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Abstract

The advent of rectenna systems has opened the door for many applications, with the
main goal of harvesting electromagnetic waves. Many designs have been presented to
provide a high conversion efficiency. Some works have been focused on the antenna part,
where a high-efficient electromagnetic wave to AC conversion can be achieved. Other works
focused on the rectification part, where a high-efficient AC to DC conversion is desired.
Even though each part can separately achieve a high conversion efficiency, connecting both
parts can dramatically deteriorate the achieved efficiency.

In general, increasing the accuracy of components’ characterization leads to a high-
performance design. Since the main component in the rectifying circuit is the diode, an
accurate model for a nonlinear system is required for efficient use of computer-aided design
(CAD) technology. Currently, many models of nonlinear devices consist of basic electric
elements such as capacitors, inductors, and resistors. However, building such models needs
complex measurement procedures to extract the required parameters precisely. Further-
more, it may take a year to develop and validate an accurate model. Considering challenges
associated with traditional approaches of modeling, an accurate and relatively easy method
based on X-Parameters to model nonlinear devices has been presented. X-Parameters can
be measured at different frequencies and at different power levels and stored in one file.
The availability of all information in one file enables us to characterize the systems that
operate under unstable conditions, such as the rectenna circuits that are used for energy
harvesting.

To accurately simulate a rectenna circuit, we presented a simulation methodology that
calls for modeling the antenna part as a circuit that is fully independent in its characteristics
from the remaining parts of the rectenna system. This can be accomplished by using
Thevenin’s theorem. According to Thevenin’s theorem, a linear circuit can be replaced
with an equivalent circuit consisting of an independent voltage source in series with an
impedance. The Thevenin’s equivalent circuit provides all the required information about
the antenna. It is important to emphasize that the equivalent circuit of the antenna
obtained using Thevenin theory is not affected by the rectenna circuit that connects the
antenna to the load.

Antennas that can be used both as flat and as curved (conformal antennas) are be-
coming increasingly attractive antennas because of their wide range of applications. The
microstrip patch antenna is one of the most widely used antennas, however, it has a high
sensitivity to bending. An antenna with a lower sensitivity to bending is required to avoid
the effect of bending on antennas. The metasurface antenna is one of the best candidates to
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overcome the problem of the antenna’s sensitivity to bending. To construct a metasurface,
an ensemble of periodic resonators is structured to operate as an effective electromagnetic
radiator. In this thesis, we explored the impact of bending on metasurface antennas and
microstrip patch antenna arrays.
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Chapter 1

Introduction

1.1 Overview

Access to energy is a key pillar for economic development and poverty alleviation. Cur-
rently, global energy demand is greatly increasing, due to the increase in population and
economic development. The increasing energy demand and the rapid decrease in fossil
fuel reserves lead to an urgent need for attainable renewable energy resources. Driven
by unprecedented demands on energy, the need for new paradigms that produce clean
and affordable energy becomes increasingly desired. Energy Harvesting (EH) is one of
the promising and satisfactory techniques that may contribute in some way to solving the
energy shortage problem. EH is the technique that is utilized to scavenge or harvest the
available ambient energy in nature. The fundamental advantage of this sort of energy over
others is that it is abundantly available in the environment and does not require any effort
to generate.

Figure 1.1a shows the share of electric power from renewable sources during the last
two decades [1]. As shown in the figure, of the total world’s electricity power generated,
the share of the electric power from renewable sources increased from 19% to 29% between
the periods from 2000 to 2019. Figure 1.1b depicts the growth of the share of the electric
power from solar sources. It can be noted that there has been an exponential growth in the
utilization of solar sources to generate electrical power since 2000, and the share increased
from almost zero to more than 3.4%. The growth of the share of the electric power from
wind energy has increased exponentially as well, and it has been increasing since the 2000s
(from 0.1% to more than 6.5%) as illustrated in Fig. 1.1c. Observing Figure 1.1d, the
share of electricity from hydro-power is larger than 16% during the last two decades [1].
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Figure 1.1: (a) Share of electric power from renewable sources, (b) Share of electric power
from solar, (c) Share of electric power from wind, (d) Share of electric power from hy-
dropower [1].

Although intensive research has been conducted to come up with creative technologies
that are capable of exploiting energy from renewable sources,numerous challenges limit the
efficiency of harvesting the energy from these sources. For instance, the sun is a valuable
source of energy, and the daily amount of energy that reaches the atmosphere from the sun
is equal to the human energy needs for a year. The atmosphere, approximately, reflects
one-third of this energy, additionally, it absorbs about 19% of the coming energy and
reradiates it to the surface of the earth as infrared (IR) waves at a wavelength ranging
from 7 to 14 pm. The surface of the earth absorbs the remaining energy and reradiates it
at a wavelength of around 10 pm (30 THz).

Photo-voltaic (PV) cells are nowadays the most widely used devices for converting



solar energy into electrical energy. PV cell technologies, on the other hand, have several
drawbacks, including low conversion efficiency due to semiconductor band-gap and heat
dissipation, which limit the maximum theoretical efficiency of a single-junction solar cell to
only 31%; and high cost due to material and processing costs involved in the production [9].
Silicon solar cells, for example, have captured a significant share of the total PV market,
owing this to their high efficiency [10]. The conversion efficiency of the conventional thick
wafer reaches as high as 26.3% for single junction and 31.3% for multi-junction solar cells
[11, 12]. This low efficiency is because of the thermalization of photo-generated carriers
in the crystal lattice [13], thermodynamic losses, and unabsorbed photons [14]. Figure 1.2
shows the spectral analysis of the minimum losses for a silicon solar cell (bandgap = 1.1
eV). As illustrated in the Figure, the available free energy from an ideal present-day single-
junction cell is roughly 33%, another 33% is lost due to thermalization and the remaining
third is split between photons not absorbed and unavoidable thermodynamic losses [1].
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Figure 1.2: Solar spectrum analysis of a silicon solar cell [2].

Inspired by the availability of electromagnetic (EM) energy, the idea of EM energy
harvesting was originally proposed by Bailey [15]. Figure 1.3 shows potential sources of
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electromagnetic waves. Following Bailey’s findings, a slew of research has been conducted
to see if a system called rectenna, which comprises antennas and rectification circuits,
can be used to harvest EM energy. Many works have been published to overcome the
challenges that are related to harvesting EM energy utilizing rectennas [16, 17]. To achieve
high-efficiency free space to AC conversion, some study has focused on the antenna portion
[17]. Other research focuses on the rectification process, which requires a high-efficiency
AC to DC conversion. Even though each part can separately achieve a high conversion
efficiency, connecting both parts can dramatically deteriorate the achieved efficiency.

j
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Figure 1.3: Potential sources of RF waves [3].

1.2 Energy Harvesting

1.2.1 Background

Generally, EM energy harvesting can be classified into two categories; wireless power trans-
fer (WPT) and ambient EM wave harvesting as illustrated in Fig.1.4. WPT can be achieved
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over a short distance (near field) or a long-distance (far-field). There is no sharp border
between near field and far field, however, the near field can be considered as a field confined
within a region of one wavelength radius from a radiator. In this region, the power can
be transferred by electric field utilizing capacitive coupling, or by magnetic field utilizing
magnetic coupling. In the near field, there is no propagation and the power does not
leave the transmitter unless there is a receiving device in the near field region. Indeed,
the power transmission utilizing near field is limited in range, because the field decreases
exponentially with distance. Originally, transferring the power without cables utilizing
coupling between two coils was experimentally demonstrated by Michael Faraday in 1831.
The coupling between coils drastically decreases as the spacing between them increases,
which limits the efficiency of transferring the power over a relatively long distance [18].

In 1865, Maxwell mathematically demonstrated that electric and magnetic fields can
propagate in space as EM waves at the speed of light. The formulated mathematical
model predicted the existence of EM waves [19]. However, due to the lack of equipment
and technology at that time, he couldn’t experimentally prove the existence of EM waves.
After a while, Hertz could experimentally confirm the existence of EM waves predicted by
Maxwell’s equation. Hertz utilized a half-wavelength dipole to send and receive power at a
frequency of 500 MHz for the first time leading to the birth of far-field WPT. In 1898, Tesla
generated power at 150 kHz and lighted 200 light bulbs 26 miles away from the transmitter
[20]. Due to the lack of high power sources that operate at high frequency at that time,
Tesla’s projects on WPT stopped in 1910.

The development of high-power microwave tubes in the 1950s provided a solution to
the problem of generating high-power high-frequency signals which increased the interest
in studying the feasibility of the WPT concept. A source of a continuous wave of 400 KW
that operates at 3 GHz was presented by Raytheon company in 1960 with an efficiency of
80% [21]. In the same year, the same company developed a rectenna system that consists
of a 2.45 GHz half-wave antenna connected with a rectifying circuit, and the maximum
conversion efficiency of 50%. 4 years later, motivated by the success of Raytheon company
in demonstrating the feasibility of WPT, William Brown successfully built a far-field WPT
system to provide a helicopter with the required power remotely as an application of WPT.

In 1968, Space Solar Power (SSP) was introduced by Glasser [22]. Figure 1.5 shows the
concept of SSP. In this system, huge concentrating mirrors are utilized to concentrate the
light of the sun at solar cells. The absorbed solar power is converted into microwave signals
that are transmitted to the earth by highly directive antennas. The received power on the
earth is harvested by a farm of rectenna array systems that convert the RF power into useful
DC power. In near future, it is expected to obtain a conversion efficiency of 80% from DC to
microwave. The loss of the RF signal below 6 GHz due to the atmosphere is less than 3% on
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Figure 1.4: Block diagram of EM energy harvesting categories.

sunny days, and it is expected to be around 8% on moderately rainy days. Considering the
losses due to the conversion from DC to RF and vice versa and the propagation attenuation,
the total loss due to wireless power transmission/reception is estimated to be around 50%.
Despite the loss caused by the additional transmission/reception process, the SSP is still
competitive with ground solar cells due to its continuity during day and night time [23].

The introduction of the SSP concept increased the interest in the WPT system and
many projects have been launched to investigate the feasibility of the SSP concept. For
example, NASA supported two research groups to investigate the feasibility of SSP. In 1975,
one of the research groups (Jet Propulsion Laboratory (JPL)) demonstrated experimentally
the feasibility of receiving 30 KW DC power at a distance of 1 mile from the transmitter. In
this experiment, they utilized a parabolic antenna operating at 2.4 GHz as a transmitter
and an array of dipole rectennas at the receiving side. To wirelessly power an aircraft,
Canada launched the stationary high-altitude relay program in 1980. A small-scale airplane
was flown at 50 m height for 20 minutes utilizing a 10 KW ground station. The power
was transmitted by a parabolic dish antenna with an operating frequency of 2.45 GHz. To
convert the received RF power into DC power, the airplane was equipped with an array
of rectennas attached to the lower surface of the airplane’s wings [21]. To investigate the
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Figure 1.5: Concept of Solar Power Satellite System [1].

effect of transferring power through the Ionosphere, Japan launched its project (Microwave
Tonosphere Nonlinear Interaction Experiment (MINIX)) in 1984 [25]. In the 1990s, as a fruit
of collaboration between Texas A&M University and Japan, an experimental demonstration
showed the ability to send power between two rockets. In this project, power of 800 W
was transmitted from one rocket at 2.45 GHz. The transmitted power was received at the
second rocket utilizing dual-polarized rectenna [26].

1.2.2 Applications

Currently, WPT is utilized in many applications including, but not limited to, wire-
less charging biomedical implantable devices, charging the batteries of Wireless Network
Sensors (WNS), Radio Frequency Identification (RFID), and charging mobile equipment
(27,28, 29, 30]. Although the wide range of applications of WPT, SSP became the most at-
tractive application after the announcement of the Japanese plans to launch a commercial
SSP system targeting IGW power in 2030 [23]. The diverse potential applications of energy
harvesting and rectenna systems necessitate accurate design and assessment strategies of
rectenna systems.



The availability of internet wireless access facilitates and accelerates the application of
the Internet of Things (IoT) concept. In this concept, a network of physical objects that
are occupied with sensors and software are connected and to the internet to facilitate the
sharing of data. Wireless Sensor Networks (WSNs) are essential components in the IoT
concept to monitor and send data from a wide range of areas. A WSN can be described
as a group of wirelessly interconnected nodes that are distributed over a specific area [31].

Generally, each sensor node consists of a sensing unit, processing unit, communication
unit, and a power unit as depicted in Figure 1.6. The sensing unit measures the fluctuation
of the required quantity utilizing its sensors and translates the variations into a useful
electrical signal. The electrical signals are processed and stored by the processing unit.
The communication unit is responsible for connecting the node wirelessly with other nodes
by transmitting and receiving the data from and to the node. As shown in the Figure all
units need a power unit to provide them with a proper amount of power [32]. To prolong
the lifetime of WSN, their battery should be periodically charged because of their limited
lifetime. Due to their spread over a wide geographical area, charging the batteries of WSN
is challenging and impractical unless they are provided with an efficient wireless charging
system. Rectenna system provides a viable option to wirelessly charge the batteries of
WSN from the ambient EM wave.

Sensing Unit Processing Unit Communication
I Sensorsi Memory
i o8& | & Tranceiver
1 1
|__A_|2€ ! Processor

it

Power Unit

Figure 1.6: Architecture of node sensors.

Recently, WSNs have become an attractive field of research due to their wide range of
applications. Low prices and small size make them ideal for a wide range of applications.



Given this wide range of applications, it is not surprising that their applications penetrate
all aspects of our life. According to the nature of their usage, the applications of WSN can
be classified into six main categories; health, environmental, flora and fauna, industrial,
urban and military, as illustrated in Figure 1.7 [32]. Each category includes many appli-
cations of WSN, some of them are mature and others are still in the development stage.

WSN
Applications

Military

Figure 1.7: Domains of applications of WNS.

In healthcare, the application of WSNs can improve the operation of a healthcare fa-
cility via monitoring real-time vital functions of the patients utilizing advanced medical
sensors. The WSNs can be employed in patient wearable monitoring, home assisting sys-
tems and hospitalization. Figure 1.8 shows some potential applications of WNS in the
healthcare domain along with the type of sensors required for each application. For in-
stance, implanted biomedical sensors can be combined with health monitoring applications



to provide real-time status of blood pressure and blood glucose levels, and different types
of diagnostics [32, 33]. For home assisting purposes, the patient can be remotely connected
to the internet via WSN to send real-time or periodic readings about his status or send an
alarm in case of an emergency. In hospitals, monitors attached to or implanted in patients
can be connected directly to the doctors and nurses via a local network [34, 35].

Health Applications

v
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Seismic
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Position
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Figure 1.8: Applications of WNS in the healthcare domain.

WSN can help in monitoring many environmental parameters including, but not lim-
ited to, water quality, air pollution, and humidity. Furthermore, it enables us to early
detect forest fires, landslides and natural disasters. The availability of enough data about
environmental parameters and early detection of crises enables us to efficiently deal with
environmental phenomena and help in avoiding the bad consequences. Figure 1.9 shows
some applications of WSN in environmental monitoring. As depicted in the Figure, the ap-
plications can be categorized into three categories; water monitoring, air monitoring, and
emergency alerting. Each category requires special types of sensors that fit their nature.

Water, either drinkable or ocean water, is one of the most important environmental
entities on the earth, and monitoring its quality comes at the top priority of environmen-
tal scientists. The WSNs are intensively employed in monitoring the water quality and
water distribution systems. For instance, the researcher in [30] utilized a Radio Frequency
Identification (RFID) based WSN system to monitor the quality of water in the pipeline,
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moreover, the system can be utilized to report any problem with the pipeline itself. To
avoid the damage of fauna and flora due to the fish farm waste, an underwater WSN that
can detect the pollution was presented in [37]. The modern human lifestyle and activities
considerably harm the atmosphere and cause severe air pollution. To monitor the pollution
and the concentration of each element in the air, the WSN can be utilized. For example,
to measure the concentration of gases such as CO and NO2 gas sensors were utilized [32].

Environment Applications

v

Water Monitoring Emergency Alerting

Humidity
Sensor

Temp.

Sensor

Figure 1.9: Applications of WNS in the environment.

1.3 Literature Review

Recently, there has been intensive research to investigate the ability of rectenna systems to
harvest the energy from the electromagnetic (EM) radiation (for a sample of recent works,
please see [38, 39, 40, A1, 42 43 A4 A5, 46, 47, 48,49, 50, 51, 52] and references therein).
To harvest EM radiation, a rectenna is used, which consists of an antenna or a surface that
captures the EM radiation, a rectifying circuit, and a DC load circuit as illustrated in Fig.
1.10. The antenna acts as a transducer that converts the incoming EM radiation into an
electrical signal. The rectifying circuit, which consists of a single or multiple diodes and a
matching circuit, converts the AC power into DC power.

11
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Figure 1.10: Circuit diagram of the rectenna system [5].

In terms of the antenna, there are a variety of structures that can simultaneously
operate at different levels of power and in a wide frequency range, however, the rectifying
circuit bandwidth is determined by several elements such as the matching circuit, the diode
input impedance, and the load resistance [53, 54, 55, 56, 57]. To increase the harvested
energy, rectennas that are working at multiple bands have been reported [50, 58]. However,
to operate at multiple frequencies, more cost and complexity are added to the rectenna’s
system.

