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Graphical abstract Abstract

In the realm of wireless communication, the continuous evolution driven by the rapid
advancements in information technology over the past few decades has led to an ever-
growing reliance on various digital technologies such as WiFi, GSM, LTE, loT, 5G, and
mmWave for communication connectivity. This technological expansion finds significant
application in the transportation sector, where smart and automated systems demand
efficient communication for enhanced efficiency, safety, and reliability, encompassing both
vehicle-infrastructure interactions and broadband services. However, this progress poses
challenges encompassing security, spectrum utilization, energy efficiency, and
communication infrastructure. The critical role of antennas in enabling radio wave-based
communication is evident, necessitating compact, integrated, and polarization-responsive
designs with substantial bandwidth and high gain. Here, the microstrip patch antenna
emerges as a solution, offering attributes like favorable return loss, high efficiency, and
directional radiation patterns. The design, at dimensions of 50 mm x 60 mm within a single-
layer FR-4 PCB of 1.4 mm thickness, undergoes simulations using CST Studio. The resultant
data includes current signal output, gain, radiation pattern, and parameters for potential
design optimization. Simulation findings indicate a resonant frequency of 433 MHz with an
S11 value of -40.727 dB, a VSWR value of 1.018 at 433 MHz, and an impedance of 50.05
ohms. The radiation pattern showcases elevated gain radially and diminished axial gain,
indicating optimal signal transmission perpendicular to its axis. Additionally, the analysis of
electric (E) and magnetic (H) fields offers insights into the antenna's radiation
characteristics. This work addresses challenges in modern wireless communication,
providing a promising microstrip patch antenna solution supported by quantitative
simulations, heralding the prospect of enhanced wireless control and communication in
lightweight mobile applications.
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1.0 INTRODUCTION the development of various digital technologies in recent years,

wireless communication has become an important connection
In the past three decades, wireless communication systems have equipment and the main transmission medium, whether
witnessed substantial progress in tandem with the rapid through WiFi, Global System for Mobile Communications (GSM),

evolution of information technology [1]. With the internet and
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Long Term Evolution (LTE), Internet of Things, 5G, and millimeter
wave (mmWave) [2].

The applications of wireless communication have
proliferated across diverse sectors, including the transportation
domain. In this context, wireless communication is pivotal for
meeting the demands of intelligent and automated
transportation systems [3], [4]. It facilitates critical
communication between vehicles and infrastructure, enhancing
efficiency, safety, and reliability. Moreover, it serves as the
foundation for broadband connections in both cargo and
passenger services.

Effective transmission and reception of data through radio
wave wireless communication necessitate the use of antennas
[5]. In providing a gateway for the transmission and reception of
radio signals, antennas play an important role in both base
stations and mobile terminals.

However, the realm of wireless communication is not
without challenges, encompassing aspects such as security,
privacy, optimal resource and spectrum utilization,
communication infrastructure, and energy efficiency [6]. Some
of these challenges arise, one of which is the characteristics and
type of antenna used [7]. The utilization of larger antennas can
amplify the load on data transmission. Moreover, as
communication systems grow more intricate, the demand for
antennas that are compact, seamlessly integrable with radio
frequency circuits, responsive to specific polarizations, possess
broad bandwidth, and offer high gain, becomes imperative [8].
Thus, further design is needed to obtain an effective antenna for
this radio communication function. Here, the microstrip patch
antenna is proposed as a solution to increase the effectiveness
of this radio communication. The microstrip patch antenna has
characteristics that provide good return loss, high efficiency and
directional radiation pattern [9]. The basic configuration of the
microstrip patch antenna is illustrated in Figure 1.
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Figure 1 Basic configuration of the microstrip patch antenna [10], [11].

However, there are challenges in the development of the
microstrip patch antenna, as it struggles to find the best
geometry to carry out its communication function. In order to
solve this challenge, a number of different designs have been
carried out, with the main goal to create an antenna with high
performance. This paper will provide a detailed explanation of
the microstrip patch antenna's design to achieving high-
performance results. Through the simulation model, the
behavior of the antenna will be thoroughly examined, and its
ability to overcome the challenges faced during development
will be shown.

