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Abstract:This paper describes the creation and simulation of a circular patch antenna array designed for 5.8 GHz
operation. The array incorporates three inset-fed microstrip circular patch antennas for beamforming, which helps to
reduce the substantial path loss that exists in high-data-rate mm-5G mobile station environments. The configuration
consists of three circular patch antenna arrays with separate strip line feeds. In the proposed design, a 7.2 mm-diameter
circular patch is placed. To model the antenna array, a FR-4 substrate with a relative permittivity (er) of 4.4 was
employed. Strip line feeding techniques were applied, and the substrate's dimensions are 27 x 67 x 1.6 mm?®. The
acquired bandwidth is excellent for WLAN applications because it spans frequencies between 5.15 GHz and 6.56 GHz.
Opver the stipulated bandwidth, the measured gain reaches 4.1 dB with an input impedance of around 50 Q. Strong
agreement was established between the simulated results and experimental data. The design and simulation method
made use of the Finite Element Method (FEM)-based High Frequency Structural Simulation (HFSTM) tool.
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1. Introduction

The advent of fifth-generation (5G) technology marks a significant turning point in the development
of wireless communication, bringing with it an era characterized by previously unheard-of data speeds,
incredibly low latency, and connectivity that transcends conventional network boundaries. By enabling
cutting-edge applications like augmented reality, autonomous driving, and ubiquitous machine-type
communications, this new generation of mobile networks is predicted to completely transform a number
of industries (A. A. Solyman,2022). But in order to fully utilize 5G, a number of issues need to be
resolved, with advancements in antenna design being particularly important. The use of millimeter-wave
(mmWave) frequencies, especially in the 28 GHz and 38 GHz bands, is a key component of 5G.
mmWave frequencies are crucial for satisfying the growing demand for increased data speed and better
connection because of their wide bandwidth (J. Li, Y. Niu,2022). However, there are drawbacks to using
these high frequencies, including greater sensitivity to physical obstructions and increased atmospheric
attenuation. Notwithstanding these challenges, considerable research and development efforts have been
directed toward utilizing mmWave bands for 5G applications due to the promise to provide extremely
high data rates and low latency (P. Loktongbam,2023), ( H. Askari,2022). Regulatory agencies like as the
Federal Communications Commission (FCC) have defined pioneer frequency bands for 5G networks,
which are focused around 28 GHz and 38 GHz and encompass ranges like 26.5-29.5 GHz, 27.5-28.35
GHz, and 3740 GHz, in acknowledgment of their strategic relevance. The overarching goal of
delivering operators dependable, fast, high-bandwidth connectivity with minimal latency is in accordance
with these allowances.
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Both the FCC and the EU have designated several frequency bands for 5G deployment under their
regulatory frameworks, mostly in the Ka-band spectrum (2640 GHz). The 26 GHz band (24.25-27.5
GHz), the 28 GHz band (27.5-28.35 GHz), and the 38 GHz band (37—40 GHz) are notable allocations.
Other bands include the 24 GHz range (24.25-24.45 GHz, 24.75-25.25 GHz), the 29 GHz band (29.1-
29.25 GHz), and the 32 GHz band (31.4— 33.8 GHz) (S. Ramanathan,2024)- (Khabba,2022). One of the
most important aspects of designing 5G wireless networks is using multiple-input multiple-output
(MIMO) antenna systems with wideband performance (Zhiqiang,2022). This technology is essential for
boosting spectrum efficiency, increasing channel capacity, and increasing data throughput. MIMO
systems are valuable in 5G designs because they can accomplish these advantages without requiring
more transmission power by taking use of the wireless channel's multipath features (S. H. Kiani 2023).
MIMO antennas operating at 28/38 GHz have been the subject of extensive research, indicating its
significance for mmWave communication in 5G. A compact planar MIMO antenna array with an inset-
fed design specifically designed for 5G applications at 28 GHz and 38 GHz was presented by Rafique et
al (Nauman,2021).

