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Preface

Wireless Power Transfer — Recent Development, Applications and New Perspectives
reviews wireless power transfer (WPT) techniques with an emphasis on funda-
mentals, technical challenges, metamaterials, and typical applications. It describes
WPT technology using magnetic resonant coupling and electric resonant coupling
and presents the latest approaches to its practical implementation, operation, and
applications.

Power transfer depends on coil coupling, which depends on the distance between
coils, alignment, coil dimensions, coil materials, number of turns, magnetic shield-
ing, impedance matching, frequency, and duty cycle. Receiver and transmitter coils
must be aligned for best coupling and efficient power transfer.

The book discusses the difference between electromagnetic induction and mag-
netic resonant coupling, the characteristics of various types of resonant circuit
topologies, and the unique features of magnetic resonant coupling methods. It
summarizes the key technical issues of WPT systems in terms of efficiency, power,
distance, misalignment, directional charging, and energy security. The book also
offers a survey on the studies of metamaterial-based WPT systems. It presents the
very latest in theory and technology of both coupling and radiative wireless power
transfer. Lastly, the book presents some typical applications of WPT technology,
including EVs, biomedical implants, and portable electronics.

By reviewing the development and the current state of WPT methods over the last
several years, this book offers readers a wide view of WPT techniques based on the
inductive coupling effect of the non-radiative electromagnetic field. This emerging
energy transmission mechanism has significant impacts on the pervasive applica-
tion of renewable energies in our daily life.

Designed to be self-contained, this richly illustrated book is a valuable resource for
a broad readership, from researchers to engineers and anyone interested in cutting-
edge technologies in WPT.

Mohamed Zellagui

Department of Electrical Engineering,
University of Batna 2,

Batna, Algeria

Department of Electrical Engineering,
University of Quebec,
Quebec, Canada
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Chapter1

Introductory Chapter: Overview
of Wireless Power Transfer
Technologies

Mohamed Zellagui

1. Introduction

The idea of Wireless Power Transfer (WPT) is not a new concept. From the end
of the 19th Century, Nikola Tesla was already experimenting with the possibilities.
In recent years, the concept of WPT has gained increased popularity and has raised
much excitement [1-3].

Following significant advancements in wireless data transfer over the past
two decades, power is the last physical connection to be eliminated. However, the
obsession with wireless power is not new.

2. History

The idea dates to 1888 in a work by Heinrich Hertz. He was able to demonstrate
high frequency power transfer using a spark gap and parabolic reflectors at both the
transmitting and receiving ends of the system.

The more famous wireless power transfer experiment was carried out later by
Nikola Tesla in 1893 [1, 2]. He spent thousands of dollars and performed public
demonstrations of wireless power transfer, which earned him the title of a mad
scientist.

3. Motivation

The technological breakthroughs made possible due to WPT have been foster-
ing an increased research activity, as well as the commercialization of numerous
consumer products based on these concepts.

From a research and development perspective, there are two principal fields of
investigation in WPT.

The first approach comprises the underlying mechanisms of power transfer,
particularly by seeking knowledge about the possible scientific methods to wire-
lessly transmit energy from a point to another in space.

The second approach includes the development of individual circuit modules
required in a functional wireless power transmission system. This includes circuit
design considering the specifics of a particular WPT mechanism, ensuring that the
module has the appropriate characteristics for that power delivery mechanism.
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4. System overview

There are many different types of WPT such as electromagnetic, electrostatic,
electromechanical, etc. In the case of electromagnetic wireless power transfer, the
systems are generally broken down into two categories of far-field and near-field
power transfer [4].

In such systems, the energy transfer is accomplished through electromagnetic
radiation, which for omnidirectional propagation scenario results in poor efficiency.
The range that is the far-field region of a transmitter depends on the frequency of
operation.

The idea behind WPT is simple. According to the Faraday’s law of induction
when a varying magnetic field passes through a loop it will produce a potential
difference across it. In other words, a loop can harvest an alternating magnetic field
which then can be converted and stored as electrostatic energy [5].

Generating, the required magnetic field can be done through Amperes law.
Amperes law states that when an electric current flow through a loop, let us call it
the transmitter loop, it generates a magnetic field around it.

Now, if we place a second loop, let us call it the receiver loop, in the proximity of
the transmitter, an alternating voltage will appear across the receiver loop. Hence
effectively transmitting power through electromagnetic waves.

