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The growing need for high-performance antennas in 5G and 6G communication
systems calls for creative designs that tackle issues with voltage standing wave ratio
(VSWR) and signal transmission efficiency. To reduce losses and improve signal
transmission, this paper proposes a metamaterial-based Pa-type slot antenna that is
suitable for millimeter-wave frequencies. The proposed antenna has a return loss of -
18.2404 dB, -18.5977 dB, and -22.3190 dB over a frequency range of 1 GHz to 6 GHz
at resonance frequencies of 2.4 GHz, 3.4 GHz, and 5 GHz, respectively. It also
maintains a VSWR of 1.2280, which ensures the effective transfer of power and
minimizes signal reflection. Due to these developments, which indicate remarkable
gains in signal transmission performance, it offers a promising answer to the demanding
needs of 5G and 6G applications. This study demonstrates how designs based on
metamaterials have the potential to propel the creation of next-generation wireless
communication systems. For maximum radiation efficiency, gain, and bandwidth for
ultra-high-speed data communications, your research develops a sectional antenna
design. The design is built to provide high performance in 6G networks by reducing
signal loss using new structural and material optimization. The model differs from
traditional ones, which are ultra-high-speed and low-latency communication optimized
for future network needs. In addition, the designed antenna is conveniently integrated
into complex multi-input multi-output (MIMO) settings, which optimizes efficiency
and spatial multiplexing in dense network settings.

1. INTRODUCTION

latency communication (URLLC) since they are tunable to
high gain, low interference, and broad bandwidth. Also,

The development of 6G wireless networks is set to
revolutionize communication by enabling high-level data
speeds, pretty low latency, and vast connectivity. As 6G
technology pushes the boundaries of existing communication
systems, there is a growing demand for innovative antenna
designs that can support these advanced capabilities [1].
Antenna design becomes important to meet such requirements
because it guarantees reliable transmission of data at higher
frequencies, typically at terahertz (THz) and millimeter-wave
(mmWave) ranges. Sectional antennas are a form of antenna
design that has attracted much attention due to their ability to
facilitate adaptive transmission methods in dynamic
environments, enhance radiation efficiency, and enhance
beamforming. The modular designs of sectional antennas
enable adaptive adaption to different transmission
environments [2]. These antennas are ideal for 6G applications
such as massive machine-type communication (MMTC),
enhanced mobile broadband (eMBB), and ultra-reliable low-
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sectional antennas have been able to achieve better
performance in high-speed data transmission with the
inclusion of metamaterials, novel materials, and
reconfigurable intelligent surfaces (RIS) [3]. Through
enhanced spectrum efficiency and spatial multiplexing, its
application in multi-input multi-output (MIMO) systems aids
in addressing the issues precipitated by increased data traffic
in future networks. The development of a sectional antenna
optimized for high-speed data transmission in 6G applications.
By exploring novel design approaches, to help the challenges
occurring for achieving high efficiency and reliability in future
communication networks [4].

The Pa Antenna has demonstrated exceptional performance
in meeting the requirements of 5G applications. Its innovative
design, leveraging meta-materials, facilitates efficient signal
transmission at millimeter-wave frequencies, which are very
much needed for 5G communication systems [5]. The
antenna's high gain and consistent performance across the 1
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GHz to 6 GHz frequency range make it well-suited to uphold
the demand in terms of the data rates and low latency
characteristics of 5G networks [6]. The study suggests that the
Pa Antenna holds significant potential for enhancing the
overall performance and capabilities of 5G applications [7].

With a focus on radiation properties, design methods, and
deployment conditions, the present work presents a complete
review of current advances in 6G antenna design. It discusses
the challenges of high-frequency operation and proposes
improvements to antenna performance in 6G networks [8]. A
comprehensive review of antenna designs, particularly for 6G
and THz communications, is presented in this literature
survey. It examines various types of antennas, including patch,
grid array, and elliptical lens antennas, as regards their sizes,
characteristics, frequency ranges, and composition [9].
Further, the research examines various methods of fabrication,
such as laser drilling, 3D printing, and PCB technology.

