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A B S T R A C T

This research presents a wideband (WB) 1 × 2 tree-shaped fractal antenna (TFA) array designed for sub-6 GHz 5G 
applications, featuring sidelobe level (SLL) reduction and gain enhancement. The array consists of two linearly 
arranged TFAs combined with a Wilkinson power divider (WPD) using a single-feed configuration. The WPD is 
selected due to its wide bandwidth, strong suppression factor, compact size, simple structure, excellent port 
isolation, and low insertion loss. A single TFA element, fabricated on a Rogers RT5880 substrate with a relative 
permittivity of 2.2 and a thickness of 1.57 mm, has dimensions of 38.5 × 49.5 mm2. It operates from 2.2 GHz to 
beyond 5 GHz, achieving a gain of 2.2–4.5 dBi. The proposed 1 × 2 array layout measures 76.5 × 81.36 mm2 and 
employs defected ground structure (DGS) and stub-loading techniques to suppress SLL and enhance gain. The 
array achieves a reflection coefficient better than –25 dB and an SLL of –13.2 dB. At the resonance frequency of 
3.5 GHz, the gain improves significantly, rising from 3.2 dBi (single element) to 7.5 dBi (array). Simulated and 
experimental results confirm excellent agreement, validating the effectiveness of the proposed design.

1. Introduction

Antennas are indispensable elements of wireless communication 
systems because they provide the essential interface between electro
magnetic waves and guided signals. In recent years, the rapid expansion 
of wireless services has increased the demand for high-performance 
antennas capable of delivering improved gain, higher efficiency, and 
controlled radiation patterns. Antenna arrays, in particular, have 
emerged as one of the most effective approaches to achieve these re
quirements, since multiple radiating elements can be combined to form 
a directive beam with significantly higher gain than a single antenna 
element. This is particularly important in modern networks, where 
single-element antennas are often unable to provide the focused beam
width and link reliability needed for long-range and point-to-point 
communication (Salehi and Oraizi, 2023). In the era of fifth- 
generation (5G) wireless systems, the sub-6 GHz spectrum continues 
to play a critical role despite the strong emphasis on millimeter-wave 
technology. The sub-6 GHz bands remain attractive because of their 
ability to support wide-area coverage, strong penetration through ob
stacles, and backward compatibility with existing networks. Numerous 

studies have therefore focused on the design and optimization of an
tenna arrays that can operate efficiently within these bands, providing 
reliable connectivity for both base station and user equipment applica
tions (Zhang et al., 2023);(Chen et al., 2025). At the same time, recon
figurability and compact integration are increasingly demanded to 
enable devices that can adapt to different services without increasing 
their size or cost (Xing et al., 2024).

The feeding network of an antenna array is just as important as the 
radiating elements themselves. A poorly designed feeding structure can 
compromise array performance by introducing mismatches, excessive 
insertion loss, or poor isolation between ports. Power dividers are 
fundamental microwave components used to distribute input signals 
among multiple antenna elements in a controlled manner. The Wilkin
son power divider, in particular, has gained wide acceptance in array 
design due to its simplicity, ease of fabrication, high isolation, and 
excellent matching characteristics (Gupta et al., 2023);(Lakrit et al., 
2024). It provides an efficient means of splitting or combining power 
with minimal losses, making it highly suitable for modern broadband 
and multi-band wireless systems. Moreover, recent advancements in 
Wilkinson-based designs have integrated additional functionalities such 
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as harmonic suppression, reconfigurability, and miniaturization, which 
further extend their usefulness in emerging wireless platforms (Osman 
et al., 2022; Mohammadi et al., 2024; Tuah and Alam, 2024).

Antenna arrays integrated with advanced Wilkinson dividers have 
been demonstrated for a variety of applications ranging from sub-6 GHz 
5G terminals to mmWave communication links. For example, compact 
sub-6 GHz arrays employing rotated patch elements with Wilkinson 
dividers have achieved directional beams with gains exceeding 10 dBi, 
suitable for customer premise equipment and small-cell deployments 
(Zhao et al., 2024). Other studies have proposed wideband dividers with 
extended isolation and harmonic suppression for ultra-wideband sys
tems, enabling array designs that cover multiple frequency ranges 
without significant performance degradation (Saeed et al., 2025). At 
higher frequencies, such as 28 GHz and 60 GHz, integrated divid
er–array structures have achieved both compact form factors and high 
radiation efficiency, addressing the requirements of multi-gigabit 
wireless devices (Kim et al., 2025).