5. Methods

Radio Frequency (RF): RF-based WPT is established as a technology for the
transfer of power over the order of tens of meters, however, the efficiency of such
systems is much lower than other WPT methods.

Inductive Power Transfer (IPT): This method utilizes the concept that an electric
current driven through a coil, by virtue of the produced magnetic flux, induces an
electromotive force in an adjacent coil.

Magnetic Resonant Coupling (MRC): Magnetic resonant coupling is deemed as
the potential breakthrough in WPT methods [6]. The underlying concept is that
two resonator circuits tuned at the same resonance frequency, can experience power
transfer at higher efficiencies, at greater distances, when compared with conven-
tional IPT systems.

6. Conclusion

Recent advancements in the semiconductor integrated circuits and functional
materials technologies have accelerated the demand for electronic devices such as
the internet of things (IoT) and wearable sensors, which have low power consump-
tion, miniature size, and high data transfer efficiency.

Wireless power transfer has become the alternative solution to current electronic
devices that rely on bulky batteries to supply the power and energy.
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Chapter2

Developments in Wireless Power
Transfer Using Solar Energy

Himanshu Dehra

Abstract

This chapter presents state-of-the-art and major developments in wireless power
transfer using solar energy. The brief state-of-the-art is presented for solar photo-
voltaic technologies which can be combined with wireless power transfer (WPT) to
interact with the ambient solar energy. The main purpose of the solar photovoltaic
system is to distribute the collected electrical energy in various small-scale power
applications wirelessly. These recent developments give technology based on how
to transmit electrical power without any wires, with a small-scale by using solar
energy. The power can also be transferred wirelessly through an inductive coupling
as an antenna. With this wireless electricity we can charge and make wireless elec-
tricity as an input source to electronic equipment such as cellphone, MP3 Player etc.
In harvesting energy, technologies of ambient solar radiation like solar photovoltaic,
kinetic, thermal or electro-magnetic (EM) energy can be used to recharge the
batteries. Radio frequency (RF) harvesting technologies are also popular as they are
enormously available in the atmosphere. The energy converted to useful DC energy
which can be used to charge electrical devices which need low power consumption.
The chapter has also presented a parallel plate photovoltaic amplifier connected to a
potentiometer as a Resistance-Capacitance (RC) circuit power amplifier. The effect
of inductance and resulting power transfer has been theoretically determined in the
RC amplifier circuit. The electrical and thermal properties and measurements from
a parallel plate photovoltaic amplifier were collected to analyze the unbalanced
power transfer and inductance in a nonlinear RC circuit amplifier using equivalent
transfer functions. The concept of Wireless Information and Power Transfer using
Electromagnetic and Radio Waves of Solar Energy Spectrum is also briefly outlined.

Keywords: wireless power transfer, solar energy, energy harvesting, photovoltaics,
amplifier

1. Introduction

Wireless power transfer (WPT) is defined as the transmission of electrical
power without wires through various methods and technologies using time-varying
electric, magnetic, or electromagnetic fields. The development of various technolo-
gies for wireless power transfer is being taken widely across the power electronics
domains. There are applications which include microwaves, solar cells, lasers, and
electro-magnetic waves’ resonance in wireless power transfer. With wireless power
transfer, the electrical devices are continuously charged without the use of power
cord. The three types of wireless power transfer systems can be described by micro-
waves, resonance, and solar cells. From the power source to a receiver in an electrical
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device or gadget, microwaves can be used to send electro-magnetic radiation. The
method of resonance can be applied at certain frequencies to cause an object to oscil-
late by electro-magnetic radiation. These oscillations can be used to transfer energy
between two oscillating sources. The satellite in space with solar cells can be used to
capture the solar energy and transmit this energy back to earth. This method would
involve the conversion of radio waves frequencies into electrical power and electri-
cal power into radio waves frequencies. The main purpose of the solar photovoltaic
system is to distribute the collected electrical energy in various small-scale power
applications wirelessly. These recent developments give technology based on how to
transmit electrical power without any wires, with a small-scale by using solar energy.

Wireless power transfer (WPT) using solar energy technology is having vast
applications. The ability of technology is to transfer power efficiently, safely over
distance can improve gadgets and products by making them more reliable, climate
and environment benign. Wireless power transfer (WPT) can be used in various
applications for example in automatic wireless charging, direct wireless power sup-
ply of devices such as cellphones, loudspeakers, digital picture frames, flat screen
TV’s, home theater accessories etc. [1]. The power can also be transferred wirelessly
through an inductive coupling as an antenna. With this wireless electricity we can
charge and make wireless electricity as an input source to electronic equipment such
as Handphone, MP3 Player etc. In harvesting energy, technologies of ambient solar
radiation like solar photovoltaic, kinetic, thermal or electro-magnetic (EM) energy
can be used to recharge the batteries. Radio frequency (RF) harvesting technologies
are also popular as they are enormously available in the atmosphere. The energy
converted to useful DC energy which can be used to charge electrical devices which
need low power consumption.

This chapter outlines the recent developments of wireless power transfer using
solar energy. The rest of the chapter contains brief history of the development of
wireless power transfer. Various methods and technologies used in wireless power
transfer are outlined. The State-of-the-Art of Wireless Power Transfer using Solar
Energy is also described along with the literature review. The later part of the chapter
contains novel concept of transmitter design of a parallel plate photovoltaic amplifier
device integrated in a Building. The design of a receiver using radio waves for wireless
information and power transfer is also briefly discussed. Conclusions and equations
for design of a transmitter and a receiver are provided in the later part of the chapter.

1.1 History

The presence of electro-magnetic waves by devising a mathematical model
is predicted by James C. Maxwell in 1864. The Poynting Vector would play an
important role in quantifying the electromagnetic energy (John H. Poynting, 1884).
Heinrich Hertz first succeeded in showing experimental evidence of radio waves by
his spark-gap radio transmitter in 1888, which was bolstered by Maxwell’s theory.
The wireless power transfer was started by the prediction and evidence of the radio
wave in the end of 19th century. Wireless power transfer of electrical power was
pioneered by Nikola Tesla [2]. He conducted experiments on wireless power in 1891
at his “experimental station” at Colorado. A small incandescent lamp by means of a
resonant circuit grounded on one end was successfully lighted by Nikola Tesla [3].
The lower end connected to the ground and the upper end free with a coil outside
his laboratory. The current was induced in the three turns of wire wound around the
lower end of the coil and the lamp was lighted. For trans-Atlantic wireless telephony
and demonstration of wireless electrical power transfer by means of Wardenclyffe
tower, which was designed by Tesla. The modern development of microwave power
transmission which dominates research and development of wireless power transfer
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today was achieved by William C. Brown. In the early 1960s Brown invented the
rectenna which directly converts microwaves to DC current. He demonstrated its
ability in 1964 by powering a helicopter from the solely through microwaves.

1.2 Methods

Radio and Microwave: Typically, in the microwave range, wireless power trans-
fer via radio waves can be made over longer distance power beaming, with shorter
wavelengths of electromagnetic radiation with more directional component. To con-
vert the microwave energy back into electricity, a rectenna may be used. Conversion
efficiencies exceeding 95% have been realized with rectenna. For the transmission
of energy from orbiting solar power satellites to Earth and the beaming of power to
spacecraft leaving orbit, power beaming using microwaves has been considered [4].

Electromagnetic Transmission: Electromagnetic waves can also be utilized for
wireless power transfer. Power beaming can be employed by converting electricity
into light, such as a laser beam, then firing this beam at a receiving target, such asa
solar cell on a small aircraft, power can be beamed to a single target.

Induction: For the transfer of wireless electrical power, the principle of mutual
induction between two coils can be used. Electromagnetic coupling between
the two coils is used to transfer the energy. The simplest example of how mutual
induction works is the transformer, where there is no physical contact between the
primary and the secondary coils.

Electrodynamic Induction: Resonant inductive coupling for wireless power
transfer resolves the main problem associated with non-resonant inductive cou-
pling. It has dependence of efficiency on transmission distance. The transmitter and
receiver inductors are tuned to a mutual frequency and the drive current is modified
from a sinusoidal to a non-sinusoidal transient waveform with the use of resonant
coupling. Pulse wireless power transfer occurs over multiple cycles. Significant
wireless power may be transmitted over a distance of up to a few times the size of
the transmitter with this method.

Electrostatic Induction: For wireless energy transfer involving high frequency
alternating current potential differences transmitted between two plates or nodes,
capacitive coupling is utilized with an electric field gradient or differential capaci-
tance between two elevated electrodes over a conducting ground plane.

1.3 Technologies

Microwave Transmitter: The frequency range of choice for transmission is
achieved by means of microwaves. Presently, an efficiency of 76% is possible using
current technology for microwave power transmission. The waves must be focused
so that all the energy transmitted by the source is incident on the wave collection
device for increasing transmission efficiency. The high cost of transmitters and the
relative low efficiency of current optical and infrared devices makes higher fre-
quencies impractical. The most common transmitters for microwaves are klystron,
traveling wave tube (TWT) and magnetron. The klystron has been the DC to
microwave converter of choice however it is also somewhat expensive. The TWT is
far too expensive and power restrictive making it impractical for the task of power
transmission. The use of magnetrons because they are cheap and efficient is inves-
tigated by many researchers. The power transmission is more lenient to frequency
fluctuations than the communication systems in magnetrons frequency output but
is not as precisely controllable as the klystron or TWT. An array of magnetrons to
be used as the transmitter can be one of the more common R & D investigation
proposal. In range of 300 W to 1 kW magnetrons are already mass produced for
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microwave ovens, it is one of the main advantages to using many smaller magne-
trons as opposed to a few klystrons.

The generation of microwave power in the microwave power source and its
output power is managed by electronic restrain circuits on the transmission side. To
match the impedance between the transmitting antenna and the microwave source,
a tuner is attached. Based on the direction of signal propagation by Directional
Coupler, whose function is to divide the attenuated signals. The transmitting
antenna emits the power uniformly through free space to the receiver antenna. An
antenna receives the transmitted power and translates the microwave power to DC
power on the receiving section. For setting the output impedance of a signal source
equal to the rectifying circuit, both impedance matching circuit and the filter is
provided. The Schottky barrier diodes which converts the received microwave
power into DC power are connected in the rectifying circuit.

Use of Microwave Power Transmission in Solar Power Satellites (SPS):

For transmitting power to earth stations, solar power generating satellites can be
launched into space. Based on this idea, which was first proposed in 1968 based on
experiments carried out in terrestrial laboratories. At high earth orbit in geosyn-
chronous location, the SPS satellites are put in the orbits. This feature enables them
to receive light almost whole year by up to 99% of the yearly time. A facility of a
large rectenna array built on the Earth is for collecting the incoming microwaves.
The satellite is required to be built with a retrodirective transmitter for maintain-
ing a good lock on the rectenna. This helps in locking on to a pilot beam emanated
from the ground station. Most of the research is done in the 2.4 GHz to 5.8 GHz
range. Therefore, there are some spectrum regulatory issues to deal with their use.
Also, the retro directive antenna system is unproven with present technology. The
microwave beam could veer off target and can microwave some unsuspecting fam-
ily. Therefore, this is the cause of the health concern [5].

Magnetic Resonance: In this technology, an oscillator is designed to generate
the carrier signal for transmitting the power. Usually, oscillators are not intended
to deliver the power, because a power amplifier is required to the oscillator for
amplification of the oscillating signal. The output power to the transmission coil is
transferred by the power amplifier. For receiving the transmitted power, a receiver
coil is built. Since the power received at the receiver side is having an alternating
current. Thus, a rectifier is needed for rectification of the AC voltage. An electric
load is connected to the receiving coil to complete the circuit [6].

WiTricity: The new technology called WiTricity is based on using coupled reso-
nant objects [1]. With the same resonant frequency, two resonant objects manage to
exchange energy efficiently, while interacting weakly with extraneous off-resonant
objects. The resonant nature of the witricity system guarantees the strong interac-
tion between the sending unit and the receiving unit, while the interaction with the
rest of the environment is weak. The design consists of two copper coils, each a self-
resonant system. One of the coils, attached to the power source can be a solar power
and is termed as the sending unit of the witricity. The irradiation of the environ-
ment with electromagnetic waves oscillates the space around it with a non-radiative
magnetic field oscillating at MHz frequencies. The non-radiative field intervenes
the power exchange with the receiving coil, which is built for the purpose of creat-
ing resonance with the field.

2. State-of-the-art: wireless power transfer using solar energy

Solar cells are semiconductor devices in which incident sunlight releases electric
charges so they can move across the semiconductor freely and thus generate an
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electric field to light a bulb or power a motor. The whole phenomenon of producing
an electric field of voltages and currents across the solar cell is known as the pho-
tovoltaic effect [6]. The incident light for solar cells—sunlight—is freely available
and abundant. The intensity of sunlight near the surface of the earth is at the most
in the range of one thousand watts per square meter known as 1 sun. The cost must
be considered in calculating the cost of the electricity produced by solar cