patch and Slot Dimensions

Parameter Symbol|Value|Unit
Patch side length a 14.2 |mm
Slot length (vertical)| s 6.0 [mm
Slot width W 1.5 [mm
Patch thickness t 1.6 |mm
Feed line width Wi 3.0 [mm
Feed line length Ik 10.0 {[mm

As shown in Table 1, the slot dimensions are chosen such that
the slots remain below half the wavelength of the desired
frequency to avoid radiation from the slots themselves, ensuring
they act purely as resonant perturbations. The slots positioned
along the vertical axis influence the E-field distribution, thereby
improving the impedance bandwidth.

To maintain effective operation, the effective dielectric
constant &g for the FR4 substrate is calculated as:

-1/2
&+l g —1(1+12£j
2 w

geff 2

+

O]

where,
er=4.4 is the relative permittivity
h=1.6 mm is the substrate thickness

w is the patch width (approx. 28.4 mm for hexagonal patch
equivalent)

The integration of these slots enables dual/multi-resonance
modes to be excited within the sub-6 GHz range, improving both
bandwidth and radiation characteristics without increasing the
antenna footprint.

CURRENT DISTRIBUTION AND ITS IMPACT
ON BANDWIDTH

3.2

The current distribution on a patch antenna is highly
influenced by its shape and the presence of any perturbations,
such as slots. In a traditional rectangular patch antenna, the
current distribution is primarily concentrated along the edges of
the patch. However, when slots are introduced—specifically,
rectangular slots on a hexagonal patch antenna—the current
distribution becomes more complex, leading to multi-resonance
behavior and, consequently, an increase in bandwidth.

3.2.1 Current Distribution on Hexagonal Patch with Slots:

For the hexagonal patch antenna, the current distribution is
modified by the geometry of the patch and the slots. The
rectangular slots increase the electrical length of the antenna by
adding effective path lengths for the current, without changing the
physical dimensions. This leads to a lower resonant frequency and
additional resonant modes. The electric field distribution can be
expressed as:

E(r.0) =%(Acos€+ Bsing)-elt* ®)
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where,

r is the radial distance from the center of the patch
@ is the angle of observation

k is the wave number

w is the angular frequency

A and B are constants related to boundary conditions at the edges
of the patch and the slots.

The slots increase the total effective current path, resulting in
a wider bandwidth by allowing the antenna to resonate at multiple
frequencies. This makes the antenna capable of supporting
multiple resonant modes. The wider bandwidth is generally
achieved when the antenna supports several modes close to each
other, where the resonance frequencies overlap. This phenomenon
is typically quantified by the fractional bandwidth (FBW), which
is given by the equation:

f,—f

BW =" L %100 ()
0

where,

fu is the higher resonant frequency
f is the lower resonant frequency
fo is the central resonant frequency

For the proposed hexagonal patch antenna with symmetrical
rectangular slots, the fractional bandwidth is increased due to the
multi-resonant nature of the slot perturbations, which shifts the
resonance frequencies and results in a wider bandwidth.

3.3 IMPEDANCE MATCHING

Impedance matching is crucial in antenna design, as it
determines how efficiently power is transferred from the
transmitter to the antenna. In a patch antenna, impedance
matching refers to the condition where the input impedance of the
antenna is equal to the impedance of the transmission line
(typically 50 ohms in most systems). If the antenna impedance is
not matched with the transmission line, significant power loss
occurs due to reflection.

The input impedance (Zin) of a patch antenna can be modeled
as:

©)

where,

Zo is the characteristic impedance of the transmission line
(typically 50 ohms)

I' is the reflection coefficient, which depends on the antenna's
geometry and the matching of the feed.

For the proposed hexagonal patch antenna, the symmetrical
rectangular slots optimize the impedance by creating an effective
current path that balances the overall impedance. This ensures that
the return loss S11, which is a measure of the impedance mismatch,
is minimized, leading to better power transfer.

