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Abstract

The design and optimization of an
energy harvesting antenna that can effectively
capture electromagnetic energy over a broad
frequency range, specifically from 2.4 GHz to
several GHz, are discussed in this study. The
antenna design and analysis were carried out
only using the High-Frequency Structure
Simulator (HFSS) tool, a highly sophisticated
electromagnetic modeling programme
extensively used in the field of antenna
engineering. This research's main objective
was to develop an antenna that could
efficiently gather energy from background
electromagnetic waves, especially in the
frequency ranges that are often used by
various wireless communication devices.
Utilizing the sophisticated capabilities of the
HFSS tool, which enables precise modeling of
complex antenna designs and accurate
projections of radiation patterns and antenna

performance, the antenna design was
rigorously adjusted to increase energy
harvesting  efficiency.  The  research

methodology includes a number of crucial
procedures. First, a comprehensive analysis of
the research on energy harvesting antennas
and their performance traits was conducted.
After that, the modeling and simulating of
various antenna designs, combinations, and
parameters using HFSS started the design
process. Based on simulation results, the
antenna design was improved repeatedly in
order to get the best performance possible
within the target frequency range. The energy
harvesting antenna, which was totally
constructed with HFSS, functions admirably
in the necessary frequency ranges of 2.4GhZ
to 60GhZ, according to the results of both
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simulations and actual measurements. The
results of this work pave the way for future
improvements in wireless energy harvesting
devices by providing useful insights and
beneficial practical ideas for the design and
optimization of energy harvesting antennas
using modern electromagnetic simulation
techniques.

Keywords: Antenna; characteristics; radio
frequency; Energy harvesting systems.
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I. INTRODUCTION

In order to fulfill the growing demand for renewable and self-sustaining power
sources in wireless communication systems, energy collecting antennas have emerged as a
possible alternative. Instead of using conventional power sources or batteries, these antennas
are designed to collect and convert ambient electromagnetic radiation into usable electrical
power [1]. By capturing energy from radio frequency (RF) transmissions, energy harvesting
antennas offer the potential for self-sustaining wireless devices, opening up applications in
Internet of Things (1oT) devices, wireless sensors, and autonomous systems [2]. Utilizing
electromagnetic waves from various sources, including Wi-Fi routers, cellular networks, and
other wireless communication systems, energy harvesting antennas frequently operate in
certain frequency ranges.

The target use and the accessibility of electromagnetic energy within that range
dictate the frequency range that is selected. Energy-harvesting antennas typically operate in
zbands [2]. However, it is a difficult undertaking to build an energy harvesting antenna that
can operate across a wide frequency range. In recent years, there has been an increase in
enthusiasm for developing energy-harvesting antenna arrays. Multiple antenna elements are
combined to produce antenna arrays, which improve system performance overall. Better gain,
better directivity, and higher power harvesting efficiency are just a few benefits of these
arrays [3].

By cleverly integrating the outputs of several antenna elements, energy harvesting
antenna arrays may efficiently capture energy from a variety of orientations and frequencies

[5].

This study provides a brand-new energy harvesting antenna array architecture that can
function throughout a broad frequency range, from 2.4 GHz to several GHz. The HFSS tool
is the only one used for the design and optimization of the antenna array. The suggested
antenna array attempts to provide effective energy harvesting across a wide frequency band
by utilizing the cutting-edge capabilities of HFSS.

Il. LITERATURE SURVEY

An innovative method for achieving dynamic reconfigurability in Ultra-Wideband (UWB)
antenna systems is presented in [6]. To achieve adaptive frequency tuning, the authors
suggest a reconfigurable notch-band UWB antenna coupled with an RF-to-DC rectifier
circuit. The antenna has a band-stop structure based on varactor diodes that enables dynamic
notch frequency modification. The antenna is incorporated with a Schottky diode-based
rectifier circuit that transforms RF energy into useful DC power. Measurements and
simulations show that the antenna may be successfully reconfigured, effectively suppressing
signals at the notch frequency while preserving wideband performance elsewhere.In the
discussion of the reconfigurable UWB antenna system's practical implementation issues and
possible applications, the advantages of dynamic frequency tuning in situations like spectrum
sharing and interference reduction are emphasized. A viable option for many wireless
communication applications, the proposed concept provides flexibility and adaptability in
UWB communication systems.
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[7] Demonstrates a brand-new design for a dual-band rectifying antenna (Rectenna)
for low input power energy harvesting applications. When working with low power RF
sources, the authors seek to efficiently transform RF energy into usable DC power. The
suggested Rectenna design combines an effective rectifier circuit with a small antenna
element.

The authors present a Coplanar Waveguide (CPW) Rectenna that can harvest energy
from numerous RF sources since it resonates at two distinct frequencies. Schottky diodes and
filtering components are used in the rectifier circuit to effectively transform RF energy into
DC power. The performance of the Rectenna is assessed in terms of return loss, impedance
matching, and power conversion efficiency for both frequency bands using simulations and
experiments.

The outcomes show that the dual-band CPW Rectenna successfully extracts energy
from low power RF sources, making it appropriate for energy harvesting applications where
the RF energy supply is constrained. The Rectenna is a practical solution for integration into
small form factor devices because to its lightweight design and dual-band capabilities. The
dual-band CPW Rectenna may be used to power wireless sensor networks, Internet of Things
(10T) gadgets, and other low-power electronics that rely on RF signals from the environment.
This is covered in the paper's conclusion.

The use of reconfigurable antennas in energy harvesting and wireless communication
systems is examined by Li and Guo in [8]. They go over how crucial re configurability is to
maximizing power transfer effectiveness and adjusting to diverse operational situations. The
authors discuss various design strategies, such as frequency, radiation pattern, and
polarization re configurability, while emphasizing their advantages and disadvantages. They
go over how to incorporate reconfigurable antennas with wireless communication systems,
energy harvesting circuits, and other technologies. They show how reconfigurable antennas
have improved performance in terms of energy harvesting effectiveness and communication
range through simulations and tests. The study offers insightful information on the
development of reconfigurable antennas for wireless communication and energy harvesting
applications, offers a reconfigurable antenna design that has been optimized for RF energy
harvesting in [12]. The authors suggest a topology that enables frequency re configurability
over a large bandwidth and comprises of a small antenna device and a switch network. The
antenna's ability to adapt to various RF frequency bands makes for effective energy
collecting. The authors illustrate the antenna's broadband properties and its capacity for high
power conversion efficiency through models and tests. The suggested reconfigurable antenna
provides flexibility and adaptability to different environmental circumstances and frequency
ranges, offering exciting potential for RF energy harvesting applications.

Yang et al. [14] offer a reconfigurable antenna concept for RF energy harvesting that
achieves high radiation efficiency. The antenna is made out of a small structure with tunable
components that enable adjustment to various frequency bands. The authors show the
antenna's excellent efficiency in RF energy capture over a wide frequency range through
calculations and experiments, making it appropriate for energy harvesting applications.
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A reconfigurable Ultra-Wideband (UWB) antenna is suggested by Cui et al. [15] in
their article titled "A Reconfigurable UWB Antenna for Multi-Standard Energy Harvesting
Applications.” The antenna is made to work in a variety of frequency bands, making it
possible to gather energy from different wireless communication standards. The authors
modify the antenna'’s resonant frequencies using a switch-based reconfiguration process. The
antenna is a versatile option for multi-standard energy harvesting systems since simulation
and measurement results show its efficacy in energy harvesting applications for many
standards.

A reconfigurable small antenna that can produce both broadside and end fire radiation
patterns is presented in the study by Zeng et al., [16]. Switches in the antenna’s design allow
it to be configured differently, allowing it to adjust to various radiation patterns as necessary.
The performance of the antenna in achieving the appropriate radiation characteristics is
confirmed by simulations and tests, making it suited for RF energy harvesting applications
where flexible radiation patterns are required.

In their publication, Lin et al. [17] offer a reconfigurable integrated circuit-based energy-
harvesting antenna. The antenna design includes adjustable components that can be adjusted
to accommodate use in various frequency bands. For effective RF-to-DC energy conversion,
the rectifier circuitry is integrated into the integrated circuit. The antenna's efficiency in
energy harvesting applications is confirmed by simulations and experiments, revealing its
potential for incorporation into portable and integrated energy harvesting systems. The
proposed design is a viable option for wireless energy harvesting applications because to its
high efficiency and re configurability.

I1l. DESIGN OF ANTENNA

An M-cut patch antenna is a type of Micro strip patch antenna with a substrate shape
resembling the letter "M." This unique shape offers several advantages for energy harvesting
applications, including increased bandwidth and improved radiation characteristics. The M-

cut patch antenna design allows for enhanced energy capture and efficient conversion of
radio frequency (RF) signals into usable DC power.

Figure 1: M shape substrate patch antenna
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Fig 1 shows the M cut substrate The M-cut patch antenna consists of a radiating
element, typically a rectangular patch made of conductive material such as copper, printed on
a dielectric substrate. The substrate material can be chosen to provide desirable electrical
properties, such as high permittivity and low loss tangent.

