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ABSTRACT: This work addresses a wideband dual-beam 1 x 4 phased MIMO array antenna with a hybrid coupler for Industrial, Scientific
and Medical (ISM) bands applications at 2.4-2.5 GHz. We engineered, refined, and reduced the fundamental component utilizing the
novel concept of an advanced curved quarter-wave impedance adapter, achieving a 50% reduction in size relative to comparable designs
documented in the literature. The fundamental component operates at 2.45 GHz, including a narrow bandwidth of 26 MHz and a maximum
gain of 7.21 dB. Subsequently, a lossless magic-T power splitter is employed to feed two identical miniaturized elements resulting in a
compact 1 X 2 array antenna with miniaturized size and enhanced performance. The obtained results show that the miniaturized 1 x 2
array antenna resonates at 2.45 GHz with a narrow impedance bandwidth of 52 MHz, peak gain of 9.41 dB, and peak directivity of 9.48 dB
at 2.45 GHz. To broaden the narrow bandwidth and enhance gain directivity and radiation coverage area, a 3 dB hybrid coupler is used to
feed two identical miniaturized 1 x 2 array antennas resulting a wideband directional dual-beam MIMO phased 1 x 4 array antenna. The
proposed dual-beam array antenna prototype has been designed and fabricated on a substrate Rogers RT/duroid 5880 with the following
parameters: relative permittivity e, = 2.2, dielectric loss tangent of 0.0009, and total size of 240 x 136 x 1.56 mm?®. The simulation
results are corroborated by experiments that verified the proposed dual-beam MIMO array antenna which exhibits a high gain of 11.2 dB,
effective adaptation, an expanded bandwidth of 1.22 GHz, in addition to its MIMO capability and the dual beams oriented at £30°,

achieved through switching between the two input feed ports of the hybrid coupler.

1. INTRODUCTION

he Industrial, Scientific, and Medical (ISM) bands are a
Tgroup of frequency bands reserved internationally for the
use of radio frequency for industrial, scientific, and medical
purposes other than telecommunications. Indeed, there are sev-
eral ISM bands. However, the most popular one is the band lay-
ing between 2.4 GHz and 2.5 GHz due to its freely accessible
frequency bands. In addition, around these frequencies there
are several applications such as wireless medical devices, Wi-
Fi, Wi-Max, Bluetooth, Global Positioning System (GPS), and
Radio Frequency Identification (RFID) [1]. These applications
cannot function without an antenna, as it plays a crucial role in
enabling communication by transforming electrical signals into
electromagnetic waves. For these applications, a microstrip an-
tenna is used thanks to its advantages such as: light weight,
compact size, low cost, low power consumption, easy manu-
facturing and integration with modern electronics [2]. Yet, this
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antenna type often faces some limitations such as narrow band-
width, low gain, low directivity, low efficiency, and inflexi-
bility (It radiates energy in a single direction). Indeed, numer-
ous single microstrip elements have been proposed in the litera-
ture [3—10], typically characterized by low gain, low directivity,
and narrow bandwidth i.e., in [3—10], authors documented low
gain between 1.95 and 6 dB and a narrow bandwidth between
4MHz and 110 MHz (see the table comparison in Section 5).
To address the challenge of low gain and narrow bandwidth, re-
searchers have recently investigated a range of microstrip array
configurations. Many two-element array configurations have
been introduced and extensively discussed in [11-15], i.e., the
maximum gain of 9.65 dB was obtained by the authors in [11],
and the maximum 10 dB bandwidth of 140 MHz was achieved
by the authors in [13]. In addition, various antenna array struc-
tures with four-element configurations have been comprehen-
sively analyzed in [16—19] to further enhance gain, i.e., a maxi-
mum gain of 13.2 dB is reported by the authors in [17], and the
maximum 10 dB bandwidth of 110 MHz was attained by the au-
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thors in [18]. Moreover, to increase gain more, array antennas
structures with eight-elements have been proposed in [20, 21],
i.e., the highest gain of 14.64 dB is reached by authors in [20],
and the maximum bandwidth of 74 MHz is achieved by authors
in [21].