Indeed, many designs have been proposed to operate in wide-range power levels and
wide-band frequencies [59]. A design based on a dual-circular polarized spiral antenna
array with a rectifying circuit was suggested by Hagerty et al., [59]. In this design, the
operating frequency ranges from 2 to 18 GHz, and the input power ranges from 0.01 to
100 uW /cm?. The obtained AC to DC conversion efficiency is ranging from 0.1% to 20%.
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This achievement is considered a good achievement since it overcomes several challenges.
First, the level of the power of the ambient waves is very low. Second,the input impedance
of the diode depends highly on the input power level. Third, the loss of the diode itself is
very high at low power levels. Furthermore, other designs were proposed to harvest energy

at wide-band frequency, but the matching circuit was still challenging [60, 61, 41]. Several
configurations of wide-band antennas in rectenna systems have been presented in the form
of a single antenna element [62, 16, (3] and an antenna array [0, 65, 60].

A rectenna system that harvests EM energy at 3 different frequency bands (tri-band
rectenna) was proposed in [67]. A miniaturized multiband impedance matching circuit
was utilized in the rectenna to operate at frequency bands centered at 24, 28, and 38 GHz.
The simulated efficiencies of 44.3%, 42.7%, and 43.6% respectively are obtained at an input
power of 15.6 dBm. Whereas, the measured efficiencies at the same level of power were
35.3%, 31%, and 30% respectively. Measurement results showed that increasing the input
power increases the efficiency for all bands [67].

A cylindrical-shaped dual-band flexible rectenna system that is capable of harvesting
RF energy from several RF sources coming from different directions is reported in [68].
To cover the radiation coming from different directions, four identical dual-band rectennas
that are printed on a flexible substrate are utilized. Each rectenna comprises of a dual-band
antenna and a dual-band rectifying circuit. To extract maximum power, these identical
rectennas are printed on a cylindrical shaped filled by an artificial magnetic conductor. A
maximum efficiency of 40% was attainable utilizing this design [65].

To avoid the dielectric loss, a wave*guide was utilized as a receiving antenna in a
rectenna system instead of a microstrip antenna. A Fabry-Perot resonator that operates
at 35 GHz with a radiation efficiency of 95% is integrated with a rectifying circuit through
a wave-guide-to-microstrip transition. An RF-to-dc efficiency of 68.5% is reported at a
power density of 39.3 mW/em? [69].

For the rectifying circuit, various design configurations have been suggested, such as
half-wave rectifying circuit using shunt or series diode [70, 71], full-wave rectifier [72],
and voltage doubler [73]. Of course, the full-wave configuration is more efficient than
the half-wave one. However, channeling the power in the full-wave configuration is more
challenging. For instance, a channeling mechanism for the design of dipoles array and
a full-wave rectifying circuit was presented, where the rectifying circuit was connected
between two dipoles [72]. The ripple of the output DC signal can be minimized by loading
a series of inductive impedance or a parallel capacitive impedance with the load resistance

(03, 39].

The rectenna system can be used in a power transmission link (point-to-point), where
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the design constraints of the rectenna can be tailored to the nature of the largest known (or
predictable) incident field, including its frequency, polarization, and power density (see [7/]
as an example), or can be used to harvest ambient EM radiation over a specific frequency
band (see [75, 70] as an example). In the latter application, where the rectenna acts as an
energy scavenger since the incoming radiation is highly unpredictable in terms of frequency
bandwidth, polarization, and power density, the design of the rectenna can be challenging.
Harvesting the ambient EM radiation was investigated in urban and semi-urban areas. For
instance, in [75], it was demonstrated that an ambient EM wave with a power density of
-25 dBm/cm? can be harvested with 40% efficiency using a single band rectenna, and an
ambient wave with a power density of -29 dBm/cm? can be harvested with a multi-band
rectenna system. To evaluate the efficiency of a system with fluctuating levels of available
power, in [75], the efficiency was calculated using energy instead of power.

Due to the diode’s non-linearity, the input impedance of the diode is varying non-
linearly with the input power. The input impedance of the diode depends also on both
frequency and load resistance [17]. To overcome the sensitivity of a rectenna system to the
polarization, a circularly polarized rectenna system that operates at 5.8 GHz is reported
in [77]. To extend the stability of the design over a range of input power with an efficiency
of more than 60%, a parallel combination of two rectenna systems was suggested. The
parallel connection of two identical rectifiers to the output of a hybrid coupler decreases
the sensitivity of the whole system to the variation of the input power and enhances the
stability of the system [77].

1.4 Problem Statement

1.4.1 Problem One

In general, improving component characterization accuracy leads to a high-performance
design. Because the diode is the most important component in the rectifying circuit, an
accurate nonlinear system model is necessary for optimal use of computer-aided design
(CAD) technology. Many nonlinear device models today are made up of fundamental
electric components including capacitors, inductors, and resistors. Building such models,
on the other hand, necessitates complicated measuring processes to properly extract the
relevant characteristics. Furthermore, developing and validating an appropriate model
could take a year [78].

The scattering parameters (S-parameters) of a circuit are very useful parameters that
can be used to design the matching networks in the radio frequency (RF) circuits. The
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S-parameters provide a relationship between incidental, transmitted, and reflected waves
at each port of the circuit. S-parameters are only valid for describing linear devices. For
non-linear devices, S-parameters are only valid when the input signal is a very small-signal,
which leads to designs that have high efficiency at a specific power level and very narrow-
band frequency. In reality, S-parameters do not contain information about the harmonics
that are generated by a non-linear device. Many attempts to generalize the S-parameters to
be able to describe the nonlinear device are suggested, such as; hot S-parameter and large-
signal S-parameter. These techniques have led to many problems, including the inability
to obtain repeatable measurements [79].

Because of its non-linearity, the diode’s S-parameters are dependent on the input power,
which is one of the key obstacles in building a diode’s circuit using its S-parameters. To
overcome this problem, I can extract the diode’s S-parameters at a specific level of input
power and design the matching network according to these S-parameters. However, S-
parameters are not able to fully describe a non-linear component. Figure 1.11 shows the
response of a nonlinear device to a small signal and the response of a nonlinear device to
a large signal. When the input signal is tiny, the nonlinear device behaves like a linear
circuit, but when the input signal is large, it generates numerous harmonics, as seen in
Figure 1.11. Instead of S-parameters, X-parameters are proposed to properly define the
non-linear device. In reality, because they contain a complete description of the behavior
of a non-linear device at the fundamental frequency and at all other harmonics, employing
X-Parameters is valid for linear and non-linear devices at any input power level and at any
frequency. As a result, I can estimate the nonlinear device’s output power at all harmonics
based on its input power, allowing us to construct a rectifying circuit with a wide-band
frequency and wide-range power. Furthermore, because X-Parameters can be extracted
for a whole rectifying circuit, antenna tuning that best fits a certain rectifying circuit is
achievable.

1.4.2 Problem Two

To maximize the efficiency of a rectenna circuit, I should increase the power transfer
from the antenna’s terminals to the input of the diode. This can be accomplished by
incorporating a matching circuit between the antenna and the diode or the rectification
circuit (such a matching circuit may be considered as part of the rectification circuit). The
rectification circuit’s input impedance is sensitive to fluctuations in input power due to its
non-linearity. This fluctuation is a significant stumbling block to fully characterizing the
rectenna system over its operating frequency range. Because of the significant fluctuation
in input impedance with input power, the power profile at the antenna terminals must be
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Figure 1.11: Responses of a nonlinear device to both small and large input signals.

incorporated in the modeling of the full rectenna system. The variation of the power level
at the input of the rectification circuit would result in a large discrepancy between the
simulation’s results and the measurement’s results if the power profile was not taken into
consideration, as has been demonstrated in prior works [17, 80, 16].

Because the received power fluctuates with frequency, using a single power level across
the entire frequency range would yield a precise result at only one frequency point, and
limits our ability to precisely predict the result at other frequencies. It would also be
difficult, if not impossible, to optimize a rectenna circuit over a wide frequency band. This
necessitates utilizing an equivalent circuit that accurately characterizes the antenna part
of the rectenna circuit. This circuit should account for the antenna’s input impedance
variations as well as the power fluctuation across its terminals as the frequency changes.

1.4.3 Problem Three

Recently, the growth of wireless technologies and applications requires antennas with mul-
tiple capabilities and functions. Characteristics like low cost, small size, high efficiency,
and wide bandwidth are desired in many technologies. Furthermore, antennas that can
be used both as flat and as curved (conformal antennas) are becoming an increasingly
attractive antennas because of their wide range of application [31].
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The microstrip patch antenna is one of the most widely used antennas, however it has
a high sensitivity to bending. An antenna with a lower bending sensitivity is required
to avoid the effect of bending on antennas. The metasurface antenna is one of the best
candidates to overcome the problem of antenna’s sensitivity to bending. To construct a
metasurface, an ensemble of periodic resonators are structured to operate as an effective
electromagnetic radiator. The efficiency of each resonator is extremely poor, however, due
to the coupling between elements they, collectively, show good performance [32]. In MSA,
the spacing between the radiating elements is very small and this necessitate the use of
separated layer for the feeding network.

Unlike the MSA, each element of MPA array can operate effectively. To increase the
gain of a single element MPA, several elements are utilized to form an MPA array [33]. To
avoid coupling between the radiating elements in an MPA array, the distance between the
elements should be equal to or larger than half wave length (A/2).

1.5 Contributions

1. Because the rectifying circuit’s major component (the diode) is a nonlinear device,
a powerful technique that can handle nonlinear components is required. In non-
linear electronics, X-Parameters are a broad form of S-parameters that is suitable for
both small and large signals. X-Parameters enable us to accurately characterize the
nonlinear components and systems with multiple ports. X-Parameters are powerful
mathematical tool that describes the behaviour of nonlinear components in response
to large signals. The ability of utilizing X-parameters to characterize a diode and a
complete rectenna system at different power levels and for various frequencies was
validated in Chapter 3.

2. In chapter 4, I present an entirely simulation-based method to predict the perfor-
mance of a complete rectenna system that includes all its components: the receiving
antenna, the matching circuits between the antenna and the rectification circuit, and
the load circuit. Whereas previous efforts to predict the performance of a rectenna
system subdivided the system into the antenna part (radiation to AC power conver-
sion) and the circuit part (AC power to DC power conversion), and made assumptions
about the performance of the non-linear part of the rectenna based on a specified
power level and frequency, in this method, the radiation part of the system is incor-
porated into the simulation by using Thevenin’s theorem. The method proposed in
this work enables the rectenna designer to predict the performance of the complete
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rectenna system, at the design stage, for variation in the incident field’s power den-
sity, angle of incidence, and operating frequency. Furthermore, the proposed method
enables the rectenna designers to optimize the entire system over sub-band or entire
range of operating frequency. Experimental results are provided to demonstrate the
accuracy of the method.

. In chapter 5, I present a design of a Metasurface Antenna (MSA) utilizing electrical
small elements to resonate strongly to resemble the resonance of classical circuits.
Facilitated by matching due to coupling, the small radiators collectively provide a
good radiation characteristics. The performance of the proposed MSA is compared
with an MPA array design. Additionally, a rectenna system that utilize the MSA as
receiving part is developed and investigated. Finally, the capability of the MSA to
operate in the 5G band is investigated.

. In chapter 6, a novel dipole design with an adjustable input impedance is presented.
The proposed dipole is designed to have additional arms attached at the edges of
the feeding gap for the purpose of controlling the input impedance. Varying the
dimensions of the two arms enables the tuning of the input admittance. This design
is highly suitable for rectennas where the input impedance of the receiving antenna
need to be matched to the input impedance of diodes which typically have a relatively
high reactance. The design provides another benefit in recetenna design since it
eliminates the use of matching circuits which can decrease the efficiency of the entire
energy harvesting system. Numerical simulation results are provided to validate the
design concept.

1.6 Thesis Outline

The thesis is divided into eight chapters. The following is how the rest of the thesis is
organized:

Chapter Two begins with a review of a rectenna circuit, focusing on the components

and attributes of a rectenna circuit. The processes for designing a rectenna circuit and the
challenges that come with it are outlined in this chapter.

Chapter Three introduces the X-parameters along with their advantages. The non-

linearity of non-linear devices and their effects on design are explained in this chapter.
This chapter presents X-parameters as an alternative for the circuit model to characterize
a diode and a complete rectenna circuit.
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Chapter Four presents a method that integrates the electromagnetic part and the
circuit part of the rectenna system to simulate and optimize the complete system. A
complete rectenna system was modeled, built, and tested to validate the method. Good
agreement between the simulated and the measured results are obtained.

Chapter Five proposes a novel metasurface antenna design that is optimized to oper-
ate in two frequency bands. The design was compared with a microstrip patch antenna. To
validate the simulation results, the metasurface was modeled, fabricated, and tested. Good
agreement between the simulated and the measured results are obtained. The metasurface
was utilized to design a rectenna circuit.

Chapter Six introduces an antenna design that is matched to the nonlinear devices
without using matching circuits by modifying the antenna parameters. In this Chapter,
a controllable input impedance dipole antenna is designed. A parametric study was con-
ducted on the design to validate the applicability of controlling the input impedance of the
dipole. A rectifying circuit that is directly matched to the antenna was designed using the
proposed design.

Chapter Seven concludes the achieved work and the future work.
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Chapter 2

Rectennas

2.1 Introduction

Energy harvesting comprises two stages; firstly, absorbing as much as possible of the in-
cidental electromagnetic waves’ energy, secondly, converting the absorbed AC energy into
a useful DC energy as depicted in Figure 2.1. Observing Figure 2.1, the first stage can
be considered as the electromagetic part of the system where the antenna acts as a trans-
ducer that converts the electromagnetic wave into an AC signal. The second stage is the
rectifying circuit and it consists mainly of diodes, a matching circuit and a DC load. This
chapter is devoted to discuss the components of the rectenna system and the associated
challenges.

2.2 EM Part

The electromagnetic part consists of the received power and the receiving antenna. To
mimic the behaviour of the EM part, I constructed the equivalent circuit shown in Figure
2.2, where P,..civeq is the available power at the receiving-antenna’s terminals and Z;, is
the internal impedance that corresponds to the receiving-antenna’s impedance at different
frequencies.

The available power (Peceiveq) can be calculated by [84]:

Ae
Preceived - PTGT(f) (471_;{2) (21)
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EM part Circuit part

Figure 2.1: Rectenna system components.

where Pr is the power that was fed to the transmitting antenna, G (f) is the transmitting-
antenna’s gain as a function of frequency and R is the separation distance between the
transmitting and the receiving antennas. The effective area of an antenna (A.s) is defined
as the ratio between the available power and the power density at its surface, and it can
be calculated as:

)\2 02 GR
Aeff:_GR:ﬁXE

- (2.2)

where G is the receiving-antenna’s gain and A\ is the wave length.

2.3 Antenna

Motivated by the theoretical prediction of Maxwell theory, Hertz experimentally demon-
strated the existence of electromagnetic waves by the realization of the first antenna in
1888. The antenna is a transitional structure that acts as a transducer to convert elec-
tromagnetic waves into an AC signal (Receiver) or AC signal into electromagnetic waves
(Transmitter). Several types of antennas have been utilized for wireless applications in-
cluding, but not limited to, Microstrip Antennas (MAs), Metasurface Antennas (MSAs),
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Figure 2.2: Equivalent circuit of the EM part.

wire antennas, reflector antennas, lens antennas, and aperture antennas. All the types of
antennas can be compared and assessed based on common parameters and characteristics
such as directivity, efficiency, gain, effective area, bandwidth, impedance, radiation pat-
tern, polarization, and noise temperature. In the following subsections, I will discuss some
important parameters and types of antennas.

2.3.1 Antenna Parameters
Directivity

In antenna, the maximum directivity (Dyayx) is defined as the ratio between the radiation
intensity in the direction of maximum radiation (Up,.x) and the average radiation intensity
in all directions (Up). The radiation intensity can be averaged over all directions by dividing
the total radiated power by 47. Mathematically the directivity can be calculated as [35]:

U, max 4 Umax
Do = - 2.3
UO P, rad ( )

Efficiency

The efficiency of a transmitting antenna is defined as the ratio between radiated power and
the power fed to the antenna’s terminals from a perfectly matched source. Mismatching
between the source and the antenna is separated from the efficiency of the antenna. The
portion of the supplied power that is not radiated is dissipated as heat due to the loss
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resistance (Rp,ss) in the antenna’s conductor. The antenna resistance can be divided into
two types; radiation resistance (Rpgqq) and Rp.ss. If T provide an antenna’s terminals
with a current 7, this antenna will radiate a power of I2Rp.q and will dissipate I2Rpss.
Consequently, the efficiency of an antenna can be calculated as (Rpua)/(RRaat+Rross)-
Due to the principle of reciprocity, the efficiency of an antenna used as a receiver can be
determined in the same manner as the transmitting antenna. Generally, the size of an
antenna plays an important role in the efficiency of the antenna, and the antennas with a
very small size compared with wavelength are inevitably inefficient [35].