This design, which measures 41.5x10x0.8 mm?, has a peak gain of 5.7 dB and bandwidths of 1.39
GHz and 3.33 GHz for the corresponding bands. A four-element MIMO antenna array with a 110x55
mm? size was created by (Marzouk,2019). They were able to accomplish dual-band operation, robust port
isolation, and maximum gains of 7.95 dB and 8.27 dB by integrating inverted I-shaped slots into the main
patch. Raheel and associates. A 4x4 MIMO antenna with an excellent minimum port isolation of 28 dB
was proposed by (K.Raheel,2021) for 5G applications working at both 28 GHz and 38 GHz. At 28 GHz
and 38 GHz, this design achieved gains of 7.1 dB and 7.9 dB, respectively. A 79.4x9.65 mm? MIMO
antenna with a maximum gain of 9 dB and bandwidths of 3.42 GHz and 1.45 GHz for each frequency
band was constructed by( Farahat 2021). A 28 GHz tiny dual-port single-element MIMO antenna with a
peak gain of 6.9 dB and a 0.4 GHz bandwidth was published by ( Usman,2021). The antenna measures
33x27.5%0.76 mm?. These studies' design processes are usually based on conventional techniques, while
performance optimization relies heavily on parametric analysis. Despite their effectiveness, these
traditional approaches can be labor- and time-intensive. Rather, artificial intelligence techniques such as
radial basis function neural networks (RBFNN) (M. Wang, 2008)—(Aneesh, 2012), adaptive neuro- fuzzy
inference systems (ANFIS) (Sellak, 2023), and artificial neural networks (ANN) (Sellak, 2022)—(Ara,
2024) offer ways to expedite the design process and boost efficiency by leveraging computational
learning capabilities. There are advantages and disadvantages to the expansion of various frequency
bands in 6G networks, ranging from millimeter- wave to terahertz.. By creating a MIMO antenna array
especially tailored for the difficult 28 GHz and 38 GHz frequency bands, this research explores the
cutting-edge subject of mmWave communication. In addition to offering insights into important advances
required to fully exploit the potential of 5G mmWave technology, the work attempts to address the
inherent problems of antenna design for the mmWave spectrum.

2. Material and Method

2.1 Single Patch Antenna Design

The top view of single inset feed circular patch antenna depicted in Fig. 1. The antenna is intended to
function at a 5.8 GHz resonant frequency. Strip line feeding is used because it makes input impedance
matching easier by varying the feed position. Achieving adequate impedance matching is vital for
attaining the desired bandwidth; otherwise, the antenna’s effectiveness would be impaired. The substrate
thickness is kept as low as possible to guarantee the best bandwidth, adhering to the following rule:
0.003%0 < h < 0.05)X0. dielectric material of FR4-Epoxy is utilized as the substrate because of its low
relative permittivity ,which is useful since lower permittivity leads to higher bandwidth. In the antenna
structure, the patch and strip line feed are placed on the top layer, the substrate forms the middle layer,
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and the ground plane is at the bottom. At the dominant TM11 mode the effective patch radius is
calculated from [Balanis, C.A. (2016)]. Antenna Theory: Analysis and Design. 4th ed. Hoboken, New
Jersey Wiley, pp.814—823. Chapter 14.3 Circular Patch.

F
0= : (1)
2
2h
{1+1T57-F[ln(%+1.7726]}
Where
_ 8791 10°
fifSr
Due to the fringing field, the effective radius is given by
1
g, =a{1+2=[n (5 +1.7726) | )

Where

fr = Resonant Frequency of Circular Patch Antenna er = Substrate Relative Permittivity
h = Substrate Height

a = Physical Radius of the Patch

ae = Effective Radius

This layout represents a typical patch antenna powered by a microstrip line. The feed line is designed
with a width of 0.5 mm, and a characteristic impedance of 50 ohms is maintained. As shown in Fig. 1,
according to eq.(1) and eq.(2), the proposed geometry features a circular microstrip patch with a radius of
7.2 mm. To achieve 50 W input impedance, two symmetrical inset are introduced into the patch, each
dimension is 1 mm in length and 0.5 mm in width.
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Fig. 1. The geometry of microstrip patch antenna
The dimensions of the proposed antenna are listed in Table 1.
Table 1.: Proposed antenna dimensions (all in mm)
Parameter Value Parameter Value
Ws 27 Ls 27
a 7.2 Wi 05
Lf 9.2 Wins 05
Lins 1 h 16

The HFSS, a structural simulator based on the Finite Element Method (FEM), was used.