In fact, thanks to the use of array antenna configurations,
authors in [11-21] have increased the gain to 14.64 dB. How-
ever, they were unable to resolve the issue of narrow bandwidth
(with a maximum bandwidth of approximately 140 MHz) and
the lack of flexibility in the radiation pattern, due to the use of a
T-power splitter to feed the antenna array. To address the chal-
lenge of narrow bandwidth and the lack of flexibility, authors in
[22—24] replaced the T-power splitter with a directional hybrid
coupler as the feed system for the antenna array. In [22], the
authors reached the impedance bandwidth of 841 MHz with a
peak gain of 8.88 dB and radiation pattern agility. Also, in [23],
the authors increase the impedance bandwidth to 902 MHz and
the gain to 10.8 dB with radiation pattern agility. These ad-
vancements underscore the ongoing efforts to improve antenna
performance through innovative feeding mechanisms.

At the same time, Multiple Input Multiple Output (MIMO)
technology has emerged as a cornerstone of modern wireless
communications, addressing the growing demand for higher
data throughput and spectral efficiency. By leveraging multiple
transmitting and receiving antennas, MIMO enhances system
performance by enabling simultaneous signal streams, reduc-
ing interference, and extending coverage. This multi-antenna
configuration is particularly valuable in high-density and com-
plex environments. As a foundational technology for 5G and
upcoming 6G networks, MIMO supports critical applications
such as the Internet of Things (IoT) and vehicular communica-
tions, which require high reliability, low latency, and increased
capacity [13—-14,16,25,26]. Furthermore, to integrate MIMO
and advanced antenna designs into compact communication
systems, researchers are increasingly focusing on miniaturiza-
tion techniques. These techniques, including fractal designs,
metamaterials, slotted structures, and defected ground planes,
address the challenge of reducing antenna size without compro-
mising performance [10].

Hence, in this paper, instead of employing a straight quarter-
wave impedance transformer [3—24], which results in a large
antenna size, to feed the basic element antenna, we are going
to show a new miniaturization method implementing a bent
quarter-wave impedance matching device. The miniaturized
basic element is used to miniaturize a two-element array an-
tenna which is typically characterized by its narrowband op-
eration and no flexibility. To achieve a wideband directional
flexible phased array MIMO antenna, a 3 dB directional cou-
pler is used to feed two identical miniaturized 1 x 2 array an-
tennas. The innovative approach involves leveraging unique
properties of the 3 dB directional coupler, which distributes the
input power evenly between its output ports while introducing
a precise 90° phase difference. This phase shift is crucial in
enabling the array antenna to generate two distinct radiation
beams. The dual-beam and MIMO operation is achieved by
strategically switching between the input ports of the coupler,
allowing the antenna to radiate in two different directions based
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on the selected input. The proposed dual-beam antenna proto-
type has been designed and fabricated on a substrate Rogers
RT/duroid 5880 with the following parameters: relative per-
mittivity e, = 2.2, dielectric loss tangent 0.0009, and total size
of 240 x 136 x 1.56 mm3. The simulation results are validated
by measurements which confirm that the suggested dual-beam
antenna has a high gain of 11.2dB, a good adaptation, an en-
hanced bandwidth of 1.22 Ghz, and two beams in two different
directions £30°.

Following this introduction, the article is organized as fol-
lows. Section 2 addresses the design of the miniaturized basic
element antenna. Section 3 covers the miniaturized 1 x 2 array
antenna. Section 4 presents the design and fabrication of the
proposed dual-beam phased array antenna. Section 5 presents
comparative analysis of the proposed work and related studies.
Finally, the conclusion is summarized in the last section.

2. MINIATURIZED BASIC ELEMENT ANTENNA DE-
SIGN

In compact communication systems, antennas often need to be
miniaturized to fit within space constraints while maintaining
performance. This need has prompted extensive research
into various miniaturization techniques, including fractal
designs, metamaterials, slotted configurations, and defected
ground plane structures. In this study, we introduce a novel
miniaturization approach that employs a bent quarter-wave
impedance transformer instead of the traditional straight
quarter-wave design [2—17]. The proposed radiating element
underwent four optimization steps, with the final step utilizing
a curved microstrip line to further reduce the overall size.
This method resulted in a 50% size reduction compared to
conventional techniques, making the compact element suitable
for integration into larger array configurations, such as 1 x 2,
1 x 4, oreven 1 x 8 arrays, allowing for versatile applications
in advanced antenna systems. Each optimization step leading
to this miniaturized design is depicted in Figure 1.

The reflection coefficients for each antenna design case are
illustrated in Figure 2(a). Case 1 shows the mismatch that oc-
curs when a rectangular antenna is directly connected to a 50 2
transmission line, resulting in significant reflection. In Case 2,
the introduction of a quarter-wave impedance transformer re-
duces the reflection coefficient to below —10 dB; however, the
resonance does not align with the target operating frequency.
Case 3 adjusts the transformer lengths L, and L5 in an at-
tempt to bring the resonance closer to the desired frequency,
but the alignment remains inadequate. Finally, Case 4 incorpo-
rates a bent A\/4 transformer, achieving precise resonance at the
target frequency while also reducing the antenna’s size. The en-
hanced resonance at the operating frequency in this final design
is clearly demonstrated in Figure 2.

The performance of the proposed miniaturized antenna in
terms of reflection coefficient Si11, gain, and directivity is
shown in Figures 2(a) and (b). This performance has been com-
pared with several previously published works as shown in Ta-
ble 1. Therefore, the designed basic antenna element has the
smallest size of 50 x 52 mm?, narrow bandwidth of 26 MHz,
and a good gain of 7.11 dB. In the next section, in order to in-
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FIGURE 1. Optimization steps of the miniaturized basic element.
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FIGURE 2. Performance of the proposed miniaturized antenna in terms of reflection coefficient, Gain and Directivity.

TABLE 1. Performance comparison of the compact antenna with previous works.

Works. Year | Antenna size (cm?) | Operational Frequency (GHz) | 10-dB bandwidth (MHz) | Peak Directivity (dB)
[3]. 2015 10 x 12 1.75 4 42
[4]. 2017 123 x 6 2.4 50 6
[5]. 2017 10 x 9 24 50 4
[7].2018 12.5 x 8.4 2.4 50 4
[9]. 2021 9x6.5 2.4 110 4
[11].2019 82.8 x 60 2.45 22 7.21
[12].2019 83 x 50.5 24 24 6.3
[17]. 2020 83 x 50.5 2.4 20 6.32
[19]. 2020 90 x 65 24-25 32 5
This work 50 x 52 2.45 26 7.11

crease the gain, this miniaturized element will be used to design
a compact array antenna of two elements.

3. THE MINIATURIZED 1 x 2 ARRAY ANTENNA

3.1. The T-Magic Power Splitter Used

The hybrid T-junction power splitter presented here is a mi-
crowave circuit composed of three T-branch transmission lines,
as illustrated in Figure 3. It can function either as a power di-
vider or a power combiner. In this design, the T-junction is used
as a 3 dB power divider, where it splits the input power into two
equal, in-phase output signals.
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The most well-known power divider is 1 x 2 T-shaped power
divider. It consists of three T-shaped transmission lines as
shown in Figure 3.