2.0 MATERIALS AND METHODS

2.1 Antenna Design

Wireless communication over long distances often relies on
frequencies within the high frequency (HF)/ very-high frequency
(VHF)/ultra-high frequency (UHF) range. These frequencies are
preferred due to their ability to maintain stable signals over
extended distances and their capability to reflect off the
ionosphere [12].

Within HF/VHF/UHF communication, two common types of
antennas are utilized: the dipole and monopole antennas. A
dipole antenna consists of two conductors for transmitting or
receiving radio frequency energy, with a center-fed driven
element [13]. On the other hand, a monopole antenna is a
simpler version that employs only half of the dipole's structure
[14].

In terms of dimensions, the length of a dipole antenna is
determined by half the wavelength (A) of the signal being used,
while for monopole antennas, it's just a quarter of the
wavelength. Refer to Figure 2 for the visual representation of the
dipole and monopole antenna structures.
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Figure 2 Structure of monopole and dipole antenna [14].

Various antenna types have been developed to fit within
limited spaces, with the microstrip patch antenna standing out
as an example. This antenna design involves a radiating patch
affixed to one side of a dielectric substrate (with a permittivity
of £10), accompanied by a ground plane on the opposite side
[15]. Microstrip patch antenna consist of a very thin (0 t << A,
where A is the free-space wavelength), metallic strip (patch)
placed a small fraction of a wavelength h <<A, usually 0.003A, <
h <0.05A above a ground plane [16].

Differently shaped patches have been used to increase the
return loss, resonant frequency, and antenna bandwidth. In the
proposed design, microstrip patch antenna has dimensions of 50
mm x 60 mm. This antenna is designed on FR-4 single layer PCB
with the thickness 1.4 mm with a dielectric constant value of 4.3.
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A visual representation of how this antenna is configured can be
observed in Figure 3. The antenna will be placed in one side of
FR-4 layer, while the other layer will become the partial ground
plane of the antenna.
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Figure 3 Detailed dimension of the presented microstrip patch antenna.

According to Figure 3, the yellow-colored strip refers to the
antenna element in the design. The antenna element is made of
copper, which is a commonly used material for printed circuit
board (PCB) manufacturing. The choice of materials used for the
design was based on availability and ease of access.

The antenna structure was designed with the aim of being
cost-effective and easy to fabricate using simple materials such
as a PCB board. Compared to other antennas with similar
frequency ranges, this antenna structure is smaller in size,
making it more suitable for certain applications where space is a
constraint.

2.2 Modelling

The proposed antenna was subjected to numerical simulation
using the frequency domain solver in the CST Studio Suite
simulation tool. CST Studio is a program used to simulate
electromagnetic fields based on finite integration methods for
patch antenna analysis, and enables fast and accurate analysis
of HF devices such as antennas, filters, couplers, planar and
multilayer structures as well as SI and EMC effects [17]. The
objective of this simulation was to extract the antenna's current
signal output, inclusive of metrics such as gain, radiation pattern,
and other parameters that can guide further design
optimization.

The simulation covered a frequency range of 400 MHz to 500
MHz to analyze the performance metrics such as reflection
coefficient, voltage standing wave ratio (VSWR), radiation
patterns, and impedance. The results of the simulation were
analyzed, where a parametric analysis of the S11 magnitude was
carried out. This scrutiny revealed that the proposed antenna
exhibited an exceptional level of performance, notably
resonating at the 433 MHz frequency band. This frequency
selection aligns with specific application requirements,
underlining the antenna's suitability for wireless scenarios that
necessitate superior and efficient performance.

3.0 RESULT AND ANALYSIS

The design and modeling of microstrip patch antennas
encompassed a series of numerical investigations aimed at
gauging the antenna's performance. To encapsulate, the
numerical simulations conducted on the antenna demonstrated
its remarkable capabilities and its potential to serve as a suitable
answer for diverse wireless applications. The results of the
simulation and analysis are described as follows.