The design and research of a compact, high-gain, MIMO
antenna for 6G usage based on the THz frequency band are
discussed in this research. To better predict antenna
characteristics, it employs a meta-learner-based stacked
generalization ensemble approach, which integrates an
improved multi-feature stacked ensemble with conventional
machine learning methods [10]. Channel modelling, beam
focusing, and antenna topologies are a few significant near-
field communication (NFC) topics discussed in this lesson that
hold the key to 6G networks. It discusses the transition from
far-field to near-field models in antenna design and highlights
the importance of very large-scale antenna arrays and high
frequencies [11]. In highlighting future development trends,
such as the scaling up of antenna array sizes, diversified array
configurations, and adaptive antenna designs, this paper
explores multi-antenna technology for 6G Integrated Sensing
and Communication (ISAC) [12]. Emerging antenna
architectures are discussed, including distributed and
centralized arrays and relocatable/fluid antennas with
controllable orientations and positions [13].

5G technology also provides increased network capacity,
allowing a larger number of devices to connect. As antennas
work crucially in realizing 6G networks, there is a need to
reexamine and advance traditional designs to meet the
stringent demands of this next-generation technology [14].
One promising innovation is the sectional antenna, which
offers significant benefits in adaptability, efficiency, and
performance, making it well-suited to the high demands of 6G
networks [15].

This adaptability is achieved through advanced techniques
like network slicing, enabling the partitioning of network
resources to cater to specific service requirements. Enhanced
connectivity is another key feature of 5G, particularly in
challenging environments such as crowded urban areas or
dense indoor spaces. This is achieved by utilizing higher
frequencies and advanced antenna technologies, resulting in
more reliable and consistent connectivity for users [16].

In recent years, there has been a significant growth in
research on microstrip patch antennas [17]. The rapid
advancements in wireless and radio telecommunication
systems have created a growing demand for antenna designs
with enhanced characteristics such as size, bandwidth, gain,
power efficiency, and the ability to handle high data rates [18].
To address these evolving needs, researchers have explored
various design approaches, aiming to balance high gain, low
loss, compact size, broad bandwidth, radiation efficiency of
70% or higher, cost-effectiveness, and high data rates [19].

1572

This research focuses on addressing the challenges
associated with high-frequency transmission by modifying the
structure of the Pa-type slot antenna to improve its gain [20].
The primary objective is to design a millimeter-wave antenna
that enables efficient signal transmission by leveraging the
newly modified Pa-type slot antenna [21]. By enhancing the
practicality and applicability of this antenna structure, the
research aims to contribute to advancements in
communication technology. The modifications made to the
antenna's structure are intended to optimize its performance,
making it more suitable for practical implementation in
millimeter-wave communication systems [22].

Patch antennas, particularly the Pa-type slot variety, have
garnered significant attention due to their compact design,
straightforward fabrication, and seamless integration with
printed circuit boards [23]. Slot antennas, known for their
broad bandwidth and capability to generate linear or circular
polarization, have become a focal point in antenna research
[24, 25]. This investigation is to evaluate the effectiveness of
the modified antenna in terms of signal transmission
efficiency, gain, radiation pattern, and other relevant
performance metrics. Ultimately, the research seeks to provide
insights and solutions that enhance the practicality and
effectiveness of the Pa-type slot antenna for millimeter-wave
communication applications.
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Ubiquitous intelligence, enhanced onboard connectivity,
digital twins, and ubiquitous connection will all be constructed
on the ultra-mobile broadband (uMBB) scenario. The
framework can host advanced real-time simulations by
enabling seamless interaction between the physical and digital
worlds. To ensure global coverage, the 6G network
infrastructure will be cell-free, highly scalable, and structured
on four levels. These layers combined—those rooted in space,
air, land, and sea—guarantee seamless communication. The
multi-layered  architecture  facilitates  next-generation
technology and enhances the efficiency of data transmission,
as indicated in Figures 1 and 2.

To address the above-mentioned constraints, a novel meta-
material-based Pa-type slot antenna optimized for millimetre-
wave frequencies is proposed in this study. To enhance the
signal transmission with low return loss and constant VSWR,
this creative design exploits the unique properties of
metamaterials. What makes the proposed Pa-type slot antenna
unique is the fact that it overcomes the drawbacks of the
current designs, providing higher performance and reliability
for 5G and 6G applications. This effort greatly advances the
technology of antennas and opens the door for reliable and
effective wireless communication systems. Most of the 6G
antenna configurations already adopted are plagued with
millimetre-wave propagation loss as well as limited bandwidth
support for high-speed data transmission. Also, most of the
configurations are not optimal to support efficient integration
with MIMO structures, reducing spatial efficiency, and they
are typically challenging fabrication processes, limiting their
practicality. Presenting a sectional antenna structure that is
bandwidth-efficient, employing advanced materials for path
loss reduction, and presenting a novel framework for
optimizing MIMO performance, your research addresses all
such issues. Also, your approach targets a cost-effective but
high-performance solution, making it more feasible for actual
6G applications.

The organization of the article is summarized as follows.
Section 2 discusses the multi-band, Pa-type slot antenna.
Section 3 presents results and discussion based on the
Methodology, followed by the conclusion of the research work
presented in Section 4.

2. MULTI-BAND PA-TYPE SLOT ANTENNA

The suggested technique thus implies an efficient design
process of the Pa-type slot antenna, ensuring to surpass the
inadequacies found in present-day designs to efficiently serve
applications such as 5G and 6G. Some of the significant steps
for this methodology include the following: As it has low-cost
and simple production capabilities and excellent dielectric
properties, FR4 epoxy was considered to be a substrate for the
current design. Its loss tangent is 0.02, and its relative
permittivity (er) is 4.4. To ensure the operational frequency
range from 1 GHz to 6 GHz, the substrate dimensions were
selected very carefully. Simulations were done on the original
dimensions, which were 27 mm x 28 mm x 1.6 mm. A very
popular tool for electromagnetic simulations, ANSYS High-
Frequency Structure Simulator (HFSS), was used for
designing and analyzing the structure. The simulation for the
frequency range of 1 GHz to 6 GHz was implemented. To
simulate the real-world conditions, boundary conditions were
applied that ensured accurate return loss, VSWR, and gain
results.
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The antenna was fed through a waveguide port to ensure
accurate input power analysis. The resonant frequency
calculation is given by

(1)

The effective length of the slot (L) can be adjusted to
support multiple frequencies
c

2frJer

The width of the slot () and its dimensions can be
determined based on the desired impedance characteristics

L= )

c
W=——- 3
2o lerr A3)
The impedance of the antenna can be matched using
z=2 4)
jX

To ensure good performance, the return loss should be
minimized, and it can be calculated using

RL

—20 logqolS11l (5

Figure 3. Design of a multi-band Pa-type slot antenna

Table 1. Design parameters of meta ring antenna

S. No. Parameter Specification
1 Input Resistance of Patch 50 mm
2 Patch Length 27 mm
3 Patch Width 28 mm
4 Patch Height 1.6 mm
5 Length of Microstrip Line 23 mm

Figure 3 illustrates the model of a multi-band Pa-type slot
antenna. This antenna is specifically engineered to operate
effectively across multiple frequency bands, providing
adaptable functionality for different wireless communication
applications. The Pa-type slot design enables efficient
radiation and reception of signals by optimizing the antenna's
geometry and dimensions to support a broad range of
frequencies. This multiband capability is crucial for modern
communication systems that require seamless operation across
different bands, ensuring reliable performance in diverse
environments. The figure showcases the detailed structure and
layout of the antenna, highlighting its potential for next-
generation communication technologies. Table 1 shows the



Design parameters of the Meta meta-ring array antenna
designed using HFSS. This novel-designed antenna has
various physical parameters such as an input resistance of 50
ohms, length of 38 mm, width of 46 mm, height of 1. 6 mm
and length of the microstrip.

Figure 4. Schematic diagram of single-band microstrip
rectangular patch antenna

Figure 4 shows the schematic diagram of a single band
microstrip rectangular patch antenna, Ansoft HFSS 15.0
software with 13 mm length, 6 mm width, and height 0.035
mm. The size of the substrate is 1.6 mm.

3. RESULTS AND DISCUSSION

This paper primarily compares the performance of two
antenna designs, focusing on the proposed Pa-type slot
antenna. As shown in Figure 1, the VSWR value of 1.2280 at
frequencies of 2.4 GHz, 3.4 GHz, and 5 GHz indicates that the
proposed antenna achieves a good impedance match with the
transmission line or system at these frequencies. The
significance of choosing the three different frequencies was
illustrated based on their capacity. The 3.4 GHz frequency is
crucial for 5G as it provides a good balance between coverage
and capacity. It is used for the mid-band spectrum, which
offers higher speeds and more capacity than lower frequencies
while still providing reasonable coverage.