To achieve a lossless T-junction, the impedances Z, Z;, and
Z must satisfy the following equation:

T (1)

In microstrip technology, designing a power divider requires
considering Equations (1) and (2). These equations enable the
conversion between the characteristic impedance and the width
of each branch line.
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FIGURE 3. (a) 1 x 2 T-shaped power divider port layout, (b) Design of proposed T power divider.
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FIGURE 4. Scattering parameters S11, S12, and S13: (a) magnitude as a function of frequency, and (b) plane in degrees as a function of frequency.

The most commonly used feed line in microstrip technology
is the one with a characteristic impedance of 50 2.

Equation (2) allows for the determination of the characteris-
tic impedance Z5q based on its width Wy:

1207

Z =
MV (W 41,393 + 0.0667 In (Wa 1 1.44))

126
=< — withWsy>h
Ve,

In contrast, Equation (3) can be utilized to determine the width
W50 when the impedance Z5 is known Zsq [1,27]:

2

W50 2
—= = Z[B-1-l(2B-1
; | n )
- 0.61
4ot (1n(B—1)+0.39— )} 3)
267« Er
With: B = 7, W0 > 2, f the thickness of the sub-

strate, and ¢, its relative primitiveness. Z5q and Wi represent
impedance and width, respectively, when the line has a charac-
teristic impedance of 50 Ohm.

In the proposed microstrip T-network power splitter, shown
in Figure 3(b), the input impedance is Zy = 50 {2, with a trans-
mission line of length Ly and width W;. The output arms,
each with an impedance of Z; = Z; = 100 (), have respec-
tive lengths Ly and widths Wyp. This T-junction configuration
is optimized to ensure that power is split with minimal loss,
achieving balanced signal distribution. The equations that re-
late the impedance of each T-junction arm to its corresponding
width are Equations (2) and (3), detailed above.
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A parametric study was conducted on the lengths L ¢ and L
to achieve the desired scattering parameters of S1, = Si13 =
—3 dB, with output signals in phase. The optimized param-
eters for the T-junction power divider are Wpr = 2.78 mm,
W = 4.48mm, Ly = 16.11mm, and Ly = 5.4mm. Sim-
ulation results, presented in Figure 4, illustrate the scattering
parameters S11, S12, and Si3 as functions of frequency. Fig-
ure 4(a) shows the magnitudes, while Figure 4(b) displays the
phase characteristics. At the target frequency of 2.45 GHz, the
reflection coefficient is S;; = —11dB, and the transmission
coefficients S12 and Sp3 are both —3.36 dB, indicating bal-
anced signal splitting. The phases of S15 and S;3 are approx-
imately —49.86° and —49.88°, respectively, confirming phase
alignment across the frequency range.

3.2. Design of the Miniaturized 1 x 2 Antenna Array

The suggested miniaturized antenna array is shown in Fig-
ure 5. It is made up of two identical miniaturized elements
powered by a T-shaped network power splitter. The dimensions
of the suggested array antenna are as follow: Ly, = 66 mm,
Ws = 120mm, L, = 39.4mm, W, = 39.3mm, Ly, =
21.13mm, Lgye = 4mm, Wy, = 0.74mm, Ly = 5.4mm,
Wy = 4.5mm, Ly = 2.8 mm, Wr = 16.1 mm.

The simulation results of the proposed miniaturized antenna
array, generated using the HFSS electromagnetic simulator, are
displayed in Figure 6. Figure 6(a) shows the reflection coeffi-
cient S71, which measures approximately —27.17 dB at the op-
erating frequency, along with a narrow bandwidth of 52 MHz.
In Figure 6(b), the directivity and gain as functions of frequency
are presented, revealing a close alignment between the two,
with a peak gain of 9.41 dB and a peak directivity of 9.48 dB at
2.45 GHz. Figure 6(c) illustrates the radiation efficiency across
the frequency spectrum, achieving a maximum value of 98.16%
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FIGURE 5. Design of the suggested miniaturized antenna array; (a) front view, (b) back view.
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FIGURE 6. (a) Reflection coefficient (S11), (b) Gain and Directivity, (c) Radiation Efficiency, (d) Radiation Patterns in the H and F planes.

at the operating frequency. Finally, Figure 6(d) displays the ra-
diation patterns in both the H and E planes at the operating fre-
quency, demonstrating directional radiation patterns oriented
perpendicular to the array antenna plane.