3.1 Reflection Coefficient

The antenna performance as a function of the reflection
coefficient S11 of the designed microstrip patch antenna is
shown in Figure 4.
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Figure 4 Simulated and measured reflection coefficient S11 of the
proposed antenna.

The simulation results indicate that the resonant frequency of
the microstrip patch antenna is 433 MHz. This means that the
antenna is most efficient at transmitting and receiving
electromagnetic energy at this frequency. Additionally, the
statement notes that the value of S11 is -40.727 dB, which is a
measure of how much energy is reflected back from the antenna
to the transmission line.

The fact that the value of S11 is less than -10 dB (i.e., S11 <-10
dB) indicates that the antenna is performing well for radio
communication [18], [19]. In general, a reflection coefficient of
less than -10 dB is considered to be a good performance for an
antenna, as it indicates that the majority of the energy from the
transmission line is being effectively transferred to the antenna
without significant reflection back to the line. This is important
for achieving efficient signal transmission and reception in radio
communication systems [20].

3.2 Voltage Standing Wave Ratio (VSWR)

VSWR is a crucial parameter in determining the efficiency of
radio communication system. VSWR value is determined from
the ratio of the maximum and minimum voltage amplitude of
the wave in transmission line [21]. The simulated VSWR value
from this proposed model is shown in Figure 5.
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Figure 5. Simulated and measured VSWR of the proposed antenna.

The simulation results indicate that the proposed antenna has
a VSWR value of 1.018 at a frequency of 433 MHz. This is
considered to be a good VSWR value because the lower the
VSWR value is, the better the impedance match between the
antenna and the transmission line. A VSWR value of 1 indicates
a perfect impedance match, while higher values indicate a
poorer match [22], [23]. A VSWR value of 1.018 is considered to
be quite good because it is very close to 1, indicative of a near-
perfect match between the transmission line and the load,
thereby reflecting optimal energy transfer efficiency in the
microstrip patch antenna system.

3.3 Impedance

A good impedance match between the antenna and the system
is important because it allows for efficient transfer of energy
between the antenna and the system, which is essential for
achieving good performance in radio communication systems
[24]-[26]. This is achieved using impedance matching networks
such as baluns, transformers, and matching circuits. Proper
impedance matching is critical for optimal performance in
various antenna applications.
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Figure 6 Simulated and measured impedance of the proposed antenna.

Impedance / Ohm

In the proposed antenna design, impedance values are
simulated and shown in Figure 6. The simulation results show
that the impedance value is 50.05 ohms. Impedance is the
measure of opposition that an electrical circuit presents to the
flow of current when a voltage is applied, and in the case of
antennas, the impedance is an important parameter to ensure
that the antenna can efficiently transfer power to and from the
transmission line.

A commonly used standard impedance for antennas is 50 ohms
[27], [28]. When a simulated antenna impedance measures at
50.05 ohmes, it's very close to the standard value, which suggests
it can work optimally. It's important to know that antennas are
designed to work well within a range of impedance values
around 50 ohms. The small deviation in measured impedance,
like 50.05 ohmes, is well within the acceptable limits in antenna
engineering. In real-world situations, slight changes in
impedance, like the measured 50.05 ohms, can happen due to
manufacturing, the environment, or design features. These
small differences are usually fine and won't significantly affect
the antenna's performance.

3.4 Electric and Magnetic Field Analysis

Analysis of the electric (E) and magnetic (H) fields is important
for optimizing the design of antennas, as it provides crucial
insights into  their radiation patterns, polarization
characteristics, and efficiency. In the context of microstrip patch
antennas, the typical E and H fields exhibit a concentrated
pattern around the patch area, with E-fields primarily confined
between the patch and the ground plane, while the H-fields
circulate around the edges of the patch. This field distribution is
vital for microstrip patch antennas as it directly influences the
radiation pattern and polarization. The E and H field at 433 MHz
from this proposed antenna is shown in Figure 7.
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Figure 7 Field analysis of the proposed antenna (a) electric (E-field) and
(b) magnetic (H-field).

The H-field, represented by the magnetic field strength, shows
the pattern as a function of the antenna's spatial coordinates. It
can be seen that there is a gradual decrease in H-field strength
as we traverse from negative to positive values along the X-axis.
This indicates the anticipated attenuation in magnetic field
intensity, providing the potential for a controlled and
predictable dispersion of the magnetic field around the antenna
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structure. Also, the electric field strength, represented by the E-
field, provides a distribution pattern in relation to the spatial
coordinates. Fluctuations in E-field intensity along the X-axis
indicate the dynamic nature of the electric field surrounding the
microstrip patch antenna. From the coordinated analysis of
these field distributions, it can explain the electromagnetic
performance.

3.5 Radiation Patterns

Radiation patterns refer to the directional distribution of
electromagnetic energy radiated by an antenna in free space.
The radiation pattern of an antenna is determined by the
geometry and electrical properties of the antenna, as well as its
operating frequency [29], [30].

Radiation patterns are typically represented graphically using
polar plots or three-dimensional plots, which show the intensity
of the radiated electromagnetic energy as a function of angle
and distance from the antenna [31]-[33]. The shape and
directionality of the radiation pattern can vary greatly depending
on the type of antenna and its orientation, as well as the
presence of any reflecting or absorbing objects in the vicinity of
the antenna. In the proposed antenna design, the radiation
pattern is obtained as shown in Figure 8, at phi 90°, phi 0° and
theta 90°.
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Figure 8 2D radiation patterns of proposed antenna at (a) phi 90° (b) phi
0°, and (c) theta 90°.

Angles of phi 90°, phi 0°, and theta 90° were thoughtfully
selected due to their ability to unveil distinct operational aspects
of the antenna. Phi 90°, perpendicular to the antenna's main
axis, reveals lateral radiation characteristics, showcasing its
efficiency in emitting energy parallel to the ground. Phi 0°,
encompassing the main axis, highlights vertical signal
transmission potential. Meanwhile, theta 90°, bisecting the main
axis and perpendicular to the ground, demonstrates radial
radiation prowess, illustrating horizontal energy dispersion.

Simulation results display the farfield radiation pattern,
showing variations in gain across directions. These areas of
differing gain could indicate the antenna's aptitude for radiating
energy in specific directions or receiving energy from certain
angles. Understanding this variation is crucial for optimizing
performance for particular applications.

Further insights into the distribution pattern are obtained
through the 3D radiation pattern at 433 MHz, within the Ultra
High Frequency (UHF) band, as shown in Figure 9. This frequency
balance between signal propagation and interference
management is advantageous for wireless applications. Its
alignment with permissible unlicensed ranges like the ISM bands
underscores its real-world relevance. This choice reflects the
antenna's  practical applicability and adherence to
electromagnetic principles.
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Figure 9 3D radiation pattern of proposed antenna at 433 MHz.

As in Figure 9, it is shown that the antenna's characteristic of
exhibiting high gain in the radial direction while showcasing
lower gain in the axial direction. This implies that the antenna is
particularly efficient in transmitting signals in all directions
perpendicular to its axis, as opposed to along its axis.
Understanding this information is crucial in determining the
most advantageous positioning of the antenna within a specific
application, as it allows for the optimization of its performance.
By thoroughly analyzing the far-field radiation pattern of the
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antenna, valuable insights can be gained regarding its behavior,
enabling informed decisions to be made regarding its usage.

4.0 APPLICATION AND FUTURE PROSPECTS

The proposed microstrip patch antenna, characterized by its
compact dimensions of 50 mm x 60 mm on a single-layer FR-4
PCB (1.4 mm thick), holds promising applications, particularly in
the realm of lightweight and compact communication systems.
The antenna's small form makes it particularly well-suited for
integration into vehicles or Unmanned Aerial Vehicles (UAVs)
where size and weight considerations are paramount. Notably,
its compatibility with low-frequency VHF signals, specifically
operating at 433 MHz, positions it as an ideal solution for
applications demanding both reduced dimensions and
ergonomic design, such as UAVs or other remote-controlled
devices.

The 2D and 3D radiation patterns offer valuable insights into
the antenna's functionality. The proficiency in emitting energy
perpendicular to its axis, coupled with high radial gain and low
axial gain, positions the microstrip patch antenna as an optimal
choice for various wireless applications. Particularly noteworthy
is its potential role in lightweight control systems, where the
compact size and optimized performance characteristics derived
from the aforementioned metrics contribute significantly to its
advantages. There are various other studies that also support
the use of microstrip patch antennas for lightweight application
systems, as in [34]-[38].

Besides that, the future prospects of the proposed microstrip
patch antenna are promising, particularly in advancing wireless
communication technologies. Its compact size, efficient energy
transfer capabilities, and near-perfect impedance matching at
the resonant frequency of 433 MHz position it as a viable
candidate for integration into emerging applications, such as
Internet of Things (1oT) devices and small-scale unmanned aerial
vehicles (UAVs). The antenna's optimized performance
characteristics, as evidenced by controlled dispersion patterns
and radiation profiles, contribute to its potential deployment in
smart transportation systems and sensor networks.
Furthermore, its compatibility with lightweight control systems
underscores its versatility in diverse applications, paving the way
for enhanced connectivity and reliable communication in the
evolving landscape of wireless technologies.

5.0 CONCLUSION

The microstrip patch antenna, measuring 50 mm x 60 mm on a
single-layer FR-4 PCB (1.4 mm thick), was thoroughly analyzed
through CST Studio simulations. Results reveal a resonant
frequency of 433 MHz with an S11 value of -40.727 dB, indicating
efficient energy transfer. The VSWR of 1.018 at 433 MHz signifies
a near-perfect impedance match, while the impedance of 50.05
ohms aligns with the standard 50-ohm value for antennas.
Electric and magnetic field analyses exhibit controlled dispersion
patterns at 433 MHz. 2D and 3D radiation patterns demonstrate
the antenna's effectiveness in emitting energy perpendicular to
its axis, with high radial gain and low axial gain. This quantitative
assessment underscores the microstrip patch antenna's
potential for diverse wireless applications.

Acknowledgement

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors. The
author would like to express gratitude to the Department of
Nuclear Engineering and Physics, Faculty of Engineering,
Universitas Gadjah Mada, for their support during the research.

Conflicts of Interest

The author(s) declare(s) that there is no conflict of interest
regarding the publication of this paper

References

[1] Z. Ghassemlooy, S. Zvanovec, M.-A. Khalighi, W. O. Popoola, and J.
Perez, 2017 “Optical wireless communication systems,” Optik, 151:
1-6. DOI: 10.1016/j.ijle0.2017.11.052.

[2] C. Wu and C.-F. Lai, 2022, “A survey on improving the wireless
communication with adaptive antenna selection by intelligent
method,” Computer Communications, 181: 374-403, DOI:
10.1016/j.comcom.2021.10.034.

[3] C. Briso-Rodriguez, K. Guan, Y. Xuefeng, and T. Kurner, 2017
“Wireless Communications in Smart Rail Transportation Systems,”
Wireless Communication and Mobile Computing,2017: 6802027,
DOI: 10.1155/2017/6802027.

[4] C. Briso-Rodriguez, K. Guan, T. Kurner, and Y. Xuefeng, 2017
“Wireless Communications in Transportation Systems,” Wireless
Communication and Mobile Computing, 2017: e4391402, DOI:
10.1155/2017/4391402.

[5] A. U. H. Sheikh, 2004, “Antennas for Mobile Radio Systems,” in
Wireless Communications: Theory and Techniques, A. U. H. Sheikh,
Ed., Boston, MA: Springer US. 287-306. DOI: 10.1007/978-1-4419-
9152-2_6.

[6] D. B. da Costa and H.-C. Yang, 2020 “Grand Challenges in Wireless
Communications,” Frontiers in Communications and Networks, 1.
Accessed: Jul. 01, 2022. [Online]. Available:
https://www.frontiersin.org/article/10.3389/frcmn.2020.00001

[7] S. Puri, K. Kaur, and N. Kumar, 2014 “A Review of Antennas for
Wireless Communication Devices,” International Journal of
Electronics and Electrical ~Engineering, 2: 199-201, DOl
10.12720/ijeee.2.3.199-201.

[8] M. P. Joshi and V. J. Gond, 2017 “Microstrip patch antennas for
wireless communication: A review,” in 2017 International
Conference on Trends in Electronics and Informatics (ICEl), 96-99.
DOI: 10.1109/ICOEI.2017.8300853.

[9] K. Anusury, S. Dollapalli, H. Survi, A. Kothari, and P. Peshwe, 2019
“Microstrip Patch Antenna For 2.4GHz Using Slotted Ground Plane,”
in 2019 10th International Conference on Computing,
Communication and Networking Technologies (ICCCNT), 1-6. DOI:
10.1109/ICCCNT45670.2019.8944653.

[10] N. Parmar, M. Saxena, and K. Nayak, 2014. “Review of Microstrip
Patch Antenna for WLAN and WiMAX Application,” International
Journal of Engineering Research and Applications, 4(1): 168-171.

[11] S. Abdulkareem, 2013. “Design and Fabrication of Printed Fractal
Slot Antennas for Dual-band Communication Applications,”
University of Technology Baghdad, Thesis,

[12] F. H. Raab et al., 2002 “HF, VHF, and UHF systems and technology,”
IEEE Transactions on Microwave Theory and Techniques. 50(3): 888—
899. Mar., DOI: 10.1109/22.989972.

[13] P. Sanghera, 2007, “Chapter 6 - RFID+ Selecting the RFID System
Design,” in RFID+ Study Guide and Practice Exams, P. Sanghera, Ed.,
Rockland: Syngress, 135-166. DOI: 10.1016/B978-159749134-
1.50010-4.

[14] W.-K. Chen, 2005. Ed., “Il - Antenna Elements and Arrays,” in The
Electrical Engineering Handbook, Burlington: Academic Press, 569—
583. DOI: 10.1016/B978-012170960-0/50043-8.



67

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Ahmad Ilham Rokhul Fikri &, Laurentius Kevin Hendinata / ASEAN Engineering Journal 14:4 (2024) 61-67

R. NishaBegam and R. Srithulasiraman, 2015 “The study of
microstrip antenna and their applications,” in 2015 Online
International Conference on Green Engineering and Technologies
(IC-GET), 1-3. DOI: 10.1109/GET.2015.7453852.

A. Mohammed et al., 2019. “Microstrip Patch Antenna: A Review
and the Current State of the Art,” Journal of Advanced Research in
Dynamical and Control Systems. 11: 510-524.

G. Geetharamani and T. Aathmanesan, 2019. “Design of Novel Patch
Antenna For 3.8 GHz UAV Wi-Max Applications,” ICTACT Journal on
Microelectronics, 05(02): 5.

[18] L. Y. Sabila, M. M. Amri, A. Yudhana, A. Akrima, and I. P.
Pratama, 2023. “Analysis of Radiation Structure of Circular
Microstrip Antenna using Characteristic Mode Analysis for ISM
Band,” ELKOMIKA: Jurnal Teknik Energi Elektrik, Teknik
Telekomunikasi, & Teknik Elektronika., 11(1): 100-112.

T. Badreddine, H. Zahra, and G. Tahar, 2023, “Design of a Novel
Efficient High-Gain Ultra-Wide-Band Slotted H-Shaped Printed 2x1
Array Antenna for Millimeter-Wave Applications with Improvement
of Bandwidth and Gain via the Feed Line and Elliptical Edges,”
Journal of Engineering and Technological Sciences, 55(1): 60-78,
DOI: 10.5614/j.eng.technol.sci.2023.55.1.7.

S. Sekkal, L. Canale, M. E. Halaoui, O. Bendaou, and A. Asselman,
2021 “Design and Modeling of a Flexible Conductive Fabric Antenna
Integrated in an OLED Light Source for WIMAX Wireless
Communication Systems,” Optics and Photonics Journal, 11(9). DOI:
10.4236/0pj.2021.119030.

B. Kamo, S. Cakaj, V. Kolici, and E. Mulla, 2012, “Simulation and
Measurements of VSWR for Microwave Communication Systems,”
International Journal of Communications, Network and System
Sciences, 5: 767-773 DOI: 10.4236/ijcns.2012.511080.

Yichuang Sun and Wai Kit Lau, 1998. “Evolutionary tuning method
for automatic impedance matching in communication systems,” in
1998 IEEE International Conference on Electronics, Circuits and
Systems, 73—77. DOI: 10.1109/ICECS.1998.813939.

B. Wang and Z. Cao, 2019 “A Review of Impedance Matching
Techniques in Power Line Communications,” Electronics, 8(9): 1022.
DOI: 10.3390/electronics8091022.

E. D. Nwalike, K. A. Ibrahim, F. Crawley, Q. Qin, P. Luk, and Z. Luo,
2023, “Harnessing Energy for Wearables: A Review of Radio
Frequency Energy Harvesting Technologies,” Energies, 16(15): 5711
DOI: 10.3390/en16155711.

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

(33]

(34]

A. Bakkali, J. Pelegri-Sebastia, T. Sogorb, V. Llario, and A. Bou-
Escriva,2016 “A Dual-Band Antenna for RF Energy Harvesting
Systems in Wireless Sensor Networks,” Journal of Sensors, 2016.
Article ID 5725836. DOI: 10.1155/2016/5725836.

W.-S. Lee, H.-L. Lee, K.-S. Oh, and J.-W. Yu, 2012, “Switchable
Distance-Based Impedance Matching Networks for a Tunable HF
System,” Progress In Electromagnetics Research, 128: 19-34. DOI:
10.2528/PIER12041205.

A. Bensky, 2019. “Chapter 3 - Antennas and transmission lines,” in
Short-range Wireless Communication (Third Edition), A. Bensky, Ed.,
Newnes, 43-83. DOI: 10.1016/B978-0-12-815405-2.00003-8.

G. Breed, 2007. “There’s Nothing Magic About 50 Ohms,” High
Frequency Electronics, 6-7.

S. Benouakta, S. Koley, F. Hutu, and Y. Duroc. 2019 “Considerations
on the equivalent electric models of a UHF RFID Helical Antenna
Yarn,” in 14-th International Symposium on Signals, Circuits and
Systems, Jul 2019, lasi, Romania. 1-4. DOI:
10.1109/1S5CS.2019.8801787.

P. J. Wolcott, Z. Wang, L. Zhang, and M. J. Dapino, 2013 “Radio
frequency patch antenna reconfiguration with Ni-Ti shape memory
alloy switches,” Journal of Intelligent Material Systems and
Structures, 24(8): 973-983, DOI: 10.1177/1045389X12461074.

E. Andersson, 2018. “A systematic approach to quantitatively
compare antenna measurements with simulations,” Halmstad
University, Sweden, Accessed: Aug. 10, 2023. [Online]. Available:
https://www.diva-
portal.org/smash/get/diva2:1221209/FULLTEXT02

D. B. Miron, 2006, “Antenna Fundamentals |,” in Small Antenna
Design, 9-41. D. B. Miron, Ed., Burlington: Newnes, DOI:
10.1016/B978-075067861-2/50004-0.

B. Ali Esmail et al., 2020, “Reconfigurable Radiation Pattern of Planar
Antenna Using Metamaterial for 5G Applications,” Materials, 13(3):
582, DOI: 10.3390/ma13030582.

U. Chakraborty, S. Chatterjee, S. K. Chowdhury, and P. P. Sarkar,
2011. “A Comact Microstrip Patch Antenna for Wireless
Communication,” Progress In Electromagnetics Research C, 18: 211—
220, DOI: 10.2528/PIERC10101205