Gain

Gain is one of the parameters that describe the performance of the antenna. The gain of
an antenna takes into account both the directivity of the antenna, and the efficiency of the
antenna and it is defined as the ratio between the power intensity, in a specific direction,
and the power intensity given that all the power that is delivered to the antenna were
isotropically radiated. This can be mathematically expressed as [35]:

radiation intensity B 47rU (0,9)

Gain =4 =
i "otal input (accepted) power P,

(2.4)

One of the useful terms is the relative gain which is defined as the ratio between the gain
of an antenna in a specific direction and the gain of a reference antenna if they both
were provided with the same power. Usually, the one uses a lossless isotropic source as a
reference antenna, and the relative gain can be calculated as:

AU (0, ¢)

Py, ( lossless isotropic source )

G:

(2.5)

Effective Area (Aperture)

The effective area of a receiving antenna is the ratio between the power density available at
the antenna and the power developed at the antenna terminals. Due to the sensitivity of
the receiving antenna to the direction of the signal, the effective area of a receiving antenna
is a function of the direction of the incidental wave. The effective area can be calculated
using the following equation [35]: ,

A

Agg = —
ft 47

(2.6)
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2.3.2 Antenna Types
Microstrip Patch Antenna (MPA)

One of the most popular types that are used in wireless applications is the MA. MA’s
family is a compact antenna that has the capability of integration with a printed circuit.
Because of their low cost, low profile, and many other advantages, MAs have attracted the
attention of researchers. However, besides these advantages, MAs have disadvantages like
low gain and narrow bandwidth. Table 2.1 illustrates some advantages and disadvantages

of MAs.

Generally, an MA consists of a metallic radiating patch printed on a dielectric substrate
that is backed by a ground plane (metallic layer) as shown in Fig. 2.3a. The concept of MA
was first introduced by Deschamps in 1953 [26]. However, 20 years passed before a practical
microstrip antenna was fabricated due to the lake of a substrate with a low loss tangent
and good thermal properties during the 1950s. The first MA was fabricated by Howel and
Munson [87, 88]. Extensive research has been done since the first MA was fabricated, and
has led to advanced applications for the patch antenna. The metallic radiating patch can
take several shapes; rectangular, triangular, ring, circular, etc. As a matter of fact, the
shape of the metallic patch plays an important role in the antenna specifications such as;
resonant frequency, polarization, input impedance, and radiation pattern. Some common
shapes of the MAs are shown in Figure 2.3b.

The resonant frequency of a MA can be controlled by changing the dimensions of the
patch and the relative permittivity of the substrate. For example, the resonant frequency
of an equilateral triangle patch antenna with a side length of a can be calculated using the
following formula [29]:

2
 3ay/e
where c is the velocity of the light in free space, m and n are integers which are never

zero simultaneously, (f10) is the fundamental frequency, and ¢, is the dielectric constant
of substrate.

fmn Vm?2 + mn + n? (2.7)

The MA, inherently, has a narrow bandwidth which is considered as a challenge for
energy harvesting, where I need to harvest as much as possible of energy. Many techniques
have been suggested to increase the bandwidth of the MA. One of the effective methods that
enhance the bandwidth of MA is the decreasing of its quality factor. Decreasing the quality
factor of an MA requires a thick substrate with a low dielectric constant (approximately
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Figure 2.3: (a) General structure of a microstrip patch antenna [6]. (b) Common shapes

of microstrip patch antenna [0].

unity). Due to the thick substrate layer, a large reactance is produced by a long probe
feeding pin which limits the matching over a wide range of frequencies. To achieve matching
over a wide range of frequencies, slots should be embedded on the patch [90].

Table 2.1: Advantages and disadvantages of MA.

Advantages Disadvantages
Low profile Narrow bandwidth
Low cost Low power handling
Linear and circular polarization possibility Low gain
Dual band and dual polarization possibility
Feeding and matching fabricated within structure

Metasurface Antenna (MSA)
A metasurface is a two-dimensional (2D) surface version of a three-dimensional volume

(3D) metamaterial, with the surface consisting of a distribution of electrically tiny scatters,
which was initially called meta film [91]. The metasurface is comprised of two-dimensional
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periodic structures made up of sub-wavelength scattering elements that reassemble incident
waves to the desired level of transmission and reflection. The thickness and periodicity
of metasurfaces are two significant elements of their structure, both of which are much
less than the wavelength of the surrounding media. Because of the reduction in volume
metamaterials, metasurfaces have the advantage of taking up less physical space than 3D-
metamaterial structures and are less-lossy structures. Additionally, they are light, simple
to construct, flexible, and robust [92, 93] .

There are two forms of metasurfaces: the first is metafilm, which is made up of an
array of isolated scatter elements that follow the cermet topology [91]. The second group
is metascreen, which uses a fishnet architecture with periodically spaced apertures on the
surface to organize the scattering elements. A homogeneous sheet with isolated aperture
is referred to as a metascreen. Other types of metasurfaces can be defined based on a
combination of these two extreme types, in addition to these two [91]. Figure 2.4 shows
several types of materials, ranging from natural to man-made materials.

Because of all of these characteristics, metasurfaces have a wide range of applications.
In addition to the previously described features, the metasurface particles are scalable,
allowing them to be used in any frequency spectrum. Because of its adaptability, meta-
surface applications have sparked increased attention in the scientific and technical sectors
in recent years. Absorbers [95, 90|, harvesters [97], microwave radiation detectors [93],
microwave-associated organic chemistry [99, 100], and fluid controlled surfaces [100] are
only a few of the potential applications for metasurfaces.

2.4 Diode

Unlike the conventional PN-diodes, the Schottky diode is a junction between a metal
and a doped semiconductor (P-type or N-type). In the Schottky diode, the flow of free
electrons from a semiconductor to metal creates a depletion region across the junction due
to the difference in energy levels (Schottky barrier) [7]. Figure 2.5 depicts the variation
of both current and capacitance with applied voltage in both Schottky and conventional
PN-diode. Observing the Figure, the forward bias voltage required to turn the Schottky
diode on is less than that required to turn the conventional PN-diode on. On the other
hand, the capacitance of the Schottky diode is much less than that of the conventional
PN-diode. Practically, a lower threshold diode is more suitable for microwave energy
harvesting because of its low power level. Additionally, a lower capacitance leads to high-
speed switching, and this is required for high-frequency wave rectification. It can be noted
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Figure 2.4: Classification of natural and artificial materials.

that the Schottky diode excels the conventional PN-diode in applications that require a
very low turn-on voltage and high-speed switching like RF' energy harvesting.

2.4.1 Diode Model

Figure 2.6 shows an equivalent circuit of a Schottky diode. As shown in the Figure, the
resistance of the junction (R;) and the capacitance of the junction (Cy) are varying with
the applied voltage, consequently, the current variation of the diode is nonlinear with
voltage. The Schottky diode is non-linear due to the non-linearity of R; and C;. The
series resistance (R;) is non-linear as well, but due to its small variation, I can consider it
as a linear resistance [101]. The relationship between the current of the diode () and the
voltage of the diode (V) is given by the Schottky equation:

aVy

Iy =1, (em - 1) (2.8)

where
k is the Boltzmann’s constant.
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Figure 2.5: Current and capacitance variations with the applied voltage in both conven-
tional PN-diode and Schottky diode [7].

T is the temperature in Kelvin.

q is the charge of electron.

n is the quality factor (it is usually assumed to be 1).
I is the saturation current (scale current).

If T substitute a=q/NkT, then the equation 2.8 become:

Iy =1, (e" = 1) (2.9)

If T assume that, a sinusoidal RF signal with a maximum voltage of V[ drives the diode
then:

Vi = Vy cos(wt) (2.10)
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TN

Figure 2.6: Equivalent circuit model of a diode; the components outside the green box are
parasitic components.

Using Taylor series I obtain I, as [102]:

a2l V. 3.tV 3.3, V3 a1,V e IS
I, = 22,0 + ¢ + (aISVO + T'O) cos(wt) + ( 22,0 + = ) cos(2wt) (2.11)
+2 413‘,/0 cos(3wt) + 81_1‘!/0 cos(4wt) - - -

Equation 2.9 shows that the diode’s currents are distributed at fundamental frequency,
harmonic frequencies, and at DC. Consequently, to obtain a high quality rectifying circuit,
the fundamental and harmonic frequencies should be blocked by a suitable band pass filter
(BPF) between antenna and the diode. Moreover, a low pass filter (LPF) should be used
between diode and the load to eliminate the ripple.

To investigate the harmonics of a diode, I utilized the harmonic balance in Advance
Design System (ADS) simulator to construct the circuit illustrated in Fig. 2.7 which
comprises a power source, an HSMS-2860 diode [103], and a load of 5082 resistance [104].
I adjusted the input power source to 10 dBm and the operating frequency at 1 GHz, then
I simulated the first five harmonics of the fundamental frequency. Figure 2.8 (a) and
(b) depict the load current and voltage respectively due to the input power at different
harmonics. The magnitude of the current ranges from almost zero at 5* harmonic to 7.8
mA at the fundamental frequency, The magnitude of the voltage ranges from almost zero
at 5" harmonic to 0.39 V at the fundamental frequency.
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Figure 2.8: Output harmonics due to 10 dBm input power: (a) Output currents of
HSMS2860 at different harmonics. (b) Output voltage of HSMS2860 at different har-

monics.
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2.4.2 Parameters of Schottky Diodes

Diode plays an important role in rectifying circuits, and this necessitates choosing an
appropriate diode to maximize the efficiency of the rectifying circuit. Indeed, there are
several types and vendors of diodes in the market. However, Schottky diodes are considered
as one of the best candidates for rectenna system applications due to their high relatively
switching speed and low turn-on voltage. To explore the behavior of the diode, I shed
light on some parameters that affect diode performance. Table 2.2 shows some parameters
of Schottky diode HSMS-28xx series. These parameters are explained in the following
subsections.

Junction potential (V})

Junction potential represents the turn-on voltage at which a diode approximately acts as
a short circuit in the forward bias. To maximize the sensitivity of a diode, the junction
potential should be as small as possible such that any relatively small voltage can turn
the diode on. Observing Table 2.2, the HSMS-2850 has the minimum junction potential
among all of HSMS-28xx series with a voltage of 0.35 V.

Zero-bias junction capacitance (Cj)

Due to the accumulation of opposite charges in both regions of the diode, the diode shows
a capacitance between its terminals. This capacitance depends strongly on the applied
voltage and the zero-bias junction capacitance. Zero-bias junction capacitance is the initial
capacitance of the diode without the application of voltages. The capacitance of the diode
can be determined by the following equation:

o= (1o V)" (2.12)
d — V30 ‘/j .
where
V; is the applied voltage.

M is the grading coefficient.

As a matter of fact, the capacitance of the diode limits the operating frequency of the
diode. Increasing the capacitance of the diode decreases the speed of switching between
on and off state, consequently, the diodes of lower capacitance is more suitable for high
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frequency applications. Table 2.2 shows the zero-bias junction capacitance of some of the
HSMS-28xx series in pF. As illustrated in the Table, HSMS-2850 and HSMS-2860 diodes
show the minimum zero-bias junction capacitance with capacitance of 0.18 pF.

Diode series resistance (R;)

Diode series resistance is a crystal resistance of the diode that depends on the dimensions
and the material of the diode. Unlike the resistance of conventional resistors, the diode
series resistance is nonlinear. This means that the relation between the applied voltage and
the current pass through the diode is nonlinear, however, due to its small variation, it can
be considered as a constant. Table 2.2 illustrates the values of series resistance of different
type of HSMS-28xx series. It can be noted the HSMS-2860 diode shows the minimum
resistance amongst the other types with only 5 2 resistance. The series resistance of a

diode can be calculated by:
L

Ry=——"—
qunNpA

(2.13)

where

{1y, 1s the mobility of electrons.

L is the length of the diode.

Np is the doping density (atoms/cm?).
q is the electron’s charge.

Breakdown voltage (B,)

Breakdown voltage is the maximum voltage that the diode can tolerate before it becomes
conducting appreciably in reverse bias. The breakdown voltage determines the maximum
output DC voltage of the rectifier and it should be taken into account when designing a
rectifying circuit. The values of breakdown voltage of HSMS-28xx series are depicted in
Table 2.2.

Saturation current (/)
Saturation current represents the thermal current from metal to semiconductor and it

depends on the height of the diode barrier[105]. Increasing the barrier’s height increases the
forward voltage drop, which decreases the sensitivity of the diode. Conversely, decreasing
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the barrier’s height increases the reverse leakage current. Opposite to a conventional PN
junction, Schottky diode shows a low barrier height at forward bias and high barrier height
at reverse bias.

Table 2.2: Parameters of Schotkky diode HSMS-28xx series [3].

Diode HSMS-2810 | HSMS-2820 | HSMS-2850 | HSMS-2860

V;(V) 0.65 0.65 0.35 0.65
Cio(pF) 1.1 0.7 0.18 0.18

R,(Q) 10 6 25 5

B,(V) 25 15 3.8 7
Ipy(1A) 10 100 100 10

I;(nA) 4.8 22 3000 50

Frequency RF RF <1.5 GHz 915MHz-5.8GHz

2.5 Matching Circuit

The matching network is defined as a circuit that matches the impedance between two
points. In the rectenna circuit, due to the mismatching between the antenna’s terminals
and the rectifying circuit, the matching circuit plays an important role to maximize the
efficiency of the whole system. Figure 2.1 shows the power components that may appear
in a basic rectifying circuit. In Figure 2.1, P,,. represents the total coming power from
RF source; P, is the power delivered to the input of the rectifying circuit; Ppe is the
output DC power. The radiation-to-DC power efficiency (7,44—pc) of a rectenna is defined
as the ratio of the output DC power (Pp¢) to the total input power (Pj,.). To maximize
the efficiency of a rectenna, the power delivered to the diode input terminal should be as
much as possible by designing an efficient matching circuit. Mathematically, 7,.4—pc of a
rectenna system can be expressed as[105]:

P V2./R
Mrad—DC = PDC % 100% = Yo/ L 4000 (2.14)

inc -Pinc

2.5.1 Steps of Designing a Matching Circuit Utilizing S-parameters

Due to the non-linear relation between the current and voltage of the diode, the S-
parameters of the diode strongly depend on the power level and the operating frequency.
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Conventionally, designers extract the S-parameters of a diode at a single point of frequency
and a single level of power. Utilizing the ADS numerical simulator, I was able to extract
the S-parameters of HSMS-2860 diode, and utilize them to design a matching circuit based
on the extracted S-parameters yet at a very narrow band. This section is devoted to
explaining the steps of designing a matching circuit between the antenna and the diode
utilizing S-parameters.

Extracting S-parameters of a Diode

To investigate the variation of the S-parameters of a diode with frequency and power,
I utilized the ADS simulator to construct the circuit shown in Fig. 2.9. The circuit is
composed of two ports with an internal resistance of 50 €2 for each, a model of HSMS-2860
Schottky diode provided by the vendor. In this simulation, I utilized a Large Signal S
Parameter (LSSP) simulation controller in ADS. To be able to sweep the power level and
the operating frequency, I assigned the variable P;, to the input power and the variable
LSSP_freq to frequency as depicted in the circuit. LSSP simulation controller performs
harmonic balance simulation and enables us to sweep any variable in the circuit. To study

di_hp_HSMS2860_20000301

> D1 -
.4 P 1Tone : VAR : fu?;n LSSP +} P 1Tone
PORTA - - - . . . . . e it i e e | I o PORT?2 .
Num=1 . LSSP_freq=1.0 GHz - LSSP } Num=2 ;
Z=50 Ohm pin=0 , ~ HB1 , Z=50 Ohm
— P=polar(dbmtow(pin),0) Freq[1]=LSSP_freq =T— P=polar(dbmtow(pin),0)
‘Freq=LSSP_freq '  Order1]=5 Freq=LSSP_freq
= ' ' © Start=1GHz - — '

+ - - - Stop=10GHz -

Figure 2.9: Schematic circuit of a diode with two ports to extract S-parameters.

the variation of the reflection coefficient of the diode with the frequency, I fixed the source
power at 0 dBm and swept the operating frequency from 1 to 10 GHz. As illustrated in
Figure 2.10, the reflection coefficient of the diode is dramatically changing with frequency.
The reflection coefficient of the diode is ranging from -15 dB at 8 GHz to approximately
-2.1 dB at 1 GHz.
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Figure 2.10: Variation of the reflection coefficient (S11) of the HSMS-2860 diode with
frequency and at a fixed input power of 0 dBm.

To study the variation of the reflection coefficient of the diode with the input power,
I fixed the frequency at 2 GHz and swept the power of the source from -40 dBm to 40
dBm. Observing Figure 2.11, the reflection coefficient of the diode is almost constant
for input power ranging from -40 to -10 dBm, however, the reflection coefficient of the
diode dramatically changes with input power ranging from -10 to 40 dBm. The reflection
coefficient of the diode is ranging from -0.5 dB at -10 dBm input power to -12.3 dB at 40
dBm. It can be noted that, for the power values larger than -10 dBm, the values of the
reflection coefficient decrease as I increases the input power.

Designing a Matching Circuit Using the ADS Simulator

To design the matching circuit of the rectifying circuit, I can utilize the smith chart match-
ing tool provided by ADS. Smith chart tool enables us to add transmission lines, open stubs,
and short stubs to reach the matching situation. Designing a matching circuit utilizing
the smith chart tool requires the availability of S-parameters of the diode. For instant,
to design a matching circuit at a frequency of 2 GHz and power of 0 dBm, I considered
the value of S7; at 0 dBm power level and 2 GHz frequency which is equal to 0.73-j0.187

35



~~ i \nﬂn‘ﬂ\

m -6

© q

= 8| \
i

(D_lo_ R

N
N
F

-14 | | | | | |
-40 -30 -20 -10 O 10 20 30 40
P..(dBm)

Figure 2.11: Variation of the reflection coefficient (S11) of the HSMS-2860 diode with input
power and at a fixed operating frequency of 1 GHz.

as illustrated in Figure 2.12. Figure 2.13 shows the obtained matching circuit with all its
parameters. As illustrated in the Figure, the matching circuit compromises two open stubs
and two transmission lines printed on a material of 1.52 mm thickness (h) with a dielectric
constant of 3.48.

Figure 2.14 illustrates the schematic circuit of the rectenna system which compromises
a diode, the matching circuit that is designed to operate around 2 GHz, and two 50€2 ports.
The reflection coefficient of the complete circuit is shown in Figure 2.15. As illustrated in

the Figure, the reflection coefficient is lower than -10 dBm for the frequencies ranging from
1.89 to 2.2 GHz.
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Figure 2.12: Smith chart tool used for designing a matching in ADS with the values of Sy;.
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Figure 2.13: Schematic of the obtained matching circuit utilizing smith chart.
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Figure 2.15: Simulated reflection coefficient of the rectifying circuit.

38



2.6 Challenges Associated With Designing Rectenna
System

Designers face many challenges when designing a rectenna system, including, but not lim-
ited to, the non-linearity of the diode, dependency of the available power at the terminal of
antenna on frequency and the angle of incidence, and the variation of the input impedance
of antenna on frequency. The non-linearity of a diode makes the input impedance of the
rectenna circuit sensitive to any variation in power level /frequency. These related varia-
tions limit the ability of designers to design an efficient matching circuit. This means that
when constructing a rectifier, it’s critical to minimize the effects of these variations on the
rectifier’s performance by choosing a rectifier architecture that’s insensitive to changes in
power and load. Obviously, to properly simulate a rectenna system, the variation of any
factor that affects the system like the frequency, the power level and the input impedance
should be taken into consideration.

In order to imitate the fluctuation of the diode’s input impedance with input power
level at different frequencies, I built the circuit illustrated in Fig. 2.16. As illustrated in
the Figure, it consists of a voltage source, a diode and a load resistance. In this circuit,
I utilized HSMS-2860 diode nonlinear model, and I loaded its parameters from its data
sheet as depicted in the Figure. I utilized the Harmonic balancing controller in ADS to
model the circuit. The voltage source is an independent voltage source and its values can
be swept by the harmonic balance controller. The load resistance is fixed at 50 €.

D

=
Vin N Vout _
|_Probe Al/l
N V_1Tone | Probel Diode R Diode_Model
SRCA1 = DIODE1 RA1 HSMS-2860
V=vi-V Model=HSMS-2860 i § R=RL =50 nA
Freq=Fr Mode=nonlinear Fan | VAR Rs=6 Ohm
_ VAR1 N=108
vi=1 Cjo=0.18 pF
= = R Vj=0.65 V
fan | HARMONIC BALANCE el i M=0.5
- Bv=7 V
HarmonicBalance Ibv=0.01 mA
HB1 Eg=0.69
Freq[1]=Fr
Order[1]=5

Figure 2.16: Schematic circuit used to simulate the input impedance of the diode.
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The input impedance of the diode is defined as the ratio between the voltage drop
across the diode and the input current. To obtain the voltage drop across the diode, I
defined two voltage nodes at the diode’s terminals (Vin and Vout) as illustrated in the
Figure. To simulate the input current, I utilized current probe (I_Probe) defined in ADS
as shown in the schematic circuit. To turn on the diode, the values of the voltage source
was swept from 0 V to 2 V with a voltage step of 0.01 V. At fundamental frequency, the
input impedance is defined as an equation in the ADS as following:

(Vinl::, 1] — Vout[::, 1])
I_Probel.il::, 1]

where Vin[::,1] is the input voltage (Vin) over all sweeping range at harmonic 1 (fun-
damental frequency), Vout[::,1] is the output voltage (Vout) over all sweeping range at
fundamental frequency, and I_Probel.i[::,1] is the values of current over all sweeping range
at fundamental frequency.

Zi = (2.15)

Figure 2.17 shows the variation of the input impedance of the diode for 3 values of
frequencies (1.5 GHz, 2 GHz and 2.5 GHz). Observing the Figure, the real part and the
imaginary part of the input impedance change dramatically with the input voltage ranging
from 0 to 1V at each frequency. Furthermore, the input impedance of the diode is also
changing with frequency for the same voltage value.
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— ] ]
& 100~ S 100
(e ] =
o f=1.5 GHz E f=2 GHz
N 1 < -900- f=2.5 GHz
] N 7
o1 B0 =
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
Input Voltage (V) Input Voltage (V)
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Figure 2.17: Variation of diode’s input impedance with input voltage for different values
of frequencies; (a) Real part (b) Imaginary part.
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2.7 Conclusion

This chapter covers the antenna, diode, and matchin circuit, which are the three essential
components of a rectenna system. In the antenna section, I went through some of the
key parameters to consider when designing an antenna. I also presented two different
types of antennas, the Patch antenna and the Metasurface antenna. In the diode part,
the equivalent circuit and non-linearity of the diode were explained. I also compared
different types of Schottky diodes. The steps of designing a matching circuit were covered,
and a simulation example was presented in the matching section. Finally, I discussed the
challenges associated with designing a rectenna system.
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Chapter 3

X-Parameters in Rectenna’s Designs

3.1 Introduction

Because the rectifying circuit’s major component (the diode) is a nonlinear device, a pow-
erful technique that can handle nonlinear components is required. In non-linear electronics,
X-Parameters are a broad form of S-parameters that is suitable for both small and large
signals. X-Parameters enable us to accurately characterize the nonlinear components and
systems with multiple ports. X-Parameters are powerful mathematical tool that describes
the behaviour of nonlinear components in response to large signals. The difference in
response of a nonlinear device to small and large signal is illustrated in Fig. 3.1.

small-signal linear output
Lif | | p
Nonlinear h .
_ Device armonics
large-signal — generated

L_f lTTT¢1M

Figure 3.1: Difference in response of a nonlinear device to small and large signal.

As shown in the Figure, X-Parameters reduce exactly to S-parameters in the small
signal, and they have the same simple use model as S-parameters. The key strength of
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the X-Parameters is that they contain information about all the harmonics and inter-
modulation spectra generated in response to large signals. Figure 3.2 shows a two-ports
network with its inputs and outputs.

Iin Iout
+ 1 2 +

==>| Network [==

Zc = characteristic A
L (= impedance of Cél i
the measurement

system

Figure 3.2: Two ports network with its input and output.

In this Figure, the waves A, Ay, B; and B, are represented, respectively, by:
(V;n + ZClin)
2V Z..
(Vort + Zolout)
2v/ Z..
(Vin - ch in )
2v/ Z..

(vout - ch out )
2/ Z,

In fact, the relationship between waves can be expressed as [79]:

A = (3.1)

Ay = (3.2)

By = (3.3)

S - *
By =X (Aul) PP+ Y XG0 (An) PP A+ XG0 (1Anl) - P A7, (3.5)
g,h g,h

where, the indices; e is the output port, f is the output frequency harmonic, g is the
input port index and h is the input frequency harmonic. The phase P is introduced by:
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P — iphase(Ai) (3.6)

In equation 3.5 the X-Parameters split into 3 terms: X, X and X . X(F) represents
the harmonic spectrum in response to the incident signal, on other words, X term
measures the nonlinear device behaviour at 50 ohms, when I inject a signal A;; with a
perfect match and with no harmonics. X shows the effect of a mismatch at specific
harmonic on the performance at another harmonic. In fact, X is equivalent to the hot
S-parameters, which was an initial attempt to extend S-parameters to nonlinear behavior.
In hot S-parameters, I inject a large signal to the input port and a small signal to the
output port with a small offset frequency and measure the reflected waves, but it was
found that this technique is not efficient under highly nonlinear condition. The X ()
provides the information about the relationship between the mismatch phase at the ports
and the fundamental and harmonic frequencies. Indeed, X (™) term accurately accounts for
the highly nonlinear higher-order mixing products between the output and the input which
are not captured in hot S-parameters. In fact, X, X and X rely on the frequency,
the power relations between ports, and optionally on the bias.

3.1.1 Advantages of X-Parameters

It is very advantageous to use X-parameters when I do not have an accurate model for
the diode. Indeed, the vendors provide us a table model with the impedance of the device
extracted at specific frequency and specific power level. Whereas, X-parameters enable
us to measure the device’s nonlinear characteristics at all frequencies and all power levels.
The following are some advantages of X-parameters [100]:

1. A measured X-Parameters are more accurate than a compact model, specifically,
for large signal within a specific range of operating frequency. In fact, many compact
models neglect some physical effects in large signal RF application, which leads to the
non-accuracy of the model. Whereas, when I measure the X-Parameters, I get what the
device does.

2. Measuring the X-Parameters is much easier than extracting a compact model for a
nonlinear device. For instance, an advanced compact model may contain large number of
parameters, and it needs an experienced device modeling engineer to obtain a good model.
Whereas, extracting X-Parameters needs much less time and can be done by a technician.

3. The accuracy of the model depends on how the model was extracted, even the good
model may be not accurate if it was poorly extracted.
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4. X-Parameters consider, directly, all the effects of packaging and coupling, whereas,
in compact model I need a bare model (compact model), a model for the package, and a
model for coupling if it is exist.

3.2 Comparison Between X-Parameters and Circuit
Model

In general, increasing the accuracy of components’ characterization leads to a high perfor-
mance design. Since the main component in the rectifying circuit is the diode, an accurate
model for nonlinear system is required for efficient use of computer aided design (CAD)
technology. Currently, many models of the nonlinear devices consist of basic electric ele-
ments such as; capacitors, inductors, and resistors. However, building such models needs
complex measurement procedures to extract the required parameters precisely. Further-
more, it may take a year to develop and validate an accurate model [75].

In light of challenges associated with traditional approaches of modeling, an accurate
and relatively easy method based on X-Parameters to model nonlinear devices has been
presented. The X-Parameters based model can be extracted by measurements, utilizing
nonlinear vector network analyzer (NVNA), or by simulation using commercial simulation
tools [107]. Furthermore, X-Parameters can be measured at different frequencies and at
different power levels and stored at one file. The availability of all information at one file
enables us to characterize the systems that operate under unstable conditions, such as the
rectenna circuits that are used for energy harvesting. In this section, I describe the process
of utilizing X-Parameters to simulate a nonlinear device/circuit. The obtained results are
compared with the results obtained by circuit model.

3.2.1 Simulation of Diode Using X-Parameters

To verify the validity of X-Parameters to mimic the circuit model of a diode, I extracted
the X-Parameters of a Schottky diode using X-Parameter module in ADS. Then, I im-
plemented X-Parameter block on the same software in a “Harmonic Balance” module.
The outcome of this simulation allows us to observe the component’s temporal function
and hence determine whether the extracted X-Parameters are capable of mimicking device
behavior.

Initially, the approach is applied to a schottky diode (HSMS-2860). The layout of
the simulation, that is used to extract X-Parameters, is depicted in Fig. 3.3. In the X-
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Parameters module, the larger the order "harmonic” number, the more precise will be
the model. A compromise between the simulation time and the precision of the model
should be made. It is found that the power transported by harmonics beyond the 4%
harmonic was negligible. Thus, in my simulation I take the first four harmonics (5 order)
into consideration. The parameter of the frequency is assigned to a variable “Fre”. This
variable is used in the ”Sweep Plan” module to vary the frequency values from 1MHz to
4GHz in 10 points distributed linearly.

Input port of NVNA is represented by the module “XP _source” as illustrated in Fig. 3.3.
Utilizing the ” Parameter Sweep” module I swept the frequency (Fre) in this demonstration
from 1 GHz to 4GHz. The power values are varied from -20 dBm to 20 dBm with 10
dBm step. These values are assigned to the variables “LS_start (1, Mag)” and “LS_stop
(1, Mag)”. The second port of NVNA is represented by the “XP_Load” module whose
impedance value characteristic is fixed at 50 €.

Once the simulation is finished, the X-Parameters will be stored in the data folder.
Then, I open a new page of simulation in which I utilize the “Harmonic Balance” (HB)
module as displayed in Fig. 3.4. The goal of this simulation is to compare the results
obtained by simulating the diode circuit model with the results obtained by simulating the
diode utilizing X-Parameters. The X-Parameters block shown in Fig. 3.4 is loaded with
the data file which contain the generated X-Parameters in the utilizing the circuit in Fig.
3.3.

In Fig. 3.4, the voltage difference between the diode’s terminals (Vout-Vin) in the upper
part of the schematic is defined as Vd. The voltage (Vx) is the voltage difference between
the X-Parameters block’s terminals (Vout_x-Vin_x) in the lower part of the schematic in
Fig. 3.4.

The generated data contains 4 frequency points and 5 power levels for each circuit.
However, to be able to compare between the circuit model and X-Parameters model, I
fixed the operating frequency at 1 GHz and the power level at 20 dBm. The simulated
values of Vx at the first 5 harmonics are illustrated in Fig. 3.5a as red arrows, and the
simulated values of Vd at the first 5 harmonics are illustrated in Fig. 3.5a as black arrows.

As depicted in the Figure, there are 6 harmonic indices, the harmonic 0 represents the
DC component, the fundamental frequency corresponds to index 1 and the following indices
are the harmonics of the fundamental frequency. To be able to differentiate between the
results, I made the red arrows thicker than the black ones. On a given harmonic index, an
arrow represents the value of the voltage at a specific frequency point and a specific power
level. The simulation results show a good agreement between the X-Parameters model and
the circuit model. The agreement concludes that the X-Parameters model can replicate
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Figure 3.3: X-Parameters extraction simulation layout.

the results obtained by circuit model. Figure 3.5b shows the current passes through the
diode and the current passes through the block of X-Parameters. It can be noted, the
results obtained from the circuit model and the X-Parameters model are identical.

3.2.2 Simulation of a Complete Rectenna Utilizing X-Parameters

Antenna Design

As areceiving side, I utilized a Microstrip Patch Antenna (MPA), which consists of a metal-
lic radiating patch printed on a dielectric substrate and backed by a ground plane. The
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Figure 3.4: Comparison between circuit and X-Parameter model layout.
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radiating patch can be rectangular, triangular, ring-shaped, circular, and so on. Antenna
characteristics such as resonance frequency, polarization, input impedance, and radiation
pattern are all influenced by the shape. Triangular Patch Antenna (TPA) was chosen for
this study because it has a small footprint compared to other designs. The following for-
mula can be used to compute the resonant frequency of an equilateral TPA with a side

length of a [39, 108]:

fm,n =
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Figure 3.5: (a) Simulated voltage obtained from circuit model and X-Parameters model.
(b) Simulated current obtained from circuit model and X-Parameters model.

where ¢ is the velocity of light in free space, m and n are integers which are never zero
simultaneously (fio is the fundamental frequency), and ¢, is the dielectric constant of
substrate.

Here I developed a TPA to operate over the 1.8 to 2.2 GHz frequency range utilizing
the optimization in CST mircowave studio simulator. Figure 3.6 shows the TPA with its
dimensions and the angle reference for the incident field. As depicted in the Figure, the
patch is based on an equilateral triangular design loaded with slots in the xy-plane. Due to
embedding slots on the patch with a proper shape and size, two adjacent resonant modes
merge together to form the bandwidth of the TPA. Moreover, introducing the slots reduces
the large inductive reactance, consequently, impedance matching becomes easier over the
frequency bandwidth.

The design of the TPA comprises a stack of three substrate layers sandwiched by the
ground and the patch. The layers thicknesses from the top are; 1.27 mm, 11.71 mm and
1.52 mm. Whereas the layers’ dielectric constants from the top are 2, 1 and 3.66. The TPA
was fed by a coaxial cable located at 26.4 mm from the base of the triangle as illustrated
in Fig.3.6(a). Figure 3.6(d) shows the realized SMA connector.

Figure 3.7 shows the simulated and measured reflection coefficient (S11) of the TPA.
Figure 3.7 shows good agreement between the simulated and measured reflection coeffi-
cients of the TPA. The simulated reflection coefficient was below -10 dB within the fre-
quency range 1.796 to 2.2 GHz, whereas the measurement results show reflection coefficient
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Figure 3.6: (a) Top view of the TPA with its dimensions. (b) The fabricated TPA. (c)
Coordinate system used showing the angle 6 of the incident field. (d) The fabricated
feeding port of the TPA.

less than -10 dB for the frequencies ranging from 1.75 to 2.26 GHz. For emphasis, we note
that this antenna was chosen without loss of generality, and only for the purpose of the
application of the method presented in this work.

Designing a Matching Circuit Using S-parameters

In Figure 3.8, Pj,cident represents the total coming power from RF sources; Preceiveq i the
power delivered to the diode; Pra, Prr, and Pgy, are the reflected power components at the
front end of antenna, rectifying circuit, and the DC load, respectively; Pp¢ is the output
DC power. The rectenna-system’s efficiency is defined as the ratio of the output DC power
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Figure 3.7: Simulated and measured reflection coefficient, Sq7, of the proposed TPA.