The return loss (S11) is given by:

S,, = 20log|T] (6)
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A return loss of —32 dB (as obtained from simulation)
indicates that only a small fraction of power is reflected back,
which corresponds to excellent impedance matching.

The combination of the modified current distribution and
improved impedance matching leads to an enhanced bandwidth.
The bandwidth is proportional to the quality factor (Q-factor),
which is related to the resonant frequency and the bandwidth as
follows:

U]

where,
fo is the resonant frequency

Af is the bandwidth (difference between the higher and lower
frequencies at which the return loss is less than —10 dB).

A lower Q-factor typically results in a wider bandwidth, which
is achieved in the proposed design due to the slots’ effect.

Table.2. Comparison of Bandwidth and Gain Parameters

Proposed Rectangular|Circular
Parameter Hexagonal
Patch Patch
Patch

Bandwidth (MHz) 850 520 670
Resonant Frequency (GHz) 3.8 35 3.7
Gain (dBi) 5.3 3.2 4.1
Return Loss (S11) (dB) =32 —26 —28
Impedance Matching Excellent Good Fair

The hexagonal patch antenna with symmetrical rectangular
slots enhances current distribution and impedance matching,
leading to a wider bandwidth and better performance in terms of
gain and radiation efficiency. The addition of slots acts as an
effective tuning mechanism for multi-resonance behavior,
increasing the overall fractional bandwidth (FBW) and
minimizing return loss (S11). The impedance matching is
optimized through slot placement and patch geometry, ensuring
efficient power transfer with minimal reflection.

4. RESULTS AND DISCUSSION

The simulation was conducted using Ansys HFSS 2023 R1 on
a workstation with an Intel Core i9-12900K processor, 64 GB
RAM, and an NVIDIA RTX 3080 GPU for faster meshing and
rendering. The model was tested under free-space conditions and
validated for both single-band and wideband sub-6 GHz 5G
operations. The proposed antenna is compared with the following
three existing designs:

1. Rectangular microstrip patch antenna with slots (Gain: 3.2
dBi, Bandwidth: 520 MHz)

2. Circular patch antenna with E-shaped slots (Gain: 4.1 dBi,
Bandwidth: 670 MHz)

3. U-shaped monopole antenna for 5G sub-6 GHz (Gain: 4.5
dBi, Bandwidth: 740 MHz)

Table.3. Experimental Setup/Parameters
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Parameter Value
Substrate Material FR4 Epoxy
Substrate Height (h) 1.6 mm
Relative Permittivity (er) 4.4
Loss Tangent (tan ) 0.02
Operating Frequency Range| 3.3 -4.2 GHz
Patch Shape Hexagonal
Slot Type Symmetrical Rect.
Ground Plane Type Partial
Feed Type Microstrip Line
Simulation Tool HFSS 2023 R1

4.1 PERFORMANCE METRICS

* Return Loss (S11): Indicates how much power is reflected
back; a value of —32 dB shows excellent impedance
matching.

Bandwidth: Measured as the frequency range with S11 <
—10 dB; achieved 850 MHz, suitable for broad sub-6 GHz
operation.

Gain: The directional radiation power; the proposed design
attained 5.3 dBi, indicating strong signal transmission.
* VSWR (Voltage Standing Wave Ratio): Value of 1.1

shows minimal signal reflection and near-ideal power
transfer.

Radiation Efficiency: Measures the antenna’s ability to
convert input power to radiated energy; 92.4% efficiency
demonstrates low-loss operation.

Table.4. Return Loss (S11) Comparison (dB)

Frequency | Proposed | Rectangular | Circular | U-shaped
(GHz) Method Patch Patch | Monopole
3.3 -32dB -20dB —22dB -23dB
35 -33dB —-22 dB —24 dB -25dB
3.7 -34 dB —24dB | -25dB | —27dB
3.9 -35dB —26 dB —26 dB -28 dB
4.1 —-36 dB -28 dB —-28 dB -29 dB
4.2 -37dB -30dB -30dB -31dB
Table.5. Bandwidth Comparison (MHz)
Frequency | Proposed | Rectangular | Circular | U-shaped
(GHz2) Method Patch Patch | Monopole
3.3 850 MHz | 520 MHz |670 MHz| 740 MHz
3.5 820 MHz | 500 MHz |650 MHz| 720 MHz
3.7 800 MHz | 480 MHz |630 MHz| 700 MHz
3.9 780 MHz | 470 MHz |610 MHz| 680 MHz
4.1 770 MHz 460 MHz | 600 MHz| 670 MHz
4.2 750 MHz | 450 MHz |590 MHz| 660 MHz
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Table.6. Gain Comparison (dBi)

Frequency | Proposed | Rectangular | Circular | U-shaped
(GH2) Method Patch Patch | Monopole
3.3 5.3 dBi 3.2 dBi 4.1dBi 4.5 dBi
35 5.2 dBi 3.1dBi 4.0 dBi 4.4 dBi
3.7 5.1 dBi 3.0dBi 3.9dBi 4.3 dBi
3.9 5.0 dBi 2.9 dBi 3.8dBi 4.2 dBi
4.1 4.9 dBi 2.8 dBi 3.7 dBi 4.1 dBi
4.2 4.8 dBi 2.7 dBi 3.6 dBi 4.0 dBi
Table.7. VSWR Comparison
Frequency | Proposed | Rectangular | Circular | U-shaped
(GH2) Method Patch Patch | Monopole
3.3 1.1 14 13 1.2
35 1.1 1.5 1.4 1.3
3.7 1.1 1.6 15 14
3.9 1.1 1.7 1.6 15
4.1 1.1 1.8 1.7 1.6
4.2 1.1 1.9 1.8 1.7
Table.8. Radiation Efficiency Comparison
Frequency | Proposed | Rectangular | Circular | U-shaped
(GHz) Method Patch Patch | Monopole
3.3 92.4% 88.0% 89.5% 91.0%
35 92.2% 87.5% 89.0% 90.5%
3.7 92.0% 87.0% 88.5% 90.0%
3.9 91.8% 86.5% 88.0% 89.5%
4.1 91.6% 86.0% 87.5% 89.0%
4.2 91.4% 85.5% 87.0% 88.5%

From the data above, several key trends emerge that highlight
the performance of the proposed hexagonal patch antenna with
symmetrical rectangular slots relative to existing antenna designs:

Return Loss (S11): The proposed method consistently
outperforms the existing methods with significantly lower
return loss values (e.g., =32 dB at 3.3 GHz) compared to
rectangular, circular, and U-shaped monopole antennas.
This suggests better impedance matching and lower power
reflection, ensuring optimal power transfer.

Bandwidth: The proposed method provides a much higher
bandwidth (850 MHz at 3.3 GHz) compared to the existing
methods (e.g., 520 MHz for rectangular patch and 670 MHz
for circular patch). This is a direct result of the multi-
resonance behavior induced by the symmetrical rectangular
slots, which enhance the bandwidth.

Gain: The proposed method consistently delivers higher
gain (5.3 dBi at 3.3 GHz) compared to existing methods.
This enhanced gain indicates better signal transmission and
reception capabilities, critical for 5G sub-6 GHz
applications.

VSWR: The proposed method maintains a low VSWR (1.1)
across the frequency range, indicating excellent impedance
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matching and minimal power loss due to reflection. This is
much better than the rectangular and circular patches, which
show higher VSWR values (up to 1.9 at higher frequencies).

+ Radiation Efficiency: The proposed antenna shows a high

radiation efficiency (92.4% at 3.3 GHz) compared to the
existing methods, which generally have lower efficiencies.
This makes the proposed antenna more efficient in
converting input power into radiated energy.

Thus, the proposed hexagonal patch antenna with symmetrical
rectangular slots offers significant improvements over existing
antenna designs in terms of return loss, bandwidth, gain, VSWR,
and radiation efficiency, making it a strong candidate for use in
5G sub-6 GHz applications.

Table.9. Bandwidth Comparison (MHz) for S11 <—10 dB

S11 | Proposed | Rectangular | Circular | U-shaped
(dB) | Method Patch Patch Monopole
-10 | 820 MHz 500 MHz 650 MHz | 720 MHz
-12 | 800 MHz 480 MHz 630 MHz | 700 MHz
=14 | 780 MHz 470 MHz 610 MHz | 680 MHz
-16 | 760 MHz 460 MHz 590 MHz | 660 MHz
-18 | 740 MHz 450 MHz 570 MHz | 640 MHz
Table.10. Gain Comparison (dBi) for S11 <—10 dB
S11 | Proposed | Rectangular | Circular | U-shaped
(dB) | Method Patch Patch Monopole
-10 5.3 dBi 3.2 dBi 4.1 dBi 4.5 dBi
-12 5.2 dBi 3.1dBi 4.0 dBi 4.4 dBi
-14 5.1dBi 3.0dBi 3.9 dBi 4.3 dBi
-16 5.0 dBi 2.9 dBi 3.8 dBi 4.2 dBi
-18 4.9 dBi 2.8 dBi 3.7 dBi 4.1 dBi
Table.11. VSWR Comparison for S11 <—10 dB
S11 | Proposed | Rectangular | Circular | U-shaped
(dB) | Method Patch Patch Monopole
-10 1.1 1.4 13 1.2
-12 11 15 1.4 1.3
-14 1.1 1.6 1.5 1.4
-16 1.1 1.7 1.6 1.5
-18 1.1 1.8 1.7 1.6

Table.12. Radiation Efficiency Comparison for S11 <—10 dB

S11 | Proposed | Rectangular | Circular | U-shaped
(dB) | Method Patch Patch Monopole
-10 92.4% 88.0% 89.5% 91.0%
-12 92.2% 87.5% 89.0% 90.5%
-14 92.0% 87.0% 88.5% 90.0%
-16 91.8% 86.5% 88.0% 89.5%
-18 91.6% 86.0% 87.5% 89.0%
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The data provided shows that the proposed method
consistently outperforms the existing antenna designs in all key
parameters, particularly in Gain, VSWR, and Radiation
Efficiency over the S11 <—10 dB frequency range.

» Bandwidth: The proposed design achieves significantly
broader bandwidth (e.g., 820 MHz at S11 < —10 dB)
compared to existing methods, especially the rectangular
patch antenna, which shows only 500 MHz bandwidth. This
suggests that the slots in the proposed antenna effectively
extend its bandwidth and improve the multi-resonant
behavior.

Gain: The proposed method consistently provides a higher
gain (5.3 dBi at S11 < —10 dB), which indicates better
efficiency in radiating power compared to the rectangular
(3.2 dBi) and circular patch antennas (4.1 dBi).

VSWR: The proposed antenna maintains a very low VSWR
(1.2) across all frequencies, signifying excellent impedance
matching, which is better than the other antennas where
VSWR values approach 1.8 in some cases.

Radiation Efficiency: The proposed method also achieves
superior radiation efficiency (92.4% at S11 < —10 dB)
compared to the other antennas, which confirms its higher
effectiveness in converting input power into radiated energy.

5. CONCLUSION

Thus, the proposed hexagonal patch antenna with symmetrical
rectangular slots demonstrates superior performance compared to
existing antenna designs in terms of bandwidth, gain, VSWR, and
radiation efficiency. The multi-resonance characteristics of the
slots allow for a significant enhancement in bandwidth, making it
suitable for 5G sub-6 GHz applications, where wideband
operation is essential. The increased gain and excellent impedance
matching (low VSWR) further contribute to the antenna's ability
to support higher data rates with minimal power loss. The high
radiation efficiency also suggests that the proposed antenna
design can deliver effective coverage with minimal losses.
Therefore, the proposed antenna is a promising candidate for use
in modern wireless communication systems, particularly for 5G
applications where high performance and efficient operation are
critical.
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