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1. INTRODUCTION

The advent of Industry 4.0, initiated by the fourth industrial revolution in 2011, symbolizes the
fusion of technologies across physical, digital, and biological domains. This revolution heralds significant
progress in fields such as robotics, artificial intelligent (Al), blockchain, nanotechnology, quantum
computing, biotechnology, internet of things (IoT), 3D printing, and advanced mobile communications.
Notably, it catalyzes the emergence of autonomous vehicles like drones and drives extensive technology
integration into manufacturing, giving rise to the "smart factory” concept [1]-[3]. Concurrently, the
communications and information technology sector rapidly evolve to deliver cutting-edge solutions for
advanced communication services, adhering to international standards. Utilizing wireless communication,
smart antennas, sensors, and aerial communication systems, including satellites and drones, facilitates the
deployment of smart digital applications and services. This evolution, particularly in the 5G era, enriches
daily lives and fosters connections in modern smart societies [4]-[6].

The innovative technology of 5G in wireless communication promises exceptional service marked
by high speed, versatility, and user-friendliness [7]. This advancement is poised to foster a "sustainable
communications community"” where mobile devices play a pivotal role in enhancing daily lives. As data rates
and connected devices on the 5G network increase, deploying advanced technologies like massive multiple-
input and multiple-output (MIMO) systems becomes crucial. Notably, 5G MIMO antennas typically operate
at higher frequencies for enhanced data rates, albeit posing challenges such as shorter range and covering
smaller geographic cells, emphasizing the need for careful trade-offs.
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The rise of 10T relies increasingly on wireless capabilities, supplanting traditional wired systems.
Adoption of wireless communication, alongside advanced antennas like 5G MIMO, has markedly hastened
10T development and deployment. Experts predict widespread adoption across sectors like healthcare (for
remote robotic operations) and smart infrastructure facilitating communication between city traffic lights.
Various smart loT applications have emerged, revolutionizing sectors such as insurance, healthcare,
agriculture, and monitoring [8]-[13]. Figure 1 illustrates a typical network infrastructure for 5G loT
applications.

This paper proposes the design of 5G printed antenna tailored for millimeter wave bands, specifically
for use in the satellite-routed sensor system (SRSS) to support 10T applications. It offers a novel approach
compared to previous studies. The subsequent sections of this paper are organized as follows: section 2 details
the design and implementation procedures for the proposed antenna. Section 3 covers the simulation results,
while section 4 presents the proof of concept. Concluding remarks are offered in section 5.

Figure 1. Internet of things: connecting “anything, anyone, anytime, anyplace” [5]

2. RELATED WORKS

In a prior investigation [14], a single-port dual-band antenna was devised for 2.45 GHz WLAN
applications, incorporating solar cells into its architecture. Thirty solar cells were utilized, serving both as
guides and forming the primary radiation structure in the low and high bands, respectively. To achieve dual-
frequency performance, microstrip and slot antennas were seamlessly integrated into compact structures,
exploiting various multiple resonance modes. Measurement outcomes indicated that the lower band covered a
range of 2.27-2.5 GHz with an omnidirectional radiation pattern, while the higher band exhibited a gain
range of 4.8-6.9 dBi.

In another study [15], a multipoint feed patch antenna was developed, incorporating an aperture
linked to a solar cell aimed at powering low-consumption wireless sensors. Strategically placing the solar
cells on the structure served both as heat sinks and enhanced overall integration. The antenna achieved
broadband performance through a multipoint power structure. Simulations and measurements showed
consistent results, indicating that the antenna, with dimensions of 1.3140X1.3140X0.06)¢ (where Ao denotes
the wavelength in free space at the center frequency), maintained a stable gain of 9.47 from 4.8 to 5 GHz for
5G communications and a peak gain of 10.85 dBi across the operating frequency band.

In a separate study [16], a compact photovoltaic cell integrated with an antenna was proposed for
IoT applications. The design features a gallium arsenide photovoltaic cell with a hexagonal slot and
trapezoidal disturbances in its active area. The lower contacts of the photovoltaic cell also serve as the ground
plane for the antenna. An AC blocking circuit and chip inductor are integrated to prevent RF current flow
into the photovoltaic cells. This configuration allows the device to function as both a photovoltaic cell and an
antenna. The GaAs photovoltaic cell exhibited a power conversion efficiency of 13.25% without an anti-
reflective coating, with measured open circuit voltage at 0.963 V, 21.00 mA/cm? of short circuit current
density, and 65.52% fill factor. The complete structure's dimensions are 31.4x33x0.639 mm, and the
antenna operates in the frequency range of 2.14 to 2.94 GHz, with a gain of 2.8 dBi at 2.45 GHz.
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In the study described in [17], a compact antenna with thin slots integrated with photovoltaic cells is
proposed. The photovoltaic cell consists of a gallium arsenide substrate with upper and lower metallic
contacts, where the lower contact acts as the ground plane. Grooves are etched for resonance, and a second
substrate beneath the ground plane features 50 Q microstrip lines to excite the slot. Chip inductors serve as
RF chokes in AC blocking circuits to prevent RF current leakage to the photovoltaic cells. This design
enables the antenna to function as both a photovoltaic cell and an antenna. With dimensions of
25%31.75%0.893 mm (0.4840X%0.6140x0.017Xk0, 5.77 GHz), it is suitable for effective use in 10T devices.