The 5 GHz frequency is often used for Wi-Fi networks and
is relevant for some 5G applications, particularly in urban

Output Variables Plot 3

environments and for high-capacity indoor networks.

The lowest 2.4 GHz frequency is less significant for 5G and
6G applications compared to 3.4 GHz and 5 GHz. It is
commonly used for older Wi-Fi standards and other
communication technologies but does not provide the high-
speed capabilities needed for advanced 5G and 6G
applications.

Figure 5 highlights the return loss of the proposed antenna,
measured at -18.2404 dB, -18.5977 dB, and -22.3190 dB at 2.4
GHz, 3.4 GHz, and 5 GHz, respectively. These values provide
information that the proposed antenna has an improved return
loss than the existing antenna, making it more suitable for
wireless communication applications.

Table 2 presents an analysis chart for VSWR and return
loss. The rectangular antenna shows a VSWR of 1.567 at 2.5
GHz. Additionally, the gain of the S slot antenna is 5 dB across
1 GHz to 6 GHz, while the S patch antenna has a gain of 4.1
dB at 2.5 GHz. These findings suggest that the Pa-type antenna
is  well-suited for next-generation communication
technologies. The parameters like gain and radiation
efficiency are crucial to determine the antenna's capacity to
effectively focus and radiate signals. By comparing these
values between the two antenna designs, readers can better
understand their performance in terms of signal concentration
and transmission efficiency.

Figure 6 shows the Voltage Standing Wave Ratio (VSWR)
of the proposed antenna at three different frequencies: 2.4
GHz, 3.4 GHz, and 5 GHz. The VSWR value of 1.2280 across
these frequencies indicates that the antenna provides a strong
impedance match with the transmission line or system. A
VSWR close to 1 suggests minimal reflection of the signal,
meaning that most of the power is effectively transmitted
rather than reflected. This result highlights the antenna's
efficiency in maintaining a low level of signal loss and
optimizing performance across multiple frequency bands,
making it ideal for applications that require reliable wireless
communication. The return loss of the proposed antenna at
frequencies of 2.4 GHz, 3.4 GHz, and 5 GHz, with measured
values of -18.2404 dB, -18.5977 dB, and -22.3190 dB,
respectively. These return loss values indicate that the
proposed antenna reflects very little power towards the source,
thereby maximizing the amount of power transmitted.
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Figure 5. The VSWR value of the proposed antenna
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Table 2. Analysis chart for VSWR and return loss

Type of Antenna Frequency (GHz)

VSWR Return Loss (dB)

Pa-type slot antenna 2.4 GHz, 3.4 GHz, 5 GHz

1.2280 -18.2404 dB, -18.5977 dB, -2.3190 dB

S11 Return Loss
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Figure 6. Return loss of proposed antenna

A higher negative return loss value demonstrates that signal
transmission efficiency increases based on its performance in
the proposed system. In correlation to the existing antenna
design, the proposed antenna achieves superior return loss,
considering it is distinctly well-suited for wireless
communication applications where minimizing signal loss and
optimizing transmission quality are crucial.

Table 2 provides an analysis of the VSWR and return loss
for different antenna designs. The rectangular antenna unveils
a VSWR of 1.567 at a frequency of 2.5 GHz, indicating a
decent impedance match with the transmission system. The S
slot antenna shows a gain of 5 dB wide range of frequencies
from 1 GHz to 6 GHz, highlighting its ability to maintain
consistent ~ performance over various frequencies.
Additionally, the S patch antenna provides a gain of 4.1 dB at
2.5 GHz. These findings suggest that each antenna has unique
characteristics and performance metrics, making them suitable
for different applications based on their specific frequency and
gain requirements.

The gain of the simulated Pa-type antenna was evaluated
across a frequency range spanning from 1 GHz to 6 GHz.
Special attention was given to resonance frequencies of 2.4
GHz, 3.4 GHz, and 5 GHz, which hold significance for 5G and
6G applications.

During the evaluation, the measured return loss values for
these frequencies were determined to be 1.31 dB. The return
loss is a measure of the reflected power from an antenna
compared to the input power. A low return loss indicates that
the antenna effectively transfers power to the transmission
medium, leading to efficient signal transmission.