The performance of the proposed miniaturized 1 x 2 array
antenna has been compared with several previously published
works in the ISM band around 2.4 GHz, as shown in Table 2.
This comparison demonstrates that the presented array antenna
is the most compact design while achieving high radiation ef-
ficiency and gain. These attributes emphasize its potential for
applications where size constraints are critical, further validat-
ing the effectiveness of the design methodology used in this
study.

To broaden the narrow bandwidth, improve gain, directivity,
and radiation coverage, a 3 dB hybrid coupler will be utilized in
the next section to feed two identical miniaturized 1 x 2 array
antennas. This will result in a wideband, directional, dual-beam
phased 1 x 4 array antenna.
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4. DESIGN AND FABRICATION OF THE PROPOSED
DUAL-BEAM PHASED ARRAY ANTENNA

4.1. The Directional Hybrid Coupler 90° Used

A hybrid coupler is a quadrupole reciprocal microwave circuit
that includes two input ports and two output ports. Among the
different types available, the 3 dB hybrid coupler is the most
widely used, as it effectively splits the input power into two
equal portions at its output ports while maintaining a 90-degree
phase difference between them.

The microstrip hybrid coupler designed by High Frequency
Structure Simulator (HFSS) software is shown in Figure 7. Nu-
merical calculations using the previous Equations (2) and (3)
lead to the determination of the width of the parallel and series
lines of the coupler using MATLAB software [28]. The proper
application of these equations is essential for achieving the de-
sired performance of the coupler in this design.

Www.jpier.org



rPIERM

El Ansari et al.

TABLE 2. Performance comparison of the proposed compact 1 X 2 array antenna with previous works.

FIGURE 7. Design of the proposed 3 dB directional hybrid coupler.

The designed coupler has a source impedance of Z5y = 50 2
at their shunt arm and impedance, 252 = 35.35 Q) at the series
arm. The length of each arm is an odd multiple of quarter-
wavelength at the operating frequency [17].

L:(Qk—i—l)zg

A

“)

At the operatin% frequency F, = 2.45 GHz, the first odd mul-

— g

tiple is Ly, =

= 24.13 mm.

The simulation results for the designed hybrid coupler are
shown in Figure 8, which focuses on scattering parameters.
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Array Antenna size Operational 10-dB bandwidth Peak
Work. Year . Substrate 9 .
configuration (cm?) Frequency (GHz) (MHz) Gain (dB)
[11].2019 1x2 Rogers TR5880 11.4 x 13.5 2.45 34 9.65
[12].2020 1x2 Rogers TR5880 8.3 x 11.05 2.40 54 9.22
[13]. 2019 1x2 Rogers TR5880 10.4 x 6 2.45 140 5.8
[14]. 2023 1x2 Rogers TR5880 33x5 2.4 22 2.65
[15].2023 1x2 Rogers TR5880 19 x 19 24 12 5.54
[16]. 2020 1x2 Rogers TR5880 | 31.6 x 31.6 2.4 85 7
This work 1x2 Rogers TR5880 6.6 X 12 2.45 52 9.42
TABLE 3. Summary of simulated versus measured results of proposed switched directional antenna.
Impedance Minimum Minimum Peak 3D Maximum
Senarios Results
Bandwidth S11 value VSWR value Directivity Beam Direction
Simulated —38dB 1.023 11.54dB
When Port 1 1.25 GHz: from
is fed 1.725 t0 2.96 GHz -
Measured —44dB 1.22 11.38dB
Simulated —15dB 1.48 11.46dB
When Port 2 1.25 GHz: from
is fed 1.725 t0 2.96 GHz -
Measured —17dB 1.38 11.36dB
Port 2 Port3 Figure 8(a) displays the magnitude of the scattering parame-
’ ters in dB as a function of frequency. Notably, the reflection
coefficient S7; demonstrates a wide bandwidth of 900 MHz,
while the isolation S14 extends to 1000 MHz. At the resonance
frequency of 2.45 GHz, the output signals are measured at ap-
proximately —3 dB, indicating that the input energy is effec-
tively divided between the two output ports. In Figure 8(b),
the phase angles of the output signals S15 and S73 are plotted
Port1 Port 4 against frequency. This graph reveals a consistent phase shift of