In study [18], a portable system is developed to harvest microwave energy by integrating dual-band
microstrip antennas. These antennas are implemented on thin multilayers within the package, with denim
cotton used for constructing the rectifier and associated circuitry. The performance of the antennas is
evaluated under mechanical bending conditions, showing consistent power conversion efficiency. The
voltage doubling efficiency is tested by varying the RF power level from -30 to 10 dBm. The conversion
efficiencies at 1.85 and 2.45 GHz, with a 7.5 kQ load, are recorded as 58% and 43%, respectively.

In study [19], a coplanar patch antenna integrated with a solar cell is designed for operation in the
2.4 GHz frequency band. The simulation results are validated through characterization and prototyping. The
achieved gain is 4.13 dBi with a bandwidth of 15.14% and an efficiency of 87.1% at 2.45 GHz.

Table 1 summarizes the conclusions of related research in comparison to your proposed antenna
design, describing different related works with their parameters such as antenna type, frequency (GHz),
antenna dimensions, substrate type, gain, and probable application.

Table 1. Related research windup against our proposed antenna design

Ref. No.  Antennatype Freq (GHz) Antenna size (mm) Substrate Gain (dBi) Probable Applications
[16] Subsolar 2.27-2.50 50 x50 NR 4.8-6.9 WLAN applications
[17] Supersolar 2.14-2.94 31.4x33 gallium arsenide 2.8 10T applications
[20] Supersolar 5.77 25-31.75 gallium arsenide NR loT devices
[21] Subsolar 48-5 40x40 NR 9.47-10.85 5G communications
[22] Super solar 2.45 18x15 NR 4.13 Wi-Fi
[23] Super solar 8.51-9.10 26.8x24.1 glass substrates NR NR
Work Super solar 26 24x1.7 FR4 6.25 SRSS and drones’ applications

3. SOLAR RECTENNA FOR SATELLITE BASED IOT SERVICES

This study shifts its focus to a data collection method employing the SRSS, recognized as advanced
technology for efficient data retrieval from wireless sensor terminals. Within SRSS, as illustrated in Figure 2,
satellites transmit data from terminals situated in urban or challenging environments to a ground station for
management. Satellite networks demonstrate proficiency in facilitating simultaneous communication,
enabling multiple sensors to access the network concurrently [24]-[26].
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Figure 2. An example of an SRSS used for facilitating the 1oT
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In our study, the solar rectenna system we propose is designed to harness both electromagnetic
energy and solar waves for wireless communications with SRSS. It operates by capturing energy from these
sources using a receiving optical antenna and converting it into direct current (DC) via a rectifier circuit, as
depicted in Figure 3. The process begins with the antenna capturing electromagnetic and solar waves, which
are then directed to a conversion circuit [27], [28]. This circuit, incorporating one or more diodes, efficiently
converts RF energy into continuous electrical power. The generated power is then delivered to a resistive
load (RL), as shown in Figure 4.
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Figure 4. Global structure of an optical rectenna system

4. PROPOSED ANTENNA DESIGN

This section centers on the design of the proposed 5G antenna, a single-patch printed antenna known
for its compact size and resonant frequency of 26 GHz. Figure 5 depicts the antenna's structure and
dimensions, highlighting the partial ground plane on the antenna substrate. The proposed antenna, operating
at 26 GHz, features a "Yagi" design encased within a rectangular element alongside a partial ground plane.
This configuration offers several notable attributes in terms of bandwidth, impedance, gain, and polarization.
We assess the performance of the proposed antenna using various performance metrics, offering a
comprehensive comparison between the measured and simulated results. To validate the experiment, we
fabricated a prototype of the antenna on an FR-4 substrate, as illustrated in Figure 6. Table 2 displays the
dimensions of the antenna at 26 GHz.
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Wpr=2 4mm

Lgi=1.Tmm

Figure 5. Proposed antenna at 26 GHz

Figure 6. Fabricated antenna at 26 GHz

Table 2. Antenna dimensions

Antenna Patch Patch Ground plane Ground Feed width  Feed length Substrate Substrate
width W, length L, length LG plane width We (mm) Lg(mm) width Ws length Ls

(mm) (mm) (mm) WG (mm) (mm) (mm)

26 GHz 24 1.7 1.2 6.9 0.15 2.25 12.7 10.4

5. RESULTS AND DISCUSSION

This section presents visualized results of the proposed antenna structure alongside detailed
discussions. Figures 7 to 14 display the simulation results of S11 value, 3D directivity diagram, voltage
standing wave ratio (VSWR), conversion circuit, and conversion efficiency. It is crucial to note that the
simulation aims to identify both intrinsic parameters (S-parameters, bandwidth in dB, and bandwidth in Hz)
and extrinsic characteristics (gain, directivity, and radiation model).