2.1.1 Simulation results of a single circular patch antenna

After simulation the proposed antenna using HFSS as a tool the results target such as reflection
coefficient, VSWR, Zin, gain and directivity are examined, the first result is the S11 parameter as shown
in Fig.2. The bandwidth is obtained with the above dimension of patch and the substrate is about 1.27
GHz around the central frequency 5.8 GHz below —10 dB. Indicating good impedance matching
(extremely low reflected power), accomplished proving that the antenna also operates very well in a
broader bandwidth around the center frequency as indicated in Fig.4. The antenna is well-matched at 5.8
GHz, which presumably matches to the target C band for WLAN applications. As demonstrated in Fig. 2.
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Fig. 2. Reflection coefficients for the single element antenna

In Fig. 3, was found that the shape is non-circular, indicating that the radiation is not uniform in all
directions. The radiation pattern shows the presence of lobes, which suggests that the antenna directs
energy preferentially in the upward direction.
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Fig. 3. Radiation Pattern of the Single Antenna
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2.2 Three Element Circular Patch Antenna Array Design

The geometry of three elements circular patch antenna array is shown in Fig. 4. This geometry
consists of three previous designed low profile inset feed circular patch antennas each of them has the
same optimized dimensions shown in Tablel.

Poe

Fig. 4. Three-element circular patch antenna array design

Three ports (50-100Q) for each antenna and three transition micro strip feed lines having length
equal quarter of operating wavelength (A/4). Antenna design and simulation were carried out in Finite
Element Method (FEM) based High Frequency Structural Simulation (HFSSTM) tool.

2.2.1 Simulation Results of Circular Patch Antenna Array
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Fig. 5. Simulation of array
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The scattering parameter analysis results showed that the studied antenna operates with high
efficiency at 5.71 GHz, where the reflection coefficient (S11) at this frequency was approximately
—23.6 dB. This value indicates that the amount of power reflected from the antenna is relatively low.
The coupling coefficient between the antenna elements was analyzed by studying the transmission
parameters between the ports (S-parameters); at 5.71 GHz, it was less than—20 dB.

Directivity

max *dBZ0Beamwiding3) |

2676 6 6554

9 AT 96 5163 ‘

=] 90

Fig. 6. Radiation Pattern of the Array

The figure illustrates the radiation pattern of the antenna at 5.8 GHz in two different @-plane cuts,
where the red curve represents @ = 0° (the vertical plane) and the green curve represents ¢ = 90° (the
horizontal plane). From the plot, it can be observed that the radiation in the vertical plane is more
focused and directional, with a peak radiation level of approximately 29 dB, indicating that the antenna
exhibits relatively good directivity and efficiently concentrates energy in a specific direction. In the
horizontal plane, however, the radiation pattern appears to be distributed over multiple directions with a
comparatively lower radiation level. Additionally, the side lobes in both planes are low, which indicates
reduced unwanted radiation and, consequently, improved antenna efficiency.

The experimental results of the array demonstrated the presence of mutual coupling between the
three circular antennas. To reduce this mutual coupling and achieve better performance of the radiated
signal from the antenna, a new array was designed with the same dimensions as the previous one,
incorporating internal slots in the design between the antennas to minimize the mutual coupling as
shown in the Fg. 7. The dimensions of these designed slots can also be seen in Fig. 8.
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Fig. 7. The Array with slot
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Fig. 8. The dimensions of the slots

2.3 Simulation Results

The antenna array is well matched at 5.8290 GHz with very low reflection (S11 = —39.7 dB),
which is a very good performance. The transmission coefficient (S21) shows that the device allows
decent signal coupling within the 5.68—6.12 GHz range (within —10 dB), which is typical for defining
the operating bandwidth. This implies the structure (perhaps an antenna or filter) is operational around
5.8-6.1 GHz, depending on whether you are focused on matching (S11) or transmission (S21). S(2,3)
curve appears to be relatively high in dB (less negative), suggesting low mutual coupling or weak

transmission between those two ports good for MIMO/antenna isolation if that’s the goal.
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Fig. 9. simulation results of circular patch antenna array
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Fig. 10. Radiation pattern

Thus, we achieved excellent results for the proposed antenna, with high radiation efficiency, high

directivity, and a very low mutual coupling coefficient.