approximately 90° between the output signals, which remains
stable regardless of whether the input power is applied to port 1
or port 3. This behavior confirms the effective operation of the
hybrid coupler as a power divider.

4.2. The Proposed Dual-Beam Phased Array Antenna

Patch antennas are the most frequently used antenna in wireless
communication because of their strengths: low cost, low pro-
file, lightness, and smooth integration with PCB (printed circuit
board). However, patch antenna suffers from some disadvan-
tages, such as narrow bandwidth, low gain, low directivity, and
no flexibility to adapt to smart systems. In this section, we are
going to challenge all these disadvantages of the patch antenna.
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FIGURE 8. Performance of the proposed microstrip hybrid coupler (a) Magnitude in dB of the scattering parameters as a function of frequency, (b)
Phase angle in degrees of S12 and S13 as a function of frequency.
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FIGURE 9. Design and fabricated prototype of the proposed 3 dB hybrid coupler feeding 1 x 4 array antenna, (a) and (b), front view, (c) and (d), back
view.
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FIGURE 11. Simulation and measurement data for the suggested antenna when input port 2 is powered, (a) S11, (b) VSWR, (c) Directivity, (d)
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TABLE 4. Performance comparison of the proposed dual-beam array antenna with previous works.

Work. Year Antenna size Operational 10-dB bandwidth | Peak Directivity Radiation MIMO Applications
(cm?) Frequency (GHz) (GHz) (dB) Pattern Agility | Capability
[3]. 2015 10 x 12 1.75 0.004 42 No No RFID
[4]. 2017 12.3 x 6 2.4 0.050 6 No No WLAN
full-duplex
[51.2017 | 10x9 2.4 0.050 4 No No Full-Duplex
Communication
full-duplex
[6]. 2018 5x5 2.45 0.090 5 No No .
devices
[7].2018 | 12.5 x 8.4 24 0.050 4 No No Full Duplex
Transceiver
[8].2018 5.1x4 2.45 0.042 1.95 No No RFID Systems
[9]. 2021 9 X 6.5 2.4 0.110 4 No No ISM band
[10].2023 | 5.44 x 4.18 2.45 0.103 2.33 No No WLAN
[11].2019 | 11.4 x 13.5 245 0.034 9.65 No No RFID reader
[12].2020 | 8.3 x 11.05 2.40 0.054 9.22 No No RFID reader
[13].2019 10.4 x 6 2.45 0.140 5.8 No Yes WLAN
[14].2023 33 x5 2.4 0.022 2.65 No Yes WLAN
[15].2023 19 x 19 2.4 0.012 5.54 No No WLAN
[16].2020 | 31.6 x 31.6 24 0.085 7 No Yes WLAN
[17].2019 | 9.8 x 22.39 2.45 0.056 13.2 No No RFID reader
[18].2020 | 22.7 x 9.51 2.45 0.102 7.79 No No RFID reader
[19].2018 | 9.1 x 16.1 2.45 0.066 6.63 No No RFID reader
[20].2022 | 10.7 x 47.5 2.45 0.062 14.68 No No RFID reader
[21].2024 | 11.7 x 47.5 2.45 0.074 14.21 No No RFID reader
[22]. 2022 11 x 11.2 2.45 0.841 8.88 Yes No RFID reader
This work | 13.6 X 24 2.45 1.25 11.22 Yes Yes ISM devices