In addition to fixed designs, the research community has recently 
shown strong interest in reconfigurable arrays. By embedding tunable 
components such as PIN diodes or varactors into Wilkinson divider 
networks, arrays can dynamically alter their operating frequency, po
larization, or bandwidth in real time (Sun et al., 2022). This flexibility 
supports emerging concepts such as integrated sensing and communi
cation (ISAC), Internet of Things (IoT) platforms, and adaptive wireless 
front ends for future beyond-5G and 6G systems (Dwivedy et al., 2024). 
Recent advances in 5G communication systems have driven the need for 

compact, wideband, and efficient antenna arrays in the sub-6 GHz range. 
Different strategies have been investigated, such as fractal geometries, 
defected ground structures, and optimized feeding networks. Fractal- 
based antennas are particularly attractive for improving bandwidth 
and miniaturization, yet most works have been limited to single-element 
designs, which restrict achievable gain (Naik, 2025).

Large-scale arrays, including high-gain base-station structures, have 
demonstrated excellent directivity but at the cost of excessive size, 
making them unsuitable for portable or compact devices (Sehral, 2023; 
Lin, 2023; Mohd, 2023; Sefidi, 2024; Zarifi et al., 2024). Mid-scale de
signs provide a balance between gain and footprint but often suffer from 
reduced efficiency. More recent efforts have focused on compact two- 
port arrays, including flexible and FR-4-based designs, which improve 
integration and efficiency but generally achieve modest gain or limited 
side-lobe suppression (John et al., May 2025; Lee and Park, Jan. 2025; 
Al-Rizzo et al., 2024; Singh and Chaudhary, Apr. 2024; Qureshi et al., 
2024). Parallel developments in feeding networks, especially Wilkinson 
power dividers, have contributed significantly to array performance due 
to their good matching and isolation. Recent enhancements such as 
miniaturization, harmonic suppression, and reconfigurability further 
demonstrate their importance in next-generation wireless systems 
(Gupta et al., 2023; Lakrit et al., 2024; Osman et al., 2022; Mohammadi 
et al., 2024; Tuah and Alam, 2024; Zhao et al., 2024). It is evident that 
existing solutions face trade-offs among gain, bandwidth, efficiency, and 
compactness. Very high-gain arrays tend to be bulky, while smaller 
designs often compromise radiation performance or side-lobe control. 
Only a few studies combine fractal antennas with advanced Wilkinson- 
based dividers in sub-6 GHz applications. To bridge this gap, the present 
work introduces a compact 1 × 2 tree-shaped fractal array integrated 
with a wideband Wilkinson divider, achieving improved gain, high ef
ficiency, and reduced side-lobe levels across 2–5 GHz.

In recent years, researchers have proposed a variety of compact an
tenna solutions for sub-6 GHz 5G applications. Crescent-shaped MIMO 
designs have been developed to enhance isolation and reduce footprint 
in portable devices (Ahmed et al., Jan. 2025), while large MIMO arrays 
for smartphones have demonstrated the potential for higher capacity 
despite their structural complexity (Chen and Su, Nov. 2024). Other 
works have explored hybrid fractal geometries to achieve wider oper
ating bands that can support both public safety and 5G systems, though 
such approaches often overlook array performance (Saurabh Anand and 
Ashwini Kumar, 2024). Frequency selective surface (FSS) techniques 
have also been employed to improve gain in fractal antennas, but these 
designs tend to occupy larger dimensions, limiting their suitability for 
compact user equipment (Varshney and Gençoğlan, 2024; Zeain et al., 
2024) The most previous designs either achieved high gain at the 

Fig. 1. Antenna array processing flow chart.

Fig. 2. The suggested antenna’s geometry, (a) Top sight, (b) Bottom sight.
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expense of large size, or compactness with limited bandwidth, effi
ciency, or side-lobe control. Very few studies have combined fractal 
geometries with advanced Wilkinson power dividers in sub-6 GHz 5G 
applications. To address this gap, the contribution of our study is 
emphasized as follows: we propose a compact 1 × 2 tree-shaped fractal 
antenna array integrated with a wideband Wilkinson divider that 
simultaneously provides wideband operation (2–5 GHz), enhanced gain 
(7.5 dBi), high efficiency (95 %), and reduced side-lobe level (− 13.2 
dB). This balanced performance demonstrates the novelty and signifi
cance of the proposed design compared to existing works.