The measured return loss values of 1.31 dB suggest that the
Pa-type antenna performs well at the resonance frequencies of
2.4 GHz, 3.4 GHz, and 5 GHz. This indicates that the antenna
exhibits good impedance matching and minimal signal
reflection at these frequencies, resulting in improved signal
transmission efficiency. For 5G/6G wireless communication
systems, it was selected at the resonance frequency ranges of
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2.4 GHz, 3.4 GHz, and 5 GHz, as they are widely used in
applications requiring high data rates, latency reduction, and
connectivity improvement. For instance, 2.4 GHz is more
frequently used in Wi-Fi and Internet of Things systems
because it can cover a wider region with fewer signal
obstructions. While 5 GHz is best suited for advanced MIMO
systems and high-speed data transmission in congested urban
areas, the 3.4 GHz band is a must for mid-band 5G
installations because it provides a balance between coverage
and capacity.

When compared to the present designs, the proposed
antenna design shows better performance metrics. For
example, at 5 GHz, the return loss of -22.32 dB shows good
impedance matching and little signal reflection, which is better
than traditional antennas that normally achieve return losses of
-15 dB. Higher gain and better VSWR are also features of the
proposed design, which are important for signal strength
enhancement and power loss reduction. For instance, the
proposed antenna has a gain that is much higher than the
typical gain of 3—4 dB in conventional designs at 5 GHz, thus
ensuring increased signal strength and coverage. These results
have important practical implications for real-world
implementations. The antenna can enable seamless [oT device
connectivity in smart cities, which would enable efficient
public safety, energy monitoring, and traffic control systems.
The improved gain and VSWR of autonomous vehicles in
dynamic and high-mobility situations also provide reliable
communication in V2X scenarios. Improved parameters of the
proposed design may enhance the spectral efficiency and
reduce interference for MIMO systems, which is important for
the ultra-reliable low-latency communication needed for 5G
and 6G networks. By incorporating these observations, the
discussion can go past repeating numbers for the sake of
reiterating the usefulness and edge of the recommended
design.

The resonance frequencies chosen align with the frequency
bands commonly associated with 5G and 6G applications. By



ensuring excellent performance at these frequencies, the Pa-
type antenna proves its suitability for supporting the
requirements of these advanced wireless communication
technologies.

It's important to note that the evaluation of gain provides
valuable insights into the antenna's performance, but a
comprehensive analysis of other relevant performance
metrics, such as gain, radiation pattern, and directivity, would
provide a more complete understanding of the antenna's
overall capabilities.

4. CONCLUSIONS

The Pa-type antenna has been specifically designed for
utilization in 5G and 6G applications operating within the
radio frequency range. Its performance, particularly in terms
of return loss, has been compared to that of an already existing
rectangular patch antenna. The new Pa-type antenna, with its
array configuration, exhibits a broader frequency range from 1
GHz to 6 GHz, with resonance frequencies at 2.4 GHz, 3.4
GHz, and 5 GHz, tailored for 5G and 6G applications.
Notably, the corresponding return loss values for these
frequencies were measured as -18.2404 dB, -18.5977 dB, and
-22.3190 dB, respectively, based on the measured VSWR
values of 1.2280 for the resonance frequencies of the Pa-type
antenna, it can be inferred that the antenna exhibits a good
match with the impedance of the transmission line or system
it is connected to. The novelty of the Pa-type antenna is
attributed to its array configuration and wider frequency range,
from 1 GHz to 6 GHz. This design outperforms conventional
rectangular slot antennas and guarantees enhanced
adaptability and dependability for applications where high
data rates and low latency are essential, such as the Internet of
Things, smart cities, driverless cars, and MIMO systems.

Besides experimental verification in practical settings,
future research can focus on the optimization of the antenna
design to achieve even greater gain enhancement and lower
power loss. The proposed design is considered a good
candidate for new applications in 5G and 6G communication
networks because of its ability to support next-generation
wireless technologies.
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NOMENCLATURE

f; resonant frequency

C speed of light in a vacuum (approximately

3x10%3x10%x108 m/s)

L effective length of the slot thermal effective

ef dielectric constant of the substrate material

frc resonant frequency for the slot

Z impedance

R resistance

X reactance