Indeed, the hybrid coupler that we have designed is used to feed
two identical 1 x 2 array antennas. The impedance matching
between the patches and coupler is ensured by a folded quar-
ter wave impedance transformer. The proposed dual-beam an-
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tenna prototype has been designed and fabricated on a substrate
Rogers RT/duroid 5880 with the following parameters: relative
permittivity €, = 2.2, dielectric loss tangent equal 0.0009, and
total size of 240 x 136 x 1.56 mm?> as shown in Figure 9.
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The simulation results are validated through experimental
measurements, as shown in Figures 10 and 11, which illustrate
two scenarios: one with port 1 fed and the other with port 4 fed.
The antenna’s dual-beam functionality is achieved by switch-
ing the input power between the two ports of the hybrid cou-
pler. The results demonstrate a significant improvement in per-
formance metrics, including reflection coefficient S1;, Voltage
Standing Wave Ratio (VSWR), effectively addressing the pre-
viously encountered issue of narrow bandwidth. The achieved
bandwidth is approximately 1.24 GHz, ranging from 1.72 GHz
to 2.95 GHz, as illustrated in Figures 10(a), (b) and 11(a), (b).
Figures 10(c) and 11(c) display the directivity versus frequency,
and in both scenarios, the peak directivity is approximately
11.52dB from simulations and 11.36 dB from measurements.
This improvement overcomes past limitations of low directivity
and gain, resulting in higher directivity and gain in both cases.
Figures 10(d) and 11(d) depict the maximum beam direction for
each scenario: when port 1 is powered, the beam is directed to
the left at —30°, while powering port 4 directs the maximum
beam to the right at 30°. Thus, the proposed antenna demon-
strates dual-beam capabilities, enhancing operational flexibil-
ity. Overall, the proposed antenna is capable of radiating in
two distinct directions, coupled with a wide frequency range
and high directivity. Table 3 shows a recap of the simulated
and measured results of the proposed switched dual-beam di-
rectional antenna.

Table 2 provides a detailed summary of the obtained simu-
lated results compared to the measured results. This compari-
son shows how accurate and reliable the simulation and mea-
surement are.

5. COMPARATIVE ANALYSIS OF THE PROPOSED
WORK AND RELATED STUDIES

The performance of the suggested wideband directional dual-
beam phased array antenna based on a hybrid coupler has been
assessed and contrasted with other studies, as shown in Ta-
ble 4. According to the data, the suggested dual-beam antenna
demonstrates the broadest bandwidth and the greatest directiv-
ity that leads to superior gain. Additionally, its beam-switching
capability ensures extensive radiation coverage.

6. CONCLUSION

In conclusion, the proposed antenna represents a significant in-
novation in ISM band applications for the following reasons:
its adjustable radiation pattern for enhanced flexibility, dual-
beam capability with high gain and directivity, enhanced diver-
sity and multiplexing capabilities, wide impedance bandwidth
for extended coverage, and low-cost, low-profile design. These
features, together, provide substantial improvements over con-
ventional antenna technologies. Specifically, the adjustable ra-
diation pattern allows for dual beams directed at 30° through
input port switching, eliminating the need for physical rota-
tion. This capability enhances reception and signal flexibility
in diverse environments. Additionally, the dual-beam config-
uration ensures better coverage and signal reception, while the
high gain and directivity further optimize performance. The an-
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tenna’s enhanced diversity and multiplexing capabilities, char-
acteristic of MIMO technology, support high data rates and
reliable communication. The wide impedance bandwidth en-
sures efficient operation across the ISM band, and its compact,
low-cost design makes it ideal for practical applications with
space and budget constraints. The validation of these claims
through both simulation and prototype measurements confirms
the antenna’s potential to meet the demands of modern ISM
band communication systems.
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