2. Method and experiment

The TFA array processing stages flow chart is displayed in Fig. 1. The 
TFA array is simulated using the CST program.

2.1. Tree-shaped fractal antenna design and configuration

The design of TFA is covered in this section. The proposed TFA is 
displayed in Fig. 2, and it was generated using a CST simulator on a 
Roger RT5880 substrate with an electric permittivity of εr of 2.2 and a 

Fig. 3. (a) Sequential stages of the progressive design of the proposed fractal antenna. (b) Reflection Coefficient (S11 (dB)).

Table 1 
Shows the suggested TFA’s optimized settings in (Millimeters).

WS LS Rpo Rpi Rc Lf Wf ri ro rt L1 Lg L2 Rg Lc

38.5 49.5 14.3 11.3 2 16 5.47 2 3.5 0.15 16.5 14.7 4.3 2 3.26

R.H. Elabd et al.                                                                                                                                                                                                                                Results in Optics 21 (2025) 100918 

3 



loss tangent of 0.0009. The substrate has a thickness of 1.75 mm. The 
TFA structure consists of a circular ring with eight smaller circular rings 
on its surface, and eight stubs of 0.15 mm width and angled 45 degrees 
around a tiny circle in the middle of the main ring to rise its bandwidth. 
By using a notch carved in the partial ground to mitigate excess 
capacitive reactance, the bandwidth of the fractal antenna is enhanced. 
The dimensions of the recommended fractal antenna, when produced, 
are 38.5 × 49.5 mm2.

Fig. 3 (a) displays the procedure for making an antenna patch step- 
by-step. By subtracting the circle of radius Rpi from the circle of radius 
Rpo, the radiating patch is initially created as a circular ring structure. 
The radius of the circular patch is found using equations (1) and (2) 
(Naik, 2025), and the associated reflection coefficient |S11| is exposed in 
Fig. 3 (b). 

Rpo =
F

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +

(
2h
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)[

ln
(

πF
2h

)

+ 1.7726
]√ (1) 

F =
8.791 × 109

fr
̅̅̅̅εr

√ (2) 

It appears that the initial step design is non-radiating. To improve 
impedance matching and attain resonance in the WB spectrum, eight 
rings are added to the ring patch’s surface, as seen in the second stage. 
More circles tend to create band width responses between 2.1 and 2.75 
GHz and between 4.55 and more than 5 GHz, as seen in Fig. 3 (b). Eight 
stubs at a 45-degree angle to one another were formed at the third step’s 
center of the preceding phase, as exposed in Fig. 3 (a). Fig. 3 (b) illus
trates how adding 8 stubs at a 45-degree angle to one another around a 
small circle frequently produces a WB response and improves impedance 
matching. Additional impedance matching is achieved, as demonstrated 
in the suggested fractal antenna, by making a curved slit in the partial 
ground plane and adding eight stubs at a 45-degree angle to each other 
around a small circle in the center of each ring in the surface of the ring 
patch. Fig. 3 (b) shows the corresponding S11 from 2.2 GHz to more than 
5 GHz.

The CST Microwave Studio v2019 is used for the design and simu
lation processes. The geometric characteristics of the TFA are listed in 
Table 1. Fig. 4 shows the constructed circular ring-shaped fractal 
antenna.

This system runs in the frequency bands of 2.2 to over 5 GHz. The 
frequency ranges stated above correlate to particular wireless technol
ogies, such as 5G New Radio (NR) sub-6 GHz n77/n78/n79, RFID/ 
Bluetooth (2.4 GHz), LTE 2300/LTE 2500 (2.3–2.4 GHz/2.5–2.69 GHz), 
and 5 GHz WLAN.

The proposed antenna is produced by photolithography and simu
lated with the CST 2019 program, as exposed in Fig. 4. An electric 
permittivity εr of 2.2 and a loss tangent of 0.0009 are found in a Roger 
RT5880 material substrate. The substrate has a depth of 1.75 mm.

The corresponding Surface current spreading of the planned TFA for 
3.5 GHz is exposed in Fig. 5. The transmission feed line and fractal 
shining patch get the majority of the current, as Fig. 5 illustrates. It is 
demonstrated that the currents are concentrated closer to the surface of 
the fractal antenna. As such, these currents will cause the bandwidth to 
widen.