(Ppc) to all coming power (Picident):

P, Vio/R
n=—2% % 100% = Voe/T o 4009, (3.8)
Pincident incident
To enhance the conversion efficiency of the rectifying circuit, the power delivered to the
diode (Preceivea) should be as much as possible. This can be achieved by designing an
efficient matching circuit.

To design a matching circuit, the diode’s S-parameters should be extracted. However,
because of diodes’ non-linearity, their S-parameters depend on the power level and the
operating frequency. Then, to be able to extract the S-parameters of a nonlinear device, the
power level and the operating frequency should be fixed. Utilizing a numerical simulator,
Advance Design Simulator (ADS), I was able to design a matching circuit based on the
extracted S-parameters yet at a very narrow band.

Figure 3.9 shows a schematic circuit of a diode (HSMS2860) connected to two ports
using ADS. As show in the Figure, each port is 50 2 impedance. Figure 3.10 shows the
variation of diode’s reflection coefficient with the operating frequency at fix level of input
power of 0 dBm. Figure 3.11 shows the variation of the reflection coefficient with the input
power at frequency of 2 GHz.
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Figure 3.9: ADS diode circuit to extract S-parameters.
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Figure 3.11: Variation of S;; of the diode with input power at frequency of 2 GHz.



After obtaining the required S-parameters, I used smith chart tool in ADS to design
a matching circuit. Figure 3.12 illustrates the schematic circuit of the designed rectenna
system. As illustrated in the Figure, it consists of 6 segments of transmission line applied
on the top of a 1.52 mm thick RT/duroid 4003C Rogers dielectric substrate having a loss
tangent of tand=0.0027 and a dielectric constant of ¢,=3.38. The dimensions of these
segments are shown in Table 3.1. The circuit is terminated by a parallel combination
of 120 pF capacitance and a load resistance of 1 K{2. The designed rectifying circuit is
designed and optimised to operate around 2 GHz.

TL3 TL5
TL2

TLA4 TL6

C R.
Source i TL1
== =

Figure 3.12: A schematic showing the rectifier circuit designed in ADS.

Table 3.1: Parameters of the transmission lines segments of the matching circuit .

TLn | Length (mm) | Width (mm)
TL1 0.75 6.9
TL2 6.60 0.5
TL3 8.20 1.2
TL4 16.25 0.8
TL5 1.24 1.5
TL6 1.50 3.7

To simulate a complete rectenna system using X-Parameters, I designed the rectenna
system shown in Figure 3.12. Then, I extracted the X-Parameters of the whole circuit as
shown in Figure 3.13. The X-Parameters are extracted at different values of power ranging
from -3 dBm to -1 dBm. Once the simulation of X parameters is finished, I open a new
page of simulation in which I place the “Harmonic Balance” (HB) module as shown in
Figure 3.14.
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In this simulation, I aim to compare between the results obtained by performing the
harmonic balance simulation directly to the rectenna system and the results obtained by
performing harmonic balance simulation to X-Parameter block. In this demonstration the
frequency varies from 1.9 to 2.1 GHz, and the power varies from -3 to -1 dBm.

Figure 3.15 shows the output voltage at fundamental frequency of 2 GHz and at different
harmonics. As shown in the Figure, the output DC voltage, using circuit simulation, is
0.615 V which is very close to the output DC voltage using X-Parameters (0.616 V). The
output voltages at the fundamental frequency and the harmonics are approximately 0 due
to the capacitance load.
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Figure 3.15: The output DC power at 2 GHz in both circuit model and X-Parameters’
model.
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Table 3.2 shows the output DC voltages of both the circuit model(Vpee) and X-
Parameters box (Vpcx) at different frequencies and their corresponding input power. The
agreement, between both results verifies that X-Parameters can replicate the behaviour of
the whole circuit.
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Table 3.2: Output voltage of the rectenna system using both circuit model and X-
Parameters.

Freq(GHz) | Prcceivea | Antenna impedance | Vpoe | Vpox
1.90 -14 73.64+j19.1 0.659 | 0.648
1.95 -1.7 95.6+j18.7 0.654 | 0.639
2.00 -2.0 98.8+4j2.2 0.615 | 0.616
2.05 -2.2 81.2-j6.5 0.593 | 0.596
2.10 -2.5 60.7+j0.7 0.579 | 0.581

3.3 Conclusion

In this chapter, I presented the concept of utilizing X-Parameter model to simulate the
nonlinear devices. The X-Parameters can be extracted by measurements or by simulation.
The process of extracting X-parameters utilizing ADS and utilizing them in simulation is
fully explained. The results obtained utilizing circuit model of a diode is compared with
results obtained utilizing X-Parameters. The comparison results show the applicability of
X-Parameters and their ability to mimic the behaviour of a nonlinear device.

To simulate a rectenna system utilizing X-Parameters, I divided the system into two
parts; electromagnetic part, and circuit part. The electromagnetic part consists of source,
transmitting antenna, and receiving antenna. The electromagnetic part was replaced by an
equivalent circuit consists of power source and impedance. On the other hand, the circuit
part consists of matching circuit, diode, and load. The X-Parameters of the circuit part
were extracted and utilized in simulation. A comparison between X-Parameters model and
circuit model was conducted. The good agreement between both method shows that the
X-Parameters can replace the circuit model which take relatively long time to develop.
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Chapter 4

Simulation and Optimization of
Rectenna

4.1 Introduction

Driven by unprecedented demands on energy, the need for new paradigms that produce
clean and affordable energy becomes increasingly desired. Recently, there has been in-
tensive research to investigate the ability of rectenna systems to harvest the energy from
electromagnetic (EM) radiation (for a sample of recent works, please see [38, 39, 40, 41,

, A3, A A5, A6, AT, A8, 149, 50, 51, 52] and references therein). To harvest EM radiation,
a rectenna is used, which consists of an antenna or a surface that captures the EM radi-
ation, a rectifying circuit, and a DC load circuit. The antenna acts as a transducer that
converts the incoming EM radiation into an electrical signal. The rectifying circuit, which
consists of a single or multiple diodes and a matching circuit, converts the AC power into
DC power.

The rectenna system can be used in a power transmission link (point-to-point), where
the design constraints of the rectenna can be tailored to the nature of the largely known (or
predictable) incident field, including its frequency, polarization and power density (see [74]
as an example), or can be used to harvest ambient EM radiation over specific frequency
band (see [75, 70] as an example). In the latter application, where the rectenna acts as an
energy scavenger, since the incoming radiation is highly unpredictable in terms of frequency
bandwidth, polarization and power density, the design of the rectenna can be challenging.

Harvesting the ambient EM radiation was investigated in urban and semi-urban areas.
For instance, in [75], it was demonstrated that an ambient EM wave with power density
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of -25 dBm/cm? can be harvested with 40% efficiency using a single band rectenna, and
an ambient wave with power density of -29 dBm/cm? can be harvested with a multi-band
rectenna system. To evaluate the efficiency of a system with fluctuating levels of available
power, in [75], the efficiency was calculated using energy instead of power.

One of the key challenges when designing a rectenna system is the non-linearity of the
rectifying circuit. Due to the diode’s non-linearity, the input impedance of the rectifying
circuit is sensitive to the operating frequency and power level. Due to the non-uniform
input impedance of antennas with frequency, any change in the operating frequency or in
the angle of incidence would result in a change in the available power at the terminals of
the antenna, which feed the rectification circuit. Consequently, to properly simulate the
behaviour of the complete rectenna, all variations in the power level, the input impedance,
and the frequency should be taken into consideration. This challenge is demonstrated
by numerous previous works. For example, Lu et al. proposed a configurable rectenna
system that operates at two different frequencies where the efficiency of the system was
evaluated for different values of power; however, an agreement between the simulation and
measurement results was obtained only at a specific power level [109]. Nie et al. obtained
good agreement between the simulation results and measurements only over a narrow-band
close to the operating frequency; however, outside this narrow-band, the simulation results
deviated from the measurement results significantly [I10]. In other works, the variation
of the input impedance of the antenna with frequency was taken into account, however,
the input power was assumed constant with with frequency [17, 80, 16]. In these works
the simulation procedure gives accurate prediction of the rectenna performance over a
very narrow frequency range; however, for other frequencies, the prediction would deviate
appreciably from the actual performance. In [111], the Co-simulation was utilized to import
the S-parameters of an antenna from an EM-based simulator to a circuit-based simulator,
where the S1P file was utilized to incorporate the characteristic of the antenna’s input
impedance versus frequency in the rectifying circuit’s input port. The fluctuation of the
antenna’s input impedance with frequency was taken into consideration, but still the input
power was supposed to be constant.

To achieve high rectenna efficiency, Selim et al. divided the input power levels into
two ranges: a low range (-50 to 0 dBm), and a high range (0 to 30 dBm) [ 12]. Then two
circuits were designed: one for the high range, and a second one for the low range. The two
circuits were then combined to give the final rectenna system. While Selim et al. claimed
that the input voltage depends on the input power, no explanation of the relationship
between the input voltage and the received power was provided. Moreover, the effect of
the variation of the voltage with frequency was not analysed.

In this work, I present a method by which the entire rectenna system can be fully
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simulated while taking the variation of the incident power density, the input impedance
of the antenna, the impedance of the rectification circuit, and frequency into account.
Specifically, the simulation presented would allow for the output DC power to be accurately
predicted for any level of available electric field intensity at the antenna and over a range
of frequencies.

The rest of the paper is ordered as follows: section two presents the theory underlying
the present method. Section II presents the theory behind the our method. Section III
demonstrate the application of the method to a rectenna employing a triangular patch
antenna. Section IV gives a full validation of the method using measurements. Section V
provides a summary of the main contributions.

4.2 Theory

Figure 4.1 shows diagram of the basic components of a generic complete rectenna system.
As depicted in the Figure, the rectenna includes the antenna that receives the incoming EM
radiation, and the circuit part comprising a rectifying circuit and a DC load. In Fig. 4.1,
P, represents the incoming power density at the antenna from an external electromagnetic
source, P,.. is the power received at the terminals of the antenna, and P, is the output
DC power. There are two efficiencies that combine to give the full rectenna efficiency. The
first is the radiation to AC conversion efficiency defined as the ratio between P,.. and Pj,.:

PT’@C
Nrad—ac = ﬂa (41)
where Pj,. is the power available at the antenna, and P,.. is the power available the
terminals of the antenna (all are time-average power). The second is the AC to DC

conversion efficiency, which is defined as

Pic _ Vin/Ri
PT@C B PT'eC

Nac—dec = (42)
where Ry is the load resistance, and V. is the voltage across R;. The full rectenna
efficiency is then given by

N = Nrad—ac X MNac—dc (43)

To maximize power transfer from the antenna terminals to the input of the diode, a
matching circuit is placed between the antenna and the diode or the rectification circuit
(such matching circuit may be considered as part of the rectification circuit). Due to the
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Figure 4.1: Basic components of a generic rectenna system comprising a receiving antenna,
a rectification circuit (may include matching circuits on both ends) and a DC load.

non-linearity of the rectification circuit, its input impedance is sensitive to variations of the
input power. This variation is a major challenge that prevented full characterization of the
rectenna system over the operating frequency range of the rectenna. To demonstrate the
sensitivity of the rectification circuit’s input impedance to the input power, I simulated the
reflection coefficient of an HSMS-2860 diode (chosen as as an example of the rectification
circuit) for different levels of power, using the Advance Design Simulator (ADS) software
[104]. Figure 4.2 shows the reflection coefficient of the diode for different values of power
at 2 GHz when the diode is terminated by a 50 Ohm load. I observe that the reflection
coefficient decreases with increasing input power. The wide variation of the reflection
coefficient with the input power demonstrates the need to incorporate the power profile at
the antenna terminals into the simulation of the entire rectenna system. If the power profile
was not taken into account, the variation of the power level at the input of the rectification
circuit would result in a significant discrepancy between the simulation’s results and the
measurement’s results as has been demonstrated in previous works [17, 80, 16].

The intuitive brute-force approach to incorporate all rectenna components into the
simulation process entails combining the full-wave 3D model of the antenna and the cir-
cuit models of the rectification circuit (its linear and non-linear parts) in such a manner
that the frequency bandwidth of the simulation stretches from the operating frequency of
the antenna to DC while including all harmonics arising from the non-linear rectification
circuit. Such approach may not be impossible but would be highly challenging and most
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Figure 4.2: Variation of reflection coefficient of the diode with input power at 2 GHz.

likely very computationally intensive. Another possibility would be to incorporate the V-
I characteristics of the non-linear circuit into a full-wave time-domain simulator such as
the finite-difference time-domain (FDTD) method (see [113] as an example where diodes
were incorporated into the FDTD method). Such approach have significant challenges
and limitations, which may require lumping the entire circuit (the linear and non-linear
components) as a single load terminating the antenna (while occupying a single FDTD
cell). Even if workable, such approach may be suited for simulating electromagnetic scat-
tering problems rather simulating rectenna systems, particularly because the DC power at
a specific load is desired, which preclude lumping all circuits into one element having a
specific I-V characteristics. Additionally, the three-dimensional full-wave model may not
be suitable for optimization of rectification circuits to achieve maximum power transfer to
the load.

Nevertheless, while time-domain simulation methods may be the most suitable ”brute-
force” method to simulate the performance of the entire rectenna system, the convergence
of time-domain methods depends strongly on the time step, which can significantly increase
the computational cost. Here I need to emphasize that the modeling approach needs to keep
in mind an important objective when simulating rectenna systems, which is maximizing
energy transfer from the antenna to a DC load. Therefore, a highly useful simulation
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strategy should allow for optimization of the matching and rectification circuits to achieve
highest output DC power.

Instead of using a brute-force approach, our simulation methodology calls for modeling
the antenna part as a circuit that is fully independent in its characteristics from the re-
maining parts of the rectenna system. This can be accomplished by using Thevenin theory.
According to Thevenin theorem, a linear circuit can be replaced with an equivalent circuit
consisting of an independent voltage source in series with an impedance as shown in Fig.
4.3(a). The Thevenin equivalent circuit provide all the required information about the
antenna. It is important to emphasize that the equivalent circuit of the antenna obtained
using Thevenin theory is not affected by the rectenna circuit that connects the antenna
to the load. In Fig.4.3(a), V,. represents the open-circuit voltage generated between the
receiving antenna’s terminals when the terminals are left open and disconnected from the
rectenna circuit. Z,,, is the internal impedance of the receiving antenna.

While the antenna acts as an independent source as far as the rectenna circuit is
concerned, if the source of radiation (such as a transmitter antenna) were included in
the simulation of the antenna, the antenna would then be considered a dependent source.
However, the goal of our simulation is to provide a prediction of the DC power for a
range of incident power density and incident field polarization profiles. This would then
provides, at the design stage, full prediction of the DC power for an incident field with
specific power density and polarization. Therefore, V,. of the Thevenin equivalent circuit
would correspond to an incident field with a specific power density and polarization.

To extract V., I illuminated the antenna by a plane wave of fixed power density and
fixed incident angle and polarization. The CST Microwave Studio simulator was used to
simulate the antenna [1141]. While V,. is dependent on the characteristics of the incident
field, Z,,:, however, is independent of these characteristics, and can be found by either
feeding the antenna with a source and then taking the ratio of the feed voltage to the
input current, or by calculating the current in a short circuit I, and then taking the ratio
Voe/Ise which will be equal to Z,,;. While it may not be intuitive, the ratio V,./Is. will
always be equal to Z,,; irrespective of the characteristics of the incident field.

The extracted values of V. are stored in data access component (DAC) in ADS. DAC
acts as accessible database that stores a table of data and allows the simulator to recall the
required value corresponds to the index value. Using the voltage source connected with
DAC enables the voltage source to mimic the variation of the voltage across the terminals
of antenna.

To simulate the variation of Z,,; with frequency, I designed the equivalent circuit il-
lustrated in Fig.4.3(b). The equivalent circuit comprises an inductor and a capacitor
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Figure 4.3: Equivalent circuit. (a) Thevenin equivalent circuit of an antenna. (b) Repre-
sentation of the input impedance of the antenna.

connected in parallel and connected in series with a resistor. The values of real part of
Zant are assigned to the resistor (from the DAC data). The values of imaginary part of
Zane are used to calculate the corresponding value of capacitor or inductor.
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4.3 Application

4.3.1 Design of the Antenna

In this section, I demonstrate the applicability of our method to a rectenna system em-
ploying a practical antenna. As a receiving side, I utilized a Microstrip Patch Antenna
(MPA), which consists of a metallic radiating patch printed on a dielectric substrate and
backed by a ground plane. The radiating patch can be rectangular, triangular, ring-shaped,
circular, and so on. Antenna characteristics such as resonance frequency, polarization, in-
put impedance, and radiation pattern are all influenced by the shape. Triangular Patch
Antenna (TPA) was chosen for this study because it has a small footprint compared to
other designs. The following formula can be used to compute the resonant frequency of an
equilateral TPA with a side length of a [89, 108]:

2c

3a./e,
where c¢ is the velocity of light in free space, m and n are integers which are never zero

simultaneously (fio is the fundamental frequency), and €, is the dielectric constant of
substrate.

fmn = Vm? + mn + n? (4.4)

Here I developed a TPA to operate over the 1.8 to 2.2 GHz frequency range utilizing
the optimization in CST mircowave studio simulator. Figure 4.4 shows the TPA with its
dimensions and the angle reference for the incident field. As depicted in the Figure, the
patch is based on an equilateral triangular design loaded with slots in the xy-plane. Due to
embedding slots on the patch with a proper shape and size, two adjacent resonant modes
merge together to form the bandwidth of the TPA. Moreover, introducing the slots reduces
the large inductive reactance, consequently, impedance matching becomes easier over the
frequency bandwidth.

The design of the TPA comprises a stack of three substrate layers sandwiched by the
ground and the patch. The layers thicknesses from the top are; 1.27 mm, 11.71 mm and
1.52 mm. Whereas the layers’ dielectric constants from the top are 2, 1 and 3.66. The TPA
was fed by a coaxial cable located at 26.4 mm from the base of the triangle as illustrated
in Fig.4.4(a). Figure 4.4(d) shows the realized SMA connector.

Figure 4.5 shows the simulated and measured reflection coefficient (S11) of the TPA.
Figure 4.5 shows good agreement between the simulated and measured reflection coeffi-
cients of the TPA. The simulated reflection coefficient was below -10 dB within the fre-
quency range 1.796 to 2.2 GHz, whereas the measurement results show reflection coefficient
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Figure 4.4: (a) Top view of the TPA with its dimensions. (b) The fabricated TPA. (c)
Coordinate system used showing the angle 6 of the incident field. (d) The fabricated
feeding port of the TPA.

less than -10 dB for the frequencies ranging from 1.75 to 2.26 GHz. For emphasis, we note
that this antenna was chosen without loss of generality, and only for the purpose of the
application of the method presented in this work.

4.3.2 Design of Rectifying Circuit

To design the rectifying circuit, I connected the Thevenin equivalent circuit of the TPA
with the circuit shown in Figure 4.6. In ADS, I utilized the DAC component to control
the values of each component in the equivalent circuit. As illustrated in the Figure, the
circuit consists of 11 segments of transmission lines printed on the top of a 1.27 mm thick
Roger 3006 dielectric substrate having a loss tangent of tan 6 = 0.0027 and a dielectric
constant of €, = 6.15. To achieve maximum output DC power, the widths of transmission
lines’ segments were fixed to 1.8 mm. The lengths of segments and the DC load were
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Figure 4.5: Simulated and measured reflection coefficient, Sq1, of the proposed TPA.

optimized using the gradient optimization feature in ADS. The lengths of the segments
of the optimized circuit are shown in Table 4.1. The optimum load was found to be a
parallel combination of 100 pF capacitance and a resistance of 700 Ohm. It is important to
note that the optimized circuit was based on an incident field with specific characteristics
in terms of polarization, incident angle and power density. For wireless power transfer
applications where the incident field characteristics are known, the optimized rectification
circuit just described will deliver maximum power to the optimized load. However, for
energy harvesting of incoming radiation without any known characteristics (aside from the
frequency range), then the field-specific optimized rectification circuit may not be optimal
over the possible variance in the characteristics of the incident field. However, I emphasize
that the primary objective of this work is to enable full characterization (simulation) of
the rectenna system irrespective of the type of rectification circuit used and without any
fabrication of the circuit and the antenna.

Using the time-domain solver in CST, the antenna was illuminated by a linearly-
polarized plane wave (y-polarization; see Fig. 4.4). The power density of the plane wave
was 1 W/m? and the angle of incidence (6) was zero degree (i.e., the k vector is coming
from the positive z-direction. Then, V. was extracted from the full-wave simulation of the
TPA (when the antenna’s terminals were open-circuited), and is shown in Fig. 4.7. Figure
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Figure 4.6: Schematic diagram of the rectifying circuit with the incorporated equivalent
circuit of the antenna.

4.8 shows the simulated real and imaginary part of the TPA’s impedance.

The extracted parameters are processed and loaded to the source as explained in the
Theory section. Using ADS, the received AC power, P,.., and the output DC power, Py, of
the rectenna system were obtained (ref to Fig.4.6). Figure 4.9 shows the simulation results
of P... and P;. Figure 4.10 shows the efficiency of the rectifying circuit. The efficiency
of the rectifying circuit is greater than 65% over the operating range, with a maximum of
70% at 1.92 GHz.
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Table 4.1:
Lengths of the transmission lines segments used in the optimized rectification circuit.

| TLn | Length (mm) | TLn | Length (mm) |

TL1 14 TL7 2
TL2 ) TL8 2
TL3 6.6 TL9 2.2
TL4 6.2 TL10 2.2
TL5 5) TL11 10
TL6 9
1.4
12+
>
8
> 1.0
0.8 F | | |
1.8 1.9 2.0 2.1 2.2
Frequency (GHz)

Figure 4.7: Simulated V,, for an incident plane wave having power density of 1 W/m?,
polarized in the y-direction and incident at an angle 6;,=0.
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Figure 4.9: Simulated power in mW.
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Figure 4.10: Power efficiency (1,._qc) of the rectifying circuit.

71

2.4



4.4 Optimization of Rectenna

In the literature, the Thevenin equivalent is a well-known technique for replacing the
antenna; however, earlier research only looked at the Thevenin equivalent at a single fre-
quency, restricting its application to a fairly narrow frequency range [3, 73, ]. The
capacity to deliver the essential data over the entire working spectrum is the key strength
of the method proposed in this work. This section demonstrates how the proposed method
can be utilized to optimize the design over any sub-band or the entire operating band.

To enhance the overall efficiency of the rectenna system in particular energy harvesting
applications, I may need to improve the design performance within a certain frequency
band where the energy concentration is relatively high. Having the entire data about
the antenna, I was able to optimize the design illustrated in Fig.4.6 over the required
sub-band. Particularly, I divided the entire operating band (Rr) into four equally sub-
bands, namely R; (1.8-1.9 GHz), Ry (1.9-2 GHz), R3 (2-2.1 GHz) and R, (2.1-2.2 GHz).To
optimize the design at each sub-band, I adjusted the operating frequency in the harmonic
balance simulation controller according to the needed sub-band and ran the optimization
tool in ADS. The optimum parameters obtained for each sub-band and the whole band are
depicted in Table 4.2.

Table 4.2:
Parameters of the rectification circuits optimized at various bands (R).

’Parameter\RT\ Ry \ R, \ Rs \ Ry ‘

TL1 (mm) | 14 | 12.8 | 12 | 16.7 | 19.2
TL2 (mm) | 5 | 58 | 85 | 7 | 3.1
TL3 (mm) | 6.6 | 8.1 | 66 | 59 | 56
TLA (mm) | 6.2 | 52 | 64 | 58 | 538
TL5 (mm) | 5 | 290 | 3 | 32 | 27
TL6 (mm) | 9 | 11 | 9.8 | 87 | 86
TL7 (mm) | 2 2 2 2 2
TL8 (mm) | 2 | 2 | 2 | 2 | 2
TLO (mm) | 22| 3 | 39 | 3.4 | 2
TLI0 (mm) | 22| 2 | 2 | 2 | 2
TLI1 (mm) | 10 | 124 | 105 | 10 | 10.1
Rr (Q) | 700 | 2555 | 2048 | 2254 | 2498
Cr (pF) 100 | 400 | 338 | 232 | 334
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Figure 4.11 shows the output DC power for the designs that are optimized at different
sub-bands and for the design that is optimized at the entire range of frequency. As illus-
trated in the Figure, the proposed method enables us to improve the output DC power at
required frequency ranges. On the other hand, the results obtained in Fig. 4.11 prove that
the lack of data about the entire range limits our ability to optimize the system over the
full range. In fact, without the availability of voltage values at all frequencies, optimizing
the design across the full band is impossible.

4

+R1 *RZ +R3 +R4 +RT

e N__e-—a—a _®.

7 18 19 20 21 22 23
Frequency (GHz)

Figure 4.11: Simulated output power in mW optimized at various sub-bands.

4.5 Validation

The primary objective of the method presented in this work is to enable full simulation of
the rectenna such that the designer can predict accurate performance of the rectenna over
the specified frequency range and for any angle of incidence and polarization. Additionally,
the method allows for evaluating the performance of any rectenna system designed by a
third party, without resorting the measurements. To demonstrate the accuracy of our
method, I present a comparison between the simulation results obtained by our method
and measurements. To this end, a complete rectenna was designed, fabricated, and the
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DC output voltage was measured. The schematic for the experiment’s setup is shown in
Fig.4.12. Figure 4.13 shows the laboratory setup. The radiation source comprised a signal
generator, a power amplifier and a horn antenna. The receiving side includes the rectenna
terminated by a capacitor in parallel with a load resistor. To mimic the simulation setup,
I adjusted the output of the signal generator such that the power density at the rectenna
was 1 W/m?. The power density S at the rectenna can be calculated by [34]:

5= (22) -

where, G4 is the amplifier gain, Gr(f) is the gain of the horn antenna at different fre-
quencies obtained from the data sheet, and Pr is the output of the signal generator. The
distance between the transmitter and receiver, R, is 1 m.

< R

Power amplifier

Rectifying circuit

Power measurement Signal generator

Figure 4.12: Measurements setup; the transmitting side is a horn antenna connected to
power amplifier and signal generator and the receiving side is a TPA connected to the
rectifying circuit.

In order to measure the output DC power of the system, I terminated the circuit by the
same load arrived at earlier using gradient optimization in ADS (a capacitor of 100 pF in
parallel with a 700 Ohm resistor). Then the frequency was swept from 1.6 to 2.4 GHz while
measuring the DC voltage across the load using a voltmeter. The DC output power was
calculated as Py. = V% /Ry, where V is voltage across the load Ry. The results obtained
from the measurements and simulations are shown in Fig.4.14. I observe good agreement
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Figure 4.13: Laboratory measurement’s setup.

between the measurements and the full-rectenna simulation. I note that the discrepancy
between the simulation and measurement is most likely due to fabrication tolerances and
especially the laboratory measurements’ setup which did not take place inside an anechoic
chamber.

In addition to demonstrating the accuracy of our method, I provide a full-rectenna
performance comparison between the method presented in this work and the conventional
method, which is expected to provide accurate prediction of the DC output power over
only a narrow range of frequency and input power (to the rectification circuit) specified
during the rectenna design stage. In the conventional method, instead of using a database
to change the input voltage with frequency, the maximum input voltage was selected and
fixed to provide the circuit with maximum power level at all frequencies as it was done in
previous works [17, 80, 16]. (The maximum power level was obtained at 1.95 GHz while
the antenna was impedance-matched). From Fig.4.14, T observe, as expected, that the
simulation results obtained from the conventional method provide good agreement with
measurements only over a very narrow frequency range around the 1.95 GHz; however,
appreciable deviation from measurements is observed at other frequencies, especially over
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the 1.6 to 1.9 GHz and 2.1 to 2.3 GHz frequency bands.

—a— Conventional
—o=— \]easured
—8-—This work

1.6 1.8 2.0 2.2 | 2.4
Frequency (GHz)

Figure 4.14: Simulated and measured output DC power. The incident field polarization
was fixed (y-direction), the incident angle, 0, was fixed at zero degrees (see Fig.4.4), and
the power density of the incident field was fixed at 1 W/m?.

The available power density is an important factor that have an impact on the operation
of the overall system. The power density may change due to many reasons such as, but
not limited to, the existence of obstacles that block the coming wave, reflections from
surrounding environment, and weather conditions. To study the effects of changing the
power density on rectenna system, the rectenna was illuminated by a plane wave with
different values of power densities. The polarization of the linear plane wave was in the
y-direction as shown in Figure 4.4, and the angle of incidence was set to zero (normal
incidence from the positive z-direction). Figure 4.15 shows the variation of V. for different
values of power densities (four power density values of 0.25 W/m?, 0.5 W/m? 1 W/m?
and 2 W/m? were considered). Figure 4.16 shows the effect of changing the power density
of the incident field on the output DC power. The non-linear behavior of the rectification
circuit is highly visible in the results shown in Fig. 4.16. Utilizing the proposed method,
I was able to produce a 3D Figure that displays the fluctuation of the output DC power
with frequency and the available power density, as illustrated in Fig.4.17.
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Figure 4.15: Simulated V,, for different power densities of the incident field. The incident
field polarization was fixed (y-direction) and incident angle, 8, was fixed at zero degrees

(see Fig.4.4).
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Figure 4.16: Simulated Py, for different power densities of the incident field. The incident
field polarization was fixed (y-direction) and incident angle, 0, was fixed at zero degrees

(see Fig.4.4).
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Figure 4.17: Simulated Py for different power densities of the incident field and different
frequencies. The incident field polarization was fixed (y-direction) and incident angle, 6,
was fixed at zero degrees (see Fig.4.4).
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To demonstrate the effects of varying the incident angle on the output DC power, I
illuminated the rectenna at different incident angles while keeping the power density fixed
at 1 W/m? The variation in the incident angle does not affect the values of Thevenin
impedance, however, it affects V. for the same power density. To extract the V,. at different
angles of incidence, the antenna was illuminated by a linearly polarized (in the y-direction)
plane wave. The power density of the incident field was fixed at 1 W/m?, and the angle of
incidence 0 was set to 30°, 45° and 60°. The simulated V,. and output DC power at each
angle of incidence are shown in Figs. 4.18 and Fig.4.19. I observe a dramatic enhancement
of the output DC power for an incident angle of 60° over a narrow frequency range of 1.82
to 1.9 GHz. Similar behavior is observed for 45° incidence, but over the narrow frequency
range of 1.8 to 1.9 GHz. I emphasize that this enhancement is strictly dependent on the
topology of the antenna used (TPA in this case). Other types of antennas may not give
similar DC power profile. These results, nevertheless, show the importance of providing full
predictability of the rectenna system for all types of field excitation (polarization, power
density, and angle of incidence). In fact, the simulation method presented in this work
enables the production of a comprehensive graphical chart that shows the performance of
the rectenna system under any excitation condition. Furthermore, I was able to create a
3D Figure using the provided method that shows the variation of the output DC power
with frequency and angle of incident, as shown in 4.20.

The extracted values of V,. for each angle of incidence are loaded to the source of the
circuit shown in Fig.4.6. As depicted in the Figure, the variation of incident angle has
a direct impact on the output DC power. The variation in the output DC power due to
change in incident angle are identical to that in V..
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Figure 4.18: Simulated V,. values for different angles of incidence. The power density of
the incident field was kept constant at 1 W/m?.
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Figure 4.19: Simulated P, for different angles of incidence. The power density of the
incident field was kept constant at 1 W/m?.

80



12.5

10.0

7.5

5.0

2.5

0.0

Figure 4.20: Simulated P, for different angles of incidence and different frequencies. The
power density of the incident field was kept constant at 1 W/m?.
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4.6 Conclusion

In this chapter, I proposed a method to enable full simulation or characterization of a
complete rectenna. This is accomplished by replacing the receiving antenna by its Thevenin
equivalent circuit, and then using a circuit simulator after incorporating the equivalent
circuit with the rectification circuit and load.

The primary objective of our method is to enable full simulation of the rectenna such
that the designer can predict accurate performance of the rectenna over the specified fre-
quency range and for any angle of incidence and polarization. This all can be accomplished
without fabrication and measurements. In fact, using our simulation method, one can pro-
duce a comprehensive graphical chart that shows the performance of a specific rectenna
under any excitation condition (polarization, incidence angle, and power density). This
feature enables the evaluation of the performance of any rectenna designed by a third party
without resorting to measurements.

Another advantage of our method is its ability to optimize the rectification circuit for a
specific receiving antenna to deliver maximum DC power. This advantage is critical since
an optimal rectification circuit is strongly dependent on the particular antenna employed.
Furthermore, utilizing this method, I was able to optimize the rectenna at various sub-
bands of the operating spectrum.
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Chapter 5

Metasurface Antenna (MSA)

5.1 Introduction

Metamaterials have been viewed as an artificial materials with electromagnetic proper-
ties that cannot be obtained naturally [116, 81]. Fundamentally, the metamaterials are
identified as a structure composed of electrical small resonators that create an electromag-
netic media with preferable characteristics. The resonators can have many shapes such as
spheres, wires, split ring resonators (SRRs) and C-shape. Metamaterials are hypothesized
and experimentally realized as a material with negative permittivity and negative perme-
ability simultaneously [117]. To construct a metamaterial, periodic structures of resonators
that operate collectively as an effective medium are utilized [32]. These resonators can be
tailored to provide the required properties. Metamaterials have been utilized in wide range
of applications including, but not limited to, energy harvesting [ 18], advance lenses [119],
cloaking [120], metamaterial-based antenna [32].

Metamaterials can be realized in many shapes and dimensions. Different types of meta-
material are available such as, electromagnetic bandgap (EBG) [121], High impedance sur-
faces (HIS) [122], and metasurface (MS) [32]. Characteristics like low cost, small size, high
efficiency, wide bandwidth are desired in wide range of applications. These characteristics
can be provided by metasurface-based antenna. Metasurface is a two dimensional type of
metamaterial in which the structure occupying very thin surface (metafilm) [91].

In this chapter, I present a design of a Metasurface Antenna (MSA) utilizing electrical
small elements to resonate strongly to resemble the resonance of classical circuits. Facili-
tated by matching due to coupling, the small radiators collectively provide a good radiation
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characteristics. The performance of the proposed MSA is compared with an MPA array
design. Additionally, a rectenna system that utilize the MSA as receiving part is devel-
oped and investigated. Finally, the capability of the MSA to operate in the 5G band is
investigated.