3. Result and Discussion

3.1 Experimental Results

The model was implemented at the Scientific Research Authority of the Ministry of Science and
Technology, and the return loss and Voltage Standing Wave Ratio (VSWR) were measured using a

Vector Network Analyzer (VNA) (Vector Star Analyzer), as shown in the Fig.10.
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Fig. 11. Vector Star VNA

In order to analyze and improve the performance of contemporary antennas and RF components, the
Anritsu VectorStar VNA is an innovative analytical platform that combines broad frequency coverage,
high accuracy, quick measurement speed, and a great deal of flexibility. Depending on the model, the
series covers frequency ranges from 70 kHz to 70/110/125/145/220 GHz. It offers remarkable capabilities
in discriminating weak signals thanks to a dynamic range of 124 dB at 110 GHz, or up to 109 dB at 110
GHz and 102 dB at 220 GHz, depending on the type.The VectorStar- class VNA is widely used to
measure S-parameters (such as S11 and S21) to evaluate antenna matching and transmission efficiency
(return loss, VSWR). It is highly suitable for analyzing antennas at high frequencies and in various
configurations such as HFSS simulations, R&D, and industrial testing.

3.1.1 The Experimental Results for A Single Patch Antenna

We notice that the results of the single circular antenna design using the HFSS simulation program
are identical to the results obtained in practice. It is also observed that there is a slight shift in the central
frequency as well as in the frequency bandwidth. This is attributed to the fact that the design choices
within the simulation program assume an ideal condition for the entire design and do not take welding
areas into consideration.
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Fig. 12. The Experimental results For Single Patch Antenna

3.1.2 The Experimental results For Circular Patch Antenna Array

In Fig.12, the reflection coefficient results (S11, S22, S33) for three circular antennas inside the array
are given, along with a comparison between the simulated results and the experimental results.The
simulated results are shown by solid lines, and the experimental findings are shown by dashed lines. We
discover that all three antennas show a distinct resonance response close to the intended frequency of 5.8
GHz. This implies excellent impedance matching in this frequency region. The simulated and
experimental values show a slight shift in the resonant frequency of approximately 0.05-0.1 GHz. This
shift is expected due to variations in the dielectric constant (er) in practical implementation, additional
loss in the conductor or dielectric material, and potential manufacturing or soldering process errors. The
three antennas are appropriate for MIMO antenna array applications in the WLAN or 5G sub-6 GHz
band since they all function at about the same frequency range (around 5.8 GHz).

We conclude that the theoretical results match the practical results for every model that was worked
on. We arrive at the final conclusion that the proposed antenna design possesses good isolation and
excellent radiation efficiency, making it suitable for MIMO applications in the proposed 5-6 GHz
frequency band within wireless communication applications such as WiFi and other range-limited
applications.

4. Conclusions

From the above, we can deduce the theoretical (simulation) results for the MIMO matrix parameters
as follows Regarding the Envelope Correlation Coefficient (ECC), it was less than 0.05, indicating a high
level of independence between the transmission channels. The Diversity Gain (DG) results were very
close to 10 dB, confirming the system's efficiency in resisting fading. The Channel Capacity Loss (CCL)
results were less than 0.3 bit/s/Hz, which is within acceptable limits for modern MIMO systems. Finally,
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the Total Active Reflection Coefficient (TARC) was mostly below -10 dB within the frequency band,
indicating effective mutual coupling. We conclude that the proposed antenna design has good isolation
and excellent radiation efficiency, making it suitable for MIMO applications in the proposed 5-6 GHz
frequency band for wireless communication applications such as WiFi and other applications within this
range.
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