Fig. 6 (a) displays the simulated and observed reflection coefficients. 
The observed outcomes of |S11| indicate that the antenna may generate 
− 10 dB to − 31 dB within the required bandwidth. The antenna has a 
frequency range of 2.2 GHz to more than 5 GHz. The observed imped
ance bandwidths are big enough to support many wireless technologies, 
such as RFID/Bluetooth (2.4 GHz), 5G NR sub-6 GHz n77/n78/n79, LTE 
2300/LTE 2500 (2.3–2.4 GHz/2.5–2.69 GHz), and 5 GHz WLAN. Fig. 6
(b) and (c) show that, respectively, the efficiency changes by about 95 % 
and the gain varies by 2 to 4.5 dBi. Fig. 6 (d) illustrates how the sug
gested TFA and 50 O are nearly identical.

Fig. 7(a) displays the two-dimensional (2D) and three-dimensional 
(3D) radiation patterns. We computed the 3.5 GHz radiation proper
ties. Fig. 7(b) illustrates the antenna’s omnidirectional capability. 
Furthermore, the supplied antenna shows excellent coverage with 
almost constant response across the working spectrum.

2.2. Wilkinson power divider design and configuration

The dimensions of a 2:1 WPD that has been developed at a frequency 
of 3.5 GHz are presented in Fig. 8 (a) and (b). The dielectric substrate, 
Roger RT5880 (εr = 2.2), has been selected; its height is 1.57 mm. The 
dimensions of the WPD parameters are displayed in Table 2. This kind of 
feeding network uses a quarter wave impedance transformer to 
distribute power among the components. As seen in Fig. 8 (c), two 

Fig. 4. The fabrication of the prototype of the intended antenna. (a) Front 
view, (b) rear view.

Fig. 5. Surface current distribution on the planned antenna.
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transmission lines with differing impedances are connected together 
using quarter wave transformers. The WPD manufacturing prototype is 
seen in Fig. 8 (d) and (e).

The WPD’s measured and simulated S-parameter is displayed in 
Fig. 9. The wideband reflection coefficient (S11, S22, and S33) of the WPD 
from 1.5 GHz to 5 GHz is exposed in Fig. 9 (a) and 9 (b). At the 3.5 GHz 
operating frequency, S11, S22, and S33 have values less than − 17 dB, − 30 
dB, and less than that, respectively. The transmission coefficient (S21, 
S31) of the WPD is displayed in Fig. 9 (c). The output power level of the 
divider is lowered by 0.2 dB as a result of losses in the dielectric sub
strate. In relation to the input power, the output power varies by around 

− 3 dB. As seen in Fig. 9 (d), the Wilkinson power divider is almost 
matched at every port.

Wilkinson realized that he would have to cheat as a loss-less recip
rocal three-port network could not have all of its ports match at the same 
time. The rest is history, since he just needed to insert one resistor. All 
three ports can match because the resistor completely separates port 2 
from port 3 at the center frequency. It reaches its maximum temperature 
under optimum conditions when electricity is applied to either port. 
Since the resistor’s resistive loss has no influence on the power divided 
from port 1, the perfect Wilkinson splitter is 100 % efficient.

The mutual coupling (S23, S32) between port 2 and port 3 of the WPD 

Fig. 6. The proposed fractal antenna’s measured and simulated parameters. (a) Return loss, (b) Efficiency, (c) Gain, and (d) Reference impedance.

Fig. 7. Form radiation for the recommended fractal antenna (a) 3D, and (b) 2D.
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is depicted in Fig. 9 (e). At 3.5 GHz, S32 and S23 have values that are 
smaller than –23 dB. The simulated and measured outcomes show good 
agreement. The phase of the WPD transmission coefficient is depicted in 
Fig. 9 (f). Fig. 9 (c) makes sure that the power received at Ports 2 and 3 
has a same phase and equal magnitude when it is fed at Port 1. Fig. 9 (f) 
shows that the transmission phase values of S21 and S31 at 3.5 GHz are 
174.500 and 172.160, respectively, derived from β.L where L is the 
transmission line length, and β is the phase propagation constant, which 
is equal to 2π/λ.

2.3. Antenna array design and configuration

In order to obtain greater gain and a lower side lobe level, two TFAs 

have been fed into the wideband WPD that has been previously exam
ined. As seen in Fig. 10 (a) and (b), the optimal distance between two 
components was determined to be 42.86 mm (λ/2), where λ is the 
operational wave length. The suggested TFA array’s measurements are 
recorded in mm in Table 3.