5.2 MSA

5.2.1 MSA Design

The electrical ring resonator (ERR) used in this work have already been reported in [32]
were employed as electrically-small resonators to demonstrate the concept of MSA. I built
a periodic structure of the ERRs to operate as a sub-wavelength particles that resonate
strongly to electric field and show negligible response to the magnetic field. To guarantee
optimal antenna gain and bandwidth, I developed a feeding network that connects all
radiators to a single feeding point. In this study, all simulation results are carried out by
using CST MWS software tool [111].

Fig. 5.1 shows the structure layers of the MSA and the feeding network. Observing Fig.
5.1, the top layer of the MSA is made of 6 x 8 identical cross strip resonators designed and
optimized to operate around 5.8 GHz. The ground is sandwiched between two identical
layers of a semi-flexible Roger material (RT5880) with a thickness of 0.787 mm, a relative
permittivity of £,=2.2 and a loss tangent of tand =0.009. The radiating elements are
printed on the top of the Roger material and connected by vias to channel the current to a
feeding network. The diameter of the via is 0.5 mm due to the fabrication constraint. The
via position is optimized to provide reflection coefficient less than -10 dB at the operating
frequency. Taking into account the effect of spacing between cells, the optimal resistance
value of each resonator is 250 €.

To eliminate the coupling between the adjacent elements, the separation between ele-
ments of antenna array usually is half wave length [32, 83, ]. However, the separation
between radiating elements of this design is electrically small to show matching with their
feeding port. The small separation distance between radiating elements necessitates the
use of feeding network on a separated layer to connect all elements to one feeding port.

When a load’s impedance is properly matched to the transmission line’s characteristic
impedance, all transmitted power is dissipated in the load and there is no reflected wave.
Impedance matching can be accomplished in a variety of methods, such as using a quarter-
wave transformer, single stub tuning, or double stub tuning.
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Figure 5.1: Metasurface structure

5.2.2 Feeding Network Design

To design the feeding network shown in Fig. 5.2a, I utilized the transmission lines as
quarter-wave transformer. A quarter wave transformer alters the load’s impedance to a
different value, allowing for matching utilizing a transmission line of \/4 length as shown
in Fig. 5.2b. To satisfy the matching condition in a quarter wave transformer, I need
Zin = Z,y. To calculate the characteristic impedance (Z7) of the A/4 section illustrated in
Fig. 5.2b:

Zy+ jZptans 72
Z. = Zr LtJy4rtang  Zp

= —= 5.1
ZT +jZLtaIl% ZL ( )
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since tan Sl = tan 27”2 = tan § = oo. In order for Zi, = Zy, I need that

72 = Z0 7y = Zr =\ Zo 7,

Utilizing transmission lines as quarter-wave transformers, I connected all 48 cells to one
port of 50 ) as depicted in Fig.5.2a. The feeding network is optimized to collect maximum

power from all elements at the operating frequencies.
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Figure 5.2: (a) The feeding network of the MSA. (b) Quarter-wave transformer.
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5.2.3 Results of the Proposed MSA

The design was fabricated and tested for validation. Figure 5.3a displays the top view
of the fabricated design and Figure 5.3b shows the bottom view of the realized design.
Fig.5.4a illustrates the measured and the simulated reflection coefficient of the MSA. It
can be observed that, the MSA shows reflection coefficient of less than -10 dB at around 5.8
GHz, with an impedance bandwidth response from 5.66 to 5.85 GHz. The measurement
results show wider band than the simulation results. This difference could be due to
the port soldering. Furthermore, the gain and the efficiency of the design were studied
numerically and measured over the operating frequency. Fig.5.4b depicts the simulation
and the measurement results of the gain and the efficiency of the design. The gain is
ranging from 9.5 to 13 dBi over the operating spectrum, and the efficiency is ranging from
59% to 81% as illustrated in the Figure. In both the gain and the efficiency, there was
good agreement between the measurement and simulation results.

Figures 5.5a and 5.5b illustrate the MSA’s 2D normalized radiation pattern in the H
and E planes respectively at 5.8 GHz. At the given frequency, the simulated and measured
results are in good agreement. As illustrated in Fig.5.5a, the major H-plane loop is in the
forward direction. In E-plane, the MSA shows an omni-directional pattern as depicted in

Fig.5.5b.

@) - (0)
Figure 5.3: Realization of the MSA: (a) ERR (Top) (b) Feeding network (Bottom).
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Figure 5.4: (a) Simulated and measured reflection coefficients of the proposed MSA. (b)
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Figure 5.5: Simulated and measured normalized radiation patterns of proposed MSA at
5.8 GHz. (a) H-plane. (b) E-plane.
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5.3 Effect of Bending on MSA and MPA Array

5.3.1 Introduction

Recently, the growth of wireless technologies and applications requires antennas with mul-
tiple capabilities and functions. Characteristics like low cost, small size, high efficiency, and
wide bandwidth are desired in many technologies. Furthermore, antennas that can be used
both as flat and as curved (conformal antennas) are becoming an increasingly attractive
antennas because of their wide range of application [381]. To compare their sensitivity to
bending, multiple numerical studies have been performed on MSA and MPA array designs
at different curvatures. To make a fair comparison, both designs have the same footprint
(120 x 90 mm?). The dimension of designs are optimized to operate in the Industrial,
Scientific, and Medical (ISM) band with a center frequency of 5.8 GHz.

5.3.2 Comparison Results

In this section, I compare the performance of an MSA and an MPA array when they are
flat and curved. For MSA, I utilized the MSA described in Fig.5.1. For MPA array, I
designed an array of MPA utilizing same material and same foot print of MSA. Unlike the
MSA, each element of MPA array can operate effectively. To increase the gain of a single
element MPA | several elements are utilized to form an MPA array [33]. To avoid coupling
between the radiating elements in an MPA array, the distance between the elements should
be equal to or larger than half wave length (A/2). In this study, all simulation results are
carried out by Computer System Technology (CST) numerical simulator tool [114].

As shown in Fig.5.6, the MPA array is 4 x 2 elements of square patch antenna operating
around 5.8 GHz. Each element has a side length of 16.8 mm, and fed at 0.2 mm from the
center of the radiating element to show good matching to 100 €2 port at 5.8 GHz. Utilizing
transmission lines as quarter-wave transformer, a feeding network with a single 50 €2 port
is incorporated on the same layer of the radiating elements.

As illustrated in Fig. 5.7a, the MSA shows reflection coefficient of less than -10 dB at
frequencies of 5.66 to 5.85 GHz. Compared with MSA, the MPA array shows a matching
at narrower range of frequencies ranging from 5.75 to 5.85 GHz. Figure 5.7b shows the
the gain and the radiation efficiency of the MSA and the MPA array. The realized gain of
the MSA is ranging from 9.5 to 13 dBi over the operating range, and the total efficiency is
ranging from 48 to 81%. On the other hand, the realized gain of the MPA array is ranging
from 11 to 12 dBi, and the total efficiency is ranging from 70 to 95%.
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Figure 5.6: Top view of MPA array.
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Figure 5.7: (a) Reflection coefficient of MSA and MPA array. (b) Efficiency and gain of
MSA and MPA array.
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To compare the sensitivity of both designs to bending, I evaluated their performance at
three different curvatures with radii of 50, 75, and 100 mm. Figure 5.8 shows the deformed
structure of MSA at 3 different radii of 50, 75, and 100 mm. The deformed structure of
MPA array is illustrated in Figure 5.9. The reflection coefficient of the MSA and the MPA
array is numerically studied. As illustrated in Fig. 5.10a, the resonant frequency of the
MSA is slightly changed due to the bending. At all curvatures, the design remains within
its operational spectrum (5.75-5.85 GHz). The resonant frequency of the MPA array is
extremely sensitive to the bending. As depicted in Fig.5.10b, bending the MPA array
caused the resonance frequency to shift from 5.8 GHz to 5.3 GHz.

(b)

Figure 5.8: Structurally deformed MSA with different values of radius: (a) R=50 mm, (b)

R=75 mm, (¢) R=100 mm.

(@) (b) (©)

Figure 5.9: Structurally deformed MPA array with different values of radius: (a) R=50
mm, (b) R=75 mm, (¢) R=100 mm.

Figure 5.11a shows the variation of the realized gain of MSA with bending. It can be
noted that, bending the design at different curvatures slightly increases the gain in the
frequency ranging from 5.75 to 5.85 GHz. On the other hand, as I increases the curvature
of MPA array the gain is decreasing for the same range of frequency as illustrated in
Fig. 5.11b. For the same frequency range, the MSA shows stability in the gain at different
curvatures, whereas the MPA array shows a high sensitivity in the gain to curvature change.
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Figure 5.10: (a) Reflection coefficient of MSA at different curvatures. (b) Reflection coef-
ficient of MPA array at different curvatures.
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Figure 5.11: (a) Gain of MSA at different curvatures. (b) Gain of MPA array at different
curvatures.
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The efficiency of both designs is also studied at different curvatures. Figure 5.12a
shows a slight variation in the efficiency of MSA with different curvatures, whereas, the
MPA array shows dramatic variation in the efficiency as depicted in Fig. 5.12b. Due to
changing the curvature, the efficiency of MPA array is dramatically deteriorated around
the operating frequency of 5.8 GHz, and strongly enhanced around 5.3 GHz.
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Figure 5.12: (a) Efficiency of MSA at different curvatures. (b) Efficiency of MPA array at
different curvatures.

5.4 Rectenna System Utilizing MSA

The main components of a generic rectenna system are illustrated in Figure 5.13. The
rectenna system can be utilized in a point-to-point power transmission link, where the
rectenna’s design limitations can be adjusted to the characteristics of the largely known
(or predicted) incident field, such as its frequency, polarisation, and power density (see [74]
as an example), or can be used to harvest ambient EM radiation over specific frequency
band (see [75, 70] as an example). In the latter application, where the rectenna acts as an
energy scavenger, since the incoming radiation is highly unpredictable in terms of frequency
bandwidth, polarization and power density, the design of the rectenna can be challenging.

Harvesting the ambient EM radiation was investigated in urban and semi-urban areas.
For instance, in [75], it was demonstrated that an ambient EM wave with power density
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of -25 dBm/cm? can be harvested with 40% efficiency using a single band rectenna, and
an ambient wave with power density of -29 dBm/cm? can be harvested with a multi-band
rectenna system. To evaluate the efficiency of a system with fluctuating levels of available
power, in [75], the efficiency was calculated using energy instead of power.

EM part Circuit part

Figure 5.13: Basic components of a generic rectenna system comprising a receiving antenna,
a rectification circuit (may include matching circuits on both ends) and a DC load.

5.4.1 Rectenna Design

I present an entire rectenna system in this work, with the suggested MSA serving as the EM
component. To design the rectifying circuit, I connected the Thevenin equivalent circuit of
the MSA with the circuit shown in Figure 5.14. In ADS, I utilized the DAC component to
control the values of each component in the equivalent circuit. To account for the circuit’s
non-linearity, the harmonic balance controller was used in our simulation with the first five
harmonics. Although increasing the harmonic order improves accuracy, the power content
after the fifth harmonic is negligible. In fact, I conducted the simulation at a higher order
to assess the effect of increasing the order of harmonics, and the results were the same.

As illustrated in Fig.5.14, the circuit consists of HSMS-2860 Schottcky diode [103], 11
segments of transmission lines printed on the top of a 1.27 mm thick Roger 3006 dielec-
tric substrate having a loss tangent of tan § = 0.0027 and a dielectric constant of €, =
6.15, and a DC load. To achieve maximum output DC power, the widths of transmission
lines” segments were fixed to 1.8 mm. The lengths of segments and the DC load were
optimized using the gradient optimization feature in ADS. The lengths of the segments of
the optimized circuit and the optimum load are shown in Fig. 5.14.
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Figure 5.14: Schematic diagram of the rectifying circuit with the incorporated equivalent
circuit of the MSA.

It is important to note that the optimized circuit was based on an incident field with
specific characteristics in terms of polarization, incident angle and power density. For
wireless power transfer applications where the incident field characteristics are known, the
optimized rectification circuit just described will deliver maximum power to the optimized
load. However, for energy harvesting of incoming radiation without any known character-
istics (aside from the frequency range), then the field-specific optimized rectification circuit
may not be optimal over the possible variance in the characteristics of the incident field.

Using the time-domain solver in CST, the antenna was illuminated by a linearly-
polarized plane wave. The power density of the plane wave was 10 W/m? and the angle
of incidence () was zero degree (i.e., the k vector is coming from the positive z-direction.
Then, V,. was extracted from the full-wave simulation of the TPA (when the antenna’s
terminals were open-circuited).

The extracted parameters are processed and loaded to the equivalent circuit of the
antenna shown in Fig. 5.14. Using ADS, the received AC power, P,.., and the output DC
power, Py, of the rectenna system were obtained (ref to Fig.5.14). Figure 5.15 shows the
simulation results of P,... and P,. As illustrated in Fig.5.15, the maximum Ac power is
approximately 7.8 mW, and the maximum DC power is 6.3 mW. Figure 5.16 depicts the
variation of the efficiency of the rectifying circuit with frequency. The maximum efficiency
of the rectifying circuit is obtained at 5.8 GHz with an efficiency of 81%.
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5.5 MSA Operating in Fifth Generation Band

The extensive research into fifth-generation (5G) technology is a strong indication of a
technological revolution to satisfy the ever-increasing demand and needs for high-speed
connectivity and Internet of Things (IoT)-based applications. The design described in 5.1
is optimized for two different bands, namely Wi-Fi band (around 5.8 GHz) and 5G band
(around 26 GHz). The performance of the design for Wi-Fi band were studied in the
previous sections.

In this section, the characteristics of the MSA in 5G band is analyzed. The reflection
coefficient of the design was numerically simulated and measured around 26 GHz. Figure
5.17 illustrates the simulated and the measured reflection coefficient of the proposed de-
sign. The design resonates in the frequency range of 25.5 GHz to 26.1 GHz, according to
numerical simulations. For frequencies ranging from 25.46 GHz to 26.68 GHz, the mea-
sured reflection coefficient is less than -10 dB. It’s worth noting that the measuring results
shows a wider band than the simulation findings, which could be due to port soldering.
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Figure 5.17: Simulated and measured reflection coefficients of the proposed MSA around
26 GHz.
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The gain and the total efficiency of the MSA were numerically investigated around 26
GHz. Observing Figure 5.18a, the gain of the design is ranging from 9 dB to 12 dB over
the studied spectrum with a maximum value at 26 GHz. Figure 5.18b depicts the total
efficiency of the design for frequency ranging from 25 GHz to 28 GHz. The efficiency is
fluctuating between 0.3 and 0.95 with a maximum efficiency at 26 GHz as well.
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Figure 5.18: (a) Gain of MSA around 26 GHz. (b) Total efficiency of MSA around 26 GHz.

5.6 Conclusion

In this chapter, I presented an MSA that operates around 5.8 GHz with a feeding network
to channel all the received signals into one port. Additionally, I utilized same material
and footprint to design an MPA array that operates at the same frequency. To compare
their performances, both designs are studied under flat and bent states. Comparison
results demonstrated that the MSA provides stable realized gain and efficiency compared
to MPA array during the conformal operation. Additionally, in the case of the x-axis
bending deformation, the resonant frequency of MSA is slightly shifted for all selected
values, whereas the resonant frequency of MPA array is appreciably changed during the
bending scenarios.

Since all the comparison results illustrate that the MSA is more stable at various
curvatures in the ISM band, a rectenna system utilizing the proposed MSA was developed
to operate around 5.8 GHz. The suggested rectenna optimized to provide high AC-to-
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DC conversion efficiency. An AC-to-DC conversion efficiency of approximately 81% was
obtained at 5.8 GHz.

The capability of the proposed MSA to operate at higher frequency (around 26 GHz)
was investigated. The numerical simulation result shows that the design resonates from
25.5 GHz to 26.1 GHz. Wider band was obtained by measurement ranging from 5.46 GHz
to 26.68 GHz. Also, I numerically studied the gain and the efficiency of the design around
26 GHz. The MSA showed a maximum gain of 12 dB and a maximum efficiency of 0.95
at 26 GHz.
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Chapter 6

Adjustable Input Impedance Dipole
For Rectenna System

6.1 Introduction

Inspired by the availability of electromagnetic energy, the idea of energy harvesting, using
rectennas, was originally proposed by Brown [123]. Since then, a significant amount of
research has been conducted to investigate different types of rectennas, particularly for
their energy conversion efficiency. Figure 6.1 shows the main components of a rectenna
system. As illustrated in the figure, it consists of an antenna, rectifying circuit (which
typically includes matching circuits and a rectifier circuit), and a load [124, 89, |. To
ensure maximum power transfer from the antenna to the rectifiying circuit, the antenna
needs to be cascaded with a matching circuit [110, ]. Besides the complexity added to
the system, the use of a matching circuit increases power loss since Ohmic losses can be
appreciable in real-world capacitors and inductors. In their work Almoneef et al., [127]
proposed a folded dipole and a pair of capacitors in a stacked rectenna configuration to
match the antenna to a diode directly. In this work, I present a simple design of a dipole
antenna with adjustable input impedance such that the antenna can be directly matched
to the input impedance of diode circuits. The rest of the paper is structured as follows:
Section 2 discusses the geometry of the proposed design along with the obtained simulation
results. It also highlights the input impedance and the resonant frequency analysis of the
proposed design. Section 3 investigates the effect of varying the dimensions of the design
on the input impedance. Sections 4 illustrates the capability of using the proposed design
in a rectenna system and presents a comparison between the conversion efficiency of the
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rectenna system that uses our design and one with a matching circuit. Section 5 concludes
with a discussion.