The M-shaped substrate is designed to optimize the antenna's performance by creating
multiple resonant modes.The M-shaped substrate provides two primary benefits for energy
harvesting. Firstly, it increases the effective length of the antenna, allowing for operation at
multiple frequencies and broader bandwidth. This capability enables the antenna to harvest
energy from a wider range of RF sources, increasing its versatility and efficiency.Secondly,
the M-cut shape introduces additional radiation modes, which can enhance the antenna's
radiation efficiency. By carefully designing the dimensions of the M-shaped substrate, the
antenna can achieve desirable radiation characteristics, such as high directivity or broadside
radiation.

There are several methods for deriving the radiation equations for an M-cut patch
antenna, such as the Method of Moments (MoM) or the cavity model. In this section, I'll give
a cavity model-based review of the radiation equations.A rectangular or square patch with an
M-shaped slit or cut on one side makes up an M-cut patch antenna. The patch'’s size, shape,
and geometry define its resonance frequency and radiation properties. We will take into
account the basic mode of the antenna to formulate the radiation equations.

1. Electric Field € Equation: The electric field component of the radiation can be
expressed as:

E(0,9) = Ee(0.0) + E4(0,9),

Where Eg(6,§) and Ey(0,p) represent the 6 and ¢ components of the electric field,
respectively. ® Denotes the polar angle, and ¢ represents the azimuthal angle.

2. 6 Component (Eg) Equation:_The 6 component of the electric field can be written as:
Eo(0,0) = - * (k * Zo / 2) * (cos(0) / sin(0)) * [ap * Im(0) * eAG*M*}) + by* Imenye) *
er(j*(m+1)*¢)],Where j is the imaginary unit, k is the wave number, Z, is the
characteristic impedance of free space, m is the mode number, agand bgare the complex
coefficients, and Jm(0) and Jm+1yo) are the Bessel functions of the first kind of order m
and m+1, respectively.

3. ¢ Component (Eg) Equation:_The phi component of the electric field can be expressed
as:

Eg(0,)= -1 * (k™ Zo/2) * sin(6) * [ag™ Im(e) * €*(*M*) + by Jm-1)0) * €*(*(M+1)*¢)],
Where a4 and by are the complex coefficients.

Note: The complex coefficients ag, be, a3, and bgare determined by applying boundary
conditions and solving the system of equations obtained from the cavity model approach or
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numerical methods such as the MoM.These radiation equations describe the electric field
components of an M-cut patch antenna and can be utilized to analyze its radiation pattern,
gain, and other radiation characteristics.

They provide valuable insights for designing and optimizing the antenna’s

performance for specific applications in wireless communication, radar systems, or energy
harvesting.
To optimize the performance of the M-cut patch antenna for energy harvesting, it is crucial to
consider factors such as substrate material properties, patch dimensions, and feeding
techniques. Proper impedance matching between the antenna and the energy harvesting
circuitry is also essential to maximize power transfer efficiency.

Length of the patch: 10 mm
Width of the patch: 7 mm
Spacing between the patch and ground plane: Around 0.16 mm
Substrate thickness: 1.6 mm
IV. RESULTS:

1. S-Parameter Plot:

Temminal S Parameter Plot 1 - _ Ansys
SSDesigre ' gaadca

{5 Ground_T1, Grourd_T1))

Figure 2: S parameters vs dB

The M-shaped patch antenna offers special qualities that enhance its
performance in absorbing and transforming ambient electromagnetic energy into usable
electrical power. It was specifically created for energy harvesting applications. The
antenna's M-shaped form improves its radiation efficiency, impedance matching, and
resonance behaviour, making it appropriate for energy-harvesting applications.

Voltage Standing Wave Ratio (VSWR) and S-parameter plots are used to

assess the antenna's performance, with peaks shown at 25 GHz and 45 GHz
frequencies. Let's examine these plots' specifics and relevance in more detail:
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The frequency vs. dB S-parameter curve is displayed in Figure 2.gives a
thorough evaluation of the scattering characteristics of the antenna. The S-parameter
map in this instance shows peaks at 25 GHz and 45 GHz. Each peak represents a
distinct S-parameter, such as S11, S21, or another, and represents how the antenna
behaves at various ports or when sending and receiving signals. These peaks show the
resonant frequencies when the antenna's efficiency, including its gain and reflection
coefficients, is greatest.

Terminal VSWR Plot 1 Hrsspesgre ANSYS
Srent

e
Setupt - Sweep.

SBVSWRIGround_T1))
o -
Ll

N
L

Figure 3: VSWR vs dB

The impedance matching and power transfer characteristics of the antenna are
demonstrated in the VSWR plot of frequency vs. dB in Fig. 3. The 25 GHz and 45 GHz
observed peaks point to resonance frequencies when the antenna exhibits excellent
impedance matching, minimizing power reflections and maximizing power transfer
from the source to the load. As the antenna best receives and transforms
electromagnetic energy at these locations, these resonant frequencies correspond to
effective energy harvesting.

Terminal S Parameter Plot 6 dB(StGround,
HESS =
Wax 1013

12
"

Figure 4: S parameter plot
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Terminal S Parameter Chart 1

Figure 5: Radiation Chart showing maximum radiation at 180°

The energy-harvesting potential of the M-shaped patch antenna can be better
understood by interpreting the VSWR and S-parameter plots:

2. Resonant Frequencies: The antenna's resonant frequencies are indicated by the peaks
seen at 25 GHz and 45 GHz. As the locations at which the antenna effectively absorbs
and transforms ambient electromagnetic energy into usable electrical power, these
frequencies are essential for energy harvesting. The antenna's resonance behavior and
performance are improved since the resonant frequencies coincide with the design's
distinctive M-shaped patch.

3. Impedance Matching:_Excellent impedance matching is indicated by the peaks in the
VSWR and S-parameter plots at the resonant frequencies. A low VSWR number means
there are fewer power reflections and more power is transferred, resulting in effective
energy conversion. The M-shaped patch antenna's ability to match impedances is a
factor in how well it can gather energy.

4. Frequency Response: The VSWR and S-parameter graphs shed light on the
characteristics of the antenna's frequency response. The antenna's sensitivity and
improved response at these frequencies are shown by the peaks at 25 GHz and 45 GHz.
Understanding the frequency response enables improved energy harvesting system
optimization, including the choice of appropriate circuits, rectifiers, and storage devices
that coincide with the antenna's resonant frequencies.

An antenna's radiation pattern in three dimensions is graphically depicted by a
polar plot. It shows how the antenna’s radiation radiates in various directions depending
on the azimuth and elevation angles. We can learn more about the directional radiation
characteristics of the energy harvesting antenna and identify the regions where the most
energy is captured by looking at the polar plot for the antenna, which has peaks at 25
GHz and 45 GHz.

e Axes: The polar plot consists of two axes: the azimuth angle (horizontal axis) and
the elevation angle (vertical axis). The azimuth angle represents the rotation around
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the vertical axis, typically ranging from O to 360 degrees. The elevation angle
represents the tilt or angle above the horizontal plane, ranging from 0 to 90 degrees.

e Radiation Pattern: The antenna's relative power in each direction is depicted by
the radiation pattern. Angles often show the direction of the radiation while colors
or contour lines show the intensity of the radiation.

e Peak Locations: The energy collecting antenna's polar plot shows maxima at 25
GHz and 45 GHz. The angles at which the antenna transmits energy and absorbs the
most power are indicated by these peaks. The azimuth and elevation angles
associated with the peaks on the polar plot show the directions in which the antenna
will harvest energy most effectively at these frequencies.

e Beamwidth: The polar plot can be used to determine the beam width, or width of
the radiation pattern. It offers information on the antenna's coverage and directivity.
A greater beam width suggests a wider coverage area, whereas a narrower beam
width suggests a more focused radiation pattern. Determining the directionality and
geographic coverage of the energy harvesting antenna requires an understanding of
the beam width.

e Side Lobes and Back Lobes: The polar plot may show the presence of side lobes
and back lobes in addition to the primary peak. Secondary peaks or areas of energy
radiation that are located at an angle to the primary peak are known as side lobes.
On the other hand, back lobes signify radiation that is focused on the antenna's rear.
The antenna's directivity and the amount of unwanted energy captured from
unwanted directions are influenced by the presence and strength of side lobes and
rear lobes in the polar plot.

e Gain:The gain of the antenna, or the increase in power radiated in a particular
direction over an isotropic radiator, can also be understood using the polar plot. The
size of the radiation pattern at various angles is a common way to visualize gain.
The direction of maximum gain can be identified and the energy harvesting
antenna's overall effectiveness in terms of power capture can be evaluated by
examining the polar plot.

The radiation pattern, peak positions, beam width, and gain characteristics
may all be understood by analyzing the polar plot for the energy harvesting antenna
with peaks at 25 GHz and 45 GHz. To maximize energy capture from the intended
directions and improve overall energy harvesting performance, the antenna's
orientation, positioning, and alignment must be optimized.

Terminal S Parameter Plot 4 Ansys
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Figure 6: Plot of resonance peaks at 25 GHz and 45 GHz
V. CONCLUSION

In conclusion, both the VSWR and S-parameter plots for the planned M-shaped patch
antenna show resonance peaks at 25 GHz and 45 GHz. These peaks represent the resonant
frequencies where the antenna performs optimally in terms of impedance matching, power
transfer, and energy harvesting. The antenna is a viable choice for energy harvesting
applications due to its distinctive geometry and resonance behavior, which enable efficient
energy capture and conversion. The behavior of the antenna can be better understood by the
examination of VSWR and S-parameter plots, which aids in future antenna optimization and
the creation of energy harvesting devices.
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