Fig. 10(b) illustrates the step-by-step process of constructing the TFA 
array. Table 4 summarizes how the design procedures improve its per
formance. In the first stage, the ground consists of an integration be
tween the TFA ground and the WPD ground. In the second stage, a 
Defected Ground Structure (DGS) is etched, as shown in Fig. 10(b), to 
reduce SLL, enhance gain, and broaden the bandwidth, as observed in 
Fig. 10(c) and detailed in Table 4. Furthermore, Table 4 shows that stubs 
are added to the ground in the proposed array to further enhance per
formance. The S11 response of the antenna array is presented in Fig. 10 
(c), demonstrating resonance within the WPD’s wideband, with the 
lowest S11 values (below − 25 dB) occurring at 3.5 GHz. Fig. 11 (a) and 
(b) presents the fabricated prototype of intended array.

Fig. 8. Structure of WPD (a) front side, (b) back side, (c) equivalent circuit, fabricated prototype (d) front side and (e) back side.

Table 2 
Shows the suggested power divider’s optimized settings in (Millimeters).

Wf Lf W1 W2 W3 W4 W5 W6 W7 W8

5.47 8 10 10 2.5 1.3 42.86 2.5 81.36 28
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3. Results and discussion

This section presents and discusses the simulated and measured re
sults of the proposed antenna array design. Fig. 12 represents the virtual 
and measured reflection coefficient, gain and efficiency of the antenna 
array. The observed results of |S11| indicate that the antenna may 
generate − 10 dB to less than − 25 dB within the required bandwidth. 
The antenna has a frequency range of 2 GHz to 2.1 GHz and 2.45 GHz to 
more than 5 GHz. At 3.5 GHz resonation frequency, the gain and effi
ciency are 7.5 dB and 95 %, respectively. Fig. 13 (a) and (b) shows the 
corresponding 3D and 2D beam form of the array respectively. Fig. 13
(c) illustrates the Farfield directivity of the proposed TFA array. There is 
good matching between measured and virtual. Table 5 presents a com
parison between the suggested TFA arrays with the present in literature 

survey.

4. Comparison with associated works

The comparison of the antenna arrays listed in Table 5 highlights 
significant differences in terms of size, gain, substrate, and (SLL) from 
(Naik, 2025; Sehral, 2023; Lin, 2023; Mohd, 2023; Sefidi, 2024; Zarifi 
et al., 2024; John et al., May 2025; Lee and Park, Jan. 2025; Al-Rizzo 
et al., 2024; Singh and Chaudhary, Apr. 2024; Qureshi et al., 2024). 
Large-scale structures such as the 8 × 32 array (Sehral, 2023), the (1 ×
6) array (Mohd, 2023), and the (16 × 16) ridge gap waveguide slot 
design (Zarifi et al., 2024) achieve very high gains of 18–28.9 dBi, but 
their large dimensions make them less suitable for compact wireless 
devices. Similarly, the (1 × 8) FR-4 array (Sefidi, 2024) offers a gain of 

Fig. 9. Simulated and measured S- parameters of suggested WPD (S11) versus frequency. (a) Port 1 Return loss, (b) port 2 and port 3 Return loss, (c) Transmission 
coefficient, (d) Reference impedance, (d) Mutual Coupling and (f) phase of transmission coefficient.
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13.2 dBi with excellent side lobe suppression (− 20 dB), though at the 
expense of bulky size. Mid-scale designs such as the 4-port array (Lin, 
2023) balance size and gain (8.57 dBi) while covering multiple sub-6 
GHz bands, but efficiency remains limited (76.37 %). By contrast, 
compact two-port arrays (John et al., May 2025; Lee and Park, Jan. 
2025; Al-Rizzo et al., 2024; Singh and Chaudhary, Apr. 2024; Qureshi 
et al., 2024) demonstrate smaller footprints with gains in the 4.8–8.2 dBi 

range and efficiencies above 85 %. Flexible polyimide-based designs 
(John et al., May 2025) are particularly advantageous for wearable and 
conformal applications, while FR-4 based arrays (Lee and Park, Jan. 

Fig. 10. The suggested array’s geometry, (a) top assessment, (b) Phases of the ground plane’s progressive design and (c) simulated return loss.

Table 3 
Adjusted limits of the proposed TFA array in (Millimeters).

WS1 LS1 Lg1 Lg2 Wg1 Wg2 LSt Lf1

76.5 81.36 43.2 14.2 1 4.36 21 14.5

Table 4 
Summary of the outcomes of the design stages of antenna arrays.

parameter First step Second step Proposed

BW (GHz) 2.5–2.7 
3.3–5

1.8–2.4 
3.2–4.55

2–2.1 
2.45–5

Gain (dBi) 4.52 6.21 7.5
SLL (dB) − 7.3 − 9 − 13.2
HPBW (deg.) 34.7 33.6 30.2
Efficiency (%) 91 93 95
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2025);(Singh and Chaudhary, Apr. 2024) offer low-cost fabrication with 
acceptable SLL (− 15 to − 16 dB). Rogers-based designs (Al-Rizzo et al., 
2024);(Qureshi et al., 2024) achieve slightly higher gain and stable 
performance, though at the expense of higher material cost. Compared 
to these designs, the proposed array achieves a competitive gain of 7.5 
dBi with the highest reported efficiency (95 %) across a wide operating 
band (2–5 GHz). Furthermore, it maintains controlled side lobe sup
pression (− 13.2 dB) while preserving compact dimensions. This in
dicates that the proposed design offers a balanced trade-off between 
miniaturization, bandwidth, efficiency, and radiation performance, 
making it a strong candidate for modern 5G and sub-6 GHz wireless 

systems.

5. Conclusion

This article presents a wideband (WB) 1 × 2 tree-shaped fractal an
tenna (TFA) array designed for sub-6 GHz 5G applications, featuring 
sidelobe level (SLL) reduction and gain enhancement. The design con
sists of two linearly arranged TFAs combined with a Wilkinson power 
divider (WPD) in a single-feed configuration. A single TFA element, 
fabricated on a Rogers RT5880 substrate with a relative permittivity of 
2.2 and thickness of 1.57 mm, measures 38.5 × 49.5 mm2 and operates 
from 2.2 GHz to beyond 5 GHz. The two-element array achieves sig
nificant improvements, increasing the gain from 3.2 dBi to 7.5 dBi at the 
3.5 GHz resonance, with an SLL of –13.2 dB. Within the operating 
bandwidth, the proposed array demonstrates an overall efficiency of 95 
%, and the measured results show excellent agreement with simulations, 
validating the effectiveness of the design.
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Fig. 13. Radiation pattern of TFA array. (a) 3D, (b) 2D, (c) farfield directivity.

Table 5 
Comparison of suggested TFA array with the present in literature survey.

Reference No of 
ports

Size in mm Gain 
(dBi)

Efficiency 
%

Frequency 
(GHz)

substrate Side Lobe 
Level 
(dB)

(Sehral, 2023) 8 × 32 30 × 110 × 0.254 21.2 NA 37.2 Rogers-5880 
εr = 2.2

− 10

(Lin, 2023) 4 385 × 90 × 0.8 8.57 76.37 2.3–2.69, 3.3–3.6 F4B 
εr = 2.55

− 16

(Mohd, 2023) 1 × 6 642 × 112 × 90 18 NA 3.2–5.2 FR-4 NA
(Sefidi, 2024) 1 × 8 808 × 172.2 × 40 13.2 NA 1.47–2.65, 1.65–2.3 FR4 − 20
(Zarifi et al., 2024) 16 × 16 NA 28.9 NA 27.5–32.6 All-metal (ridge gap waveguide slot 

array)
− 20

(John et al., May 2025) 2 57 × 50 × 0.1 4.8 / 7.0 91 / 90 3.75 / 5.76 (dual- 
band)

Polyimide (flexible) − 13

(Lee and Park, Jan. 2025) 2 40 × 38 × 1.6 6.1 85 3.3–3.6 FR-4 − 15
(Al-Rizzo et al., 2024) 2 65 × 62 × 0.8 8.2 88 2.4 / 5.2 Rogers RO4350 − 13
(Singh and Chaudhary, Apr. 

2024)
2 80 × 75 × 1.6 7.5 90 3.5 FR-4 − 16

(Qureshi et al., 2024) 2 52 × 49 × 1.5 5.7 87 5.8 Rogers 5880 − 14
Proposed array 2 76.5 × 81.36 ×

1.5748
7.5 95 2–5 Rogers RT-5880 

εr = 2.2
− 13.2
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