P incident

Ppra

P receive P DC

Prr Ppg

Figure 6.1: Rectenna system components.

6.2 Design Methodology

In Figure 6.1, Pj,cident represents the total incoming power from an isolated electromagnetic
radiation sources; Preceiveq 18 the power delivered to the diode; Pra, Prr, and Pgy, are the
reflected power components at the front end of antenna, rectifying circuit, and the DC
load, respectively; Ppc is the output DC power. To enhance the conversion efficiency
of the rectenna system, ideally, the incoming power (Pj,cigens) should be equal to the
power delivered to the diode (Preceived). This can be achieved by either designing an
efficient matching circuit or designing an antenna that has a complex conjugate of the input
impedance of the rectifying circuit (since the impedance of the diode is fixed). The input
impedance of a diode can be obtained from the diode model provided by the manufacturer
or obtained from measurements [125]. As an example, the input impedance of the HSMS-
2860-Schottcky diode is Z,;=187-j39 Q2 when terminated by a 300 2 resistive load [127, 128].
To avoid designing a matching circuit, which, in practice, increases the power loss in the
rectenna system due to Ohmic losses in inductors and capacitors, an adjustable input
impedance antenna is highly desired.

Figure 6.2 shows the configuration of the proposed dipole design. The dipole consists
of two parts: the first part is a dipole with a length of L;, while the second part is the
two controlling arms that are attached at the edge of the gap endpoints. By adjusting
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the length of these controlling arms (Ls), one can tune the reactance part of the input
impedance, whereas the real part of the impedance can be tuned by varying the width of
these arms W;. I used Roger material (RO4003C) with €,=3.38 and thickness h=1.52 mm.
The fabricated design has L;=23.3 mm, L,=6 mm, g=1 mm and W;=W,=2 mm. Using
the full-wave simulator (Ansys HFSS), the antenna provides an input impedance of Z;,=
187+j39 © at 3 GHz as depicted in Figure 6.3. Adjusting the port’s impedance to 187+j39
Q, I simulated the reflection coefficient of the design. Figure 6.4 shows good resonant at 3
GHz.

Wi
<«—>

L,

Figure 6.2: Schematic showing the antenna design and its parameters.

6.3 Parametric Study of the Proposed Design

A parametric study has been conducted to verify the validity of the proposed design. As
for the first step towards studying the effect of the controlling arms’ length on the input
impedance, I fixed all the dimensions of the design and simulated it at different length
values. Figure 6.5 shows the real part of the simulated input impedance of the proposed
design of different arms’ lengths (Ls), whereas, Figure 6.6 depicts the imaginary part.
Table 6.1 illustrates that as the length of the controlling arms increases, the dipole shows
slight variations in the real part of the input impedance, whereas the imaginary part is
more sensitive to these length variations. Moreover, the design shows a capacitive input
impedance at Lo=10 mm.
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Figure 6.3: Simulated input impedance of the proposed antenna. The input impedance is
187+j39 Q2 at 3 GHz.

To study the effect of the width on the input impedance, I fixed all dimensions and
changed the width of the controlling arms (Ws), then I fixed Wy and changed ;. Table
6.2 exhibits the variations of the input impedance due to different W5. As shown in the
table, both the real and the imaginary parts are decreasing with the increasing width (W5).
On the other hand, Table 6.3 shows the effect of changing W; on the input impedance. It
can be noted that both the real and the imaginary parts are decreasing with increasing
W,. However, the input impedance of the design is more sensitive to variations in W; than
to variations in Ws.

Table 6.4 shows the effect of the gap on the input impedance. As can be seen, the
real part slightly decreases when the gap increases while the imaginary part increases
proportionally.
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Table 6.1: Simulated input impedance of the proposed design for different L,. Other
antenna parameters were fixed at L1=23.3 mm, W;=W5=2 mm and g=1 mm.

T, (mm) 2 i 6] 8 10
Real(2) 174.32 | 186.92 | 187 | 192.79 | 173.58
Imaginary(§2) | 85.91 | 64.58 | 39 | 10.77 | -24.3

Table 6.2: Simulated input impedance of the proposed design for different W5. Other
antenna parameters were fixed at L1=23.3 mm, Ly=6 mm, W;=2 mm and g=1 mm.

Wy (mm) 1 2 3 4 5
Real(92) 202.59 | 187 | 180.33 | 166.24 | 152.75
Imaginary(§2) | 49.21 | 39 | 36.53 | 28.58 | 26.68
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Figure 6.5: Real part of the simulated input impedance of the proposed design for different
Lo.

Table 6.3: Simulated input impedance of the proposed design for different W;. Other
antenna parameters were fixed at L1=23.3 mm, L,=6 mm, Wy=2 mm and g=1 mm.

Wy (mm) 1 2 3 4 5
Real () 245.6 | 187 | 169.28 | 147.27 | 133.4
Imaginary(€2) | 78.49 | 39 | 9.47 | -6.54 | -18.58

Table 6.4: Simulated input impedance of the proposed design for various gaps (g). Other
dimensions were fixed at L;=23.3 mm, L,=6 mm and Wr=W7;=2 mm.

g (mm) 1 2 3
Real($)) | 187 | 174.69 | 160.27
Imaginary(€2) | 39 | 63.85 | 75.65
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Figure 6.6: Imaginary part of the simulated input impedance of the proposed design for
different L.

106



6.4 Implementation in a Rectenna’s Design

To verify the applicability of the impedance-tuned antenna, I designed two rectenna sys-
tems, one utilizing the proposed design without a matching circuit and the other design
using a conventional antenna and a matching circuit. Utilizing the impedance-tuned, the
antenna can be connected directly to the rectifying circuit without using a matching cir-
cuit as depicted in Fig. 6.7. As shown in the figure, the circuit is composed of a diode, a
transmission line, an open circuit stub and an RL circuit. The transmission line and the
open circuit stub were used to suppress the higher harmonics of the rectified wave before
reaching the load. The parameters of the transmission lines and open stub are depicted in
Table 6.5. A shunt capacitor of 40 pF was used to filter out the high-frequency harmonics.
In this design, I used HSMS-2860-Schottky diode because of its low turn-on voltage and
its relatively high-speed switching. To obtain maximum conversion efficiency, I carried out
the optimization in ADS to determine the optimum input impedance [104]. The maxi-
mum conversion efficiency was obtained at an input impedance of Z;,= 159.5+j12 ) and
a frequency of 2 GHz. Utilizing full-wave simulator, I designed an impedance-tuned dipole
with the following parameters: L;=35.5 mm, L,=13 mm, g=1 mm, W;=2 and W,=2.5
mm. In this design, I used Roger material (RO4003C) with €, = 3.38 and thickness h=1.52
mm. Figure 6.8 shows the simulated input impedance of the proposed design. To mimic
the behavior of the dipole, an one-tone frequency power source was used in the simulation.
The Z parameters of the dipole were extracted and imported into ADS. Those parameters
were stored in Data Access Component (DAC) and were assigned as the input impedance
of the source (see Fig. 6.7). DAC enables us to vary the input impedance of the source at
each point of frequency according to the variation of the input impedance of the antenna
with frequency. The power of the source was fixed at 0 dBm.

Table 6.5: Parameters of the transmission lines segments of the matching circuit in Fig.
6.7.

TLn | Length (mm) | Width (mm)
TL1 21 0.75
TL2 1.6 1.9
TL3 3.4 1.9

Figure 6.9 shows a rectenna system using a matching circuit between the source and the
diode. In this design, I replaced the adjustable antenna with a conventional antenna of 50
Q2 input impedance and a matching circuit. The matching circuit consists of a transmission
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Figure 6.7: A schematic showing the rectifier circuit designed in the ADS simulator. The
transmission lines parameters are listed in Table 6.5. The circuit is terminated by a parallel
combination of load resistor of a 4.5K(2 and a 40 pF capacitor.

line, shorted and opened circuit stubs. This circuit was optimized to obtain the maximum
conversion efficiency. The dimensions of the transmission lines of the optimized circuit are
listed in Table 6.6. Additionally, a rectenna system with a 50 €2 input impedance antenna
and without a matching circuit was designed and simulated.

Table 6.6: Parameters of the transmission lines segments of the rectenna system in Fig.
6.9.

TLn | Length (mm) | Width (mm)
TL1 0.75 6.9
TL2 6.60 0.5
TL3 8.20 1.2
TL4 21 0.75
TL5 1.6 1.9
TL6 3.4 1.9

To determine the most optimal circuit, a comparision is made between the conversion
efficiencies of all cases considered. The rectenna system’s conversion efficiency is defined
as the ratio between the output DC power, (Pp¢), and the received power, (Peceived) (S€€
Fig. 6.1) [38, 84, 61]:

P V2./R
= Ddc - 100% = ;C—if x 100% (6.1)

In all designs, I fixed the received power at 0 dBm. As illustrated in Fig. 6.10, both the
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Figure 6.8: Simulated input impedance of the proposed antenna. The input impedance is
159.54j12 Q2 at 2 GHz.

adjustable antenna and the matching circuit show a higher conversion efficiency compared
with the circuit that uses an antenna of a 50 €2 input impedance. The maximum conversion
efficiency of the rectenna system that uses our proposed design was approximately 64% at
2 GHz, whereas the maximum efficiency of the rectenna system with a matching circuit is
approximately 70% at 2 GHz. These results prove that using the adjustable antenna and
without the need for a matching circuit, I can obtain an efficiency that is very close to the
efficiency of a rectenna system that uses an additional matching circuit.
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Figure 6.9: A schematic showing the rectifier circuit designed in ADS. The parameters
are listed in Table 6.6. There is a total of 6 microstrip transmission line segments where
TLn refers to the nth segment. The circuit is terminated by a parallel combination of load
resistor of 4.5K(2 and a capacitor of 40 pF.
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Figure 6.10: Conversion efficiencies; using adjustable antenna without a matching circuit,
using 50 €2 antenna without a matching circuit and using 50 §2 antenna with a matching
circuit.
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6.5 Conclusion

In this work, I have introduced a novel and simple controllable input impedance dipole
antenna. Simulation results show the capability of controlling the input impedance of
the proposed design. Both inductive and capacitive input impedance can be obtained
utilizing this design. Additionally, the effect of varying the dimensions of the design was
investigated. A rectenna system utilizing the proposed dipole was designed and studied.
Comparison between rectenna systems that use our proposed design without and with
matching circuits was presented. The comparison results show that the rectenna that uses
our design, without using a matching circuit, can achieve a conversion efficiency that is very
close to that of the rectenna system with a matching circuit. Adding a matching circuit
complicates the circuit and increases the losses in the circuit. Consequently, utilizing the
proposed design I can overcome the problem of undesired complexity and losses.
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Chapter 7

Accomplished and Future Work

7.1 Accomplished Work

The work achieved in this thesis is summarized in the following list:

1. The ability of utilizing X-parameters to characterize a diode and a complete rectenna
system was validated in Chapter 3. In this chapter, I introduced the concept of using
the X-Parameter model to simulate nonlinear devices. Measurements or simulation
can be used to extract the X-Parameters. The procedure for obtaining X-parameters
with ADS and using them in simulation is detailed. The outcomes of the circuit
model of a diode are compared to the results of the X-Parameters method. The
comparison results demonstrate the applicability of X-Parameters and their ability
to replicate nonlinear device behaviour.

To simulate a full rectenna circuit utilizing X-Parameters, the circuit was divided
into two parts: electromagnetic and circuit. The source, transmitting antenna, and
receiving antenna comprise the electromagnetic portion. An equivalent circuit, con-
sisting of a power source and impedance, was used to replace the electromagnetic
portion. The circuit, on the other hand, is made up of a matching circuit, a diode,
and a load. The circuit part’s X-Parameters were retrieved and used in simulation.
A comparison was made between the X-Parameters model and the circuit model.
The good agreement between the two methods demonstrates that X-Parameters can
be used to replace circuit models that require a long time to construct.

2. A method to simulate, integrate and optimize a full rectenna circuit over a range
of frequencies was presented and validated Chapter 4. I developed a way to allow
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full simulation or characterisation of a complete rectenna in this chapter. This is
performed by substituting the receiving antenna with its Thevenin equivalent circuit,
then combining the equivalent circuit with the rectification circuit and load using a
circuit simulator.

Our method’s main goal is to provide full rectenna simulation so that the designer
may accurately estimate the rectenna’s performance over the required frequency
range and for any angle of incidence and polarisation. All of this may be performed
without the use of fabrication or measurements. In fact, using our simulation method,
one can create a detailed graphical chart that depicts a rectenna’s performance under
any excitation scenario (polarization, incidence angle, and power density). This capa-
bility enables the performance of any rectenna built by a third party to be evaluated
without the need of measurements.

Another advantage of our method is its ability to optimize the rectification circuit
for a specific receiving antenna to deliver maximum DC power. This advantage is
critical since an optimal rectification circuit is strongly dependent on the particular
antenna employed. Furthermore, utilizing this method, I was able to optimize the
rectenna at various sub-bands of the operating spectrum.

. In chapter 5, I designed an MSA that operates at 5.8 GHz and employs a feeding
network to channel all received signals into a single port. In addition, I designed an
MPA array that works at the same frequency using the same material and dimen-
sions. Both designs are studied in flat and bent states to compare their performance.
During conformal operation, the MSA provides stable realised gain and efficiency
when compared to the MPA array, according to the comparison results. Further-
more, when the x-axis is bent, the resonant frequency of the MSA is marginally
altered for all selected values, whereas the resonant frequency of the MPA array is
significantly modified during the bend scenario.

Because all of the comparison results show that the MSA is more stable in the ISM
band at various curvatures, a rectenna system based on the proposed MSA was
created to operate at 5.8 GHz. The rectenna proposed has been tuned for excellent
AC-to-DC conversion efficiency. At 5.8 GHz, an AC-to-DC conversion efficiency of
around 81% was achieved.

. In chapter 6, I have introduced a novel and simple controllable input impedance dipole
antenna. Simulation results show the capability of controlling the input impedance of
the proposed design. Both inductive and capacitive input impedance can be obtained
utilizing this design. Additionally, the effect of varying the dimensions of the design
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was investigated. A rectenna system utilizing the proposed dipole was designed
and studied. Comparison between rectenna systems that use our proposed design
without and with matching circuits was presented. The comparison results show that
the rectenna that uses our design, without using a matching circuit, can achieve a
conversion efficiency that is very close to that of the rectenna system with a matching
circuit. Adding a matching circuit complicates the circuit and increases the losses in
the circuit. Consequently, utilizing the proposed design I can overcome the problem
of undesired complexity and losses.

7.2 List of Publications

1. Melad M. Olaimat, and Omar M. Ramahi, Simulation and Optimization of Rectenna,
(Under review with IEEE Transactions on Microwave Theory and Techniques).

2. Melad M. Olaimat, Leila Yousefi and Omar M., Using Plasmonics and Nanopar-
ticles to Enhance the Efficiency of Solar Cells: Review of Latest Technologies, The
Journal of the Optical Society of America , December 2020.

3. Melad M. Olaimat, Youcef Braham, Mohamed El Badawe, Mourad Nedil, and
Omar M. Ramahi, Effect of Bending on Metasurface Antenna and Microstrip Patch
Antenna Array, (Accepted in 2021 IEEE AP-S Symposium on Antennas and Prop-
agation and USNC-URSI Radio Science).

4. Melad M. Olaimat, and Omar M. Ramahi, Simulation of Rectenna, (Accepted in
2021 IEEE AP-S Symposium on Antennas and Propagation and USNC-URSI Radio

Science).

5. Melad M. Olaimat, and Omar M. Ramahi, Adjustable Input Impedance Dipole
Antenna, (Accepted in 2021 IEEE 19th International Symposium on Antenna Tech-
nology and Applied Electromagnetics (ANTEM)).

6. Melad M. Olaimat, and Omar M. Ramahi, Simulation and Optimization of Rectenna,
(Accepted in 2021 Indian Conference on Antennas and Propagation (InCAP 2021)).

7. Tao Tang, Melad M. Olaimat, Maged Aldhaeebi, Guangjun Wen, Li Xiao, Circular
multi-usage RFID tag antenna with coding ability for chipless application, Interna-
tional Journal of RF and Microwave Computer-Aided Engineering, September 2020.
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8. Youcef Braham, Mourad Nedil, Melad M. Olaimat, Mohamed El Badawe, and
Omar M. Ramahi, Wearable Metasurface Antenna based on Electrically-small Ring
Resonators for WBAN Applications, Accepted in IET Microwaves, Antennas and
Propagation, October 2021.

7.3 Future Work

1. Utilization of the method proposed in Chapter 4 to design efficient rectenna circuits
that operate over wide-band of frequencies.

2. Extend the work in Chapter 5 to design rectenna circuits that operate at high fre-
quency.

3. Develop a rectenna circuit that can efficiently absorb power from various angles since
the proposed antenna in Chapter 5 is stable with bending.

4. Fabricate a prototype of a compact rectenna design where the antenna is directly
matched to the diode using the design from Chapter 6.
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