5.1. S-parameters

Figure 7 presents the comparison between the measured and simulated reflection coefficients of the
proposed antenna. The antenna shows resonance at 26 GHz, with a notable bandwidth of approximately
700 MHz from 25.7 to 26.4 GHz. Importantly, the antenna exhibits robust performance across the entire
26 GHz frequency band allocated for 5G millimeter wave communications. Overall, there is a strong
agreement between the simulation and measurement results, acknowledging that minor discrepancies may
arise due to manufacturing variations and inaccuracies in measurement equipment.

A 26 GHz rectenna based on a solar cell antenna for internet of things applications (Chokri Baccouch)
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5.2. Radiation pattern

Figures 8 and 9 display the simulated 3D and 2D radiation patterns, respectively. These illustrations
reveal concentrated radiation predominantly at the antenna's top. The 2D radiation pattern offers insights into
the lobes' distribution, particularly in the vertical and horizontal planes. Notably, a larger lobe is noticeable in

both patterns, particularly at angles of phi = 0° and phi = 90°.

0.003
-10.00
8.20.00

[ E
%»SD.DI}—;

g E
£.40.00-
& —— S11Simulated
©-50.003 —— Sl1Measured

~60.00-

'70'094;.00 2450 25.00 25.50  26.00 26.50 27.00 27.50  28.00
Freq[GHz]

Figure 7. Reflection coefficient of antenna at 26 GHz

dB{GainTotal)

6.2536¢+000
4. 8748e+000
3.4960e +200
2.1172e+000

. 3837e-001
-6, 4O44e-c01
~2,0192e+000
-3, 3980e+000
-4, 7768e+000
-6.1557e+000
| -7,5345e+0200
-8, 9133e+000
-1,0292e+0201
-1.1671e+201
-1, 3250e+201
-1, 4428e+091 =P
-1,5507e+221 .4

~

Figure 8. 3D-radiation pattern of antenna

(RN
[l e
RO FRA
P ML

Figure 9. 2D-radiation pattern of antenna at 26 GHz: (a) Phi = 0°; (b) Phi = 90°

[ =

KA/
‘
N\

90 -90

Int J Elec & Comp Eng, Vol. 14, No. 5, October 2024: 5253-5262



Int J Elec & Comp Eng ISSN: 2088-8708 O 5259

5.3. Gain, impedance and VSWR

Figure 10 illustrates the antenna's gain around 6.2 dB at 26 GHz. Additionally, Figure 11
demonstrates a good adaptation of the antenna with real impedance consistently hovering near 50 Q.
Moreover, VSWR < 2, closely associated with the reflection coefficient, indicates the power reflected by an
antenna, confirming alignment with the resonant frequency, as depicted in Figure 12.
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Figure 10. Peak gain of proposed work
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Figure 12. VSWR at 26 GHz

5.4. Conversion circuit

Figure 13 illustrates the design of the series mono-diode conversion circuit for proposed antenna,
which includes a Schottky diode of type HSMS-286B, a 60 pF capacitor, and a load resistance of 600 Q. To
enhance the DC voltage value, an adapter circuit is introduced between the generator and the rectification
circuit. This adapter circuit minimizes the reflected power value and maximizes the throttle output,

comprising a 2.1 nH inductance and a 0.3 pF capacitor. The efficiency of this system can be examined
n= iﬁ with output DC power (Pp), input RF power (Pgf), output DC voltage (Vj¢), and resistive load
RF
(Rp).
We will examine the variation of conversion efficiency concerning the input RF power and the load.
In Figure 14 (a), the efficiency (%) is plotted against the resistive load (RL) ranging from 100 Q to 1 KQ.

The maximum efficiency reaches 36% with an optimal load of 300 Q and an incident power of 10 dBm.

A 26 GHz rectenna based on a solar cell antenna for internet of things applications (Chokri Baccouch)
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Figure 14 (b) displays the efficiency (%) relative to the input power (dBm). The efficiency peaks at 42.25%
for a load resistance of 300 Q and an input power of 15 dBm.
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Figure 14. Variation of conversion efficiency as a function of (a) resistance, and (b) RF power

5.5. Integration of patch antenna and solar cell

Producing millimeter antennas for 5G represents a major challenge due to the specific requirements of
this technology. The design and manufacturing of these antennas requires increased precision and a deep
understanding of the properties of millimeter waves. These technical challenges must be overcome to ensure
optimal performance and effective coverage of 5G networks. Based on the simulation and measurement
results obtained, our research team has effectively developed a 3.5 GHz solar rectenna prototype illustrated in

Figure 15. We affirm the substantial advantages of our "solar rectenna” for energy harvesting forthcoming
communication systems.
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6.

(b)

Figure 15. Prototype of energy-autonomous connected object: (a) the antenna below the solar cell,
(b) position of maximum recovered energy

CONCLUSION
This paper presents the design and analysis of compact patch antenna tailored for 5G cellular

applications, operating at 26 GHz with an impedance bandwidth of 700 MHz. Additionally, the paper
explores energy harvesting technology for the loT environment, providing a sustainable energy source
through a solar rectenna. This innovative optical rectenna system harnesses both solar and RF energy,
achieving an impressive RF-DC conversion efficiency of approximately 42.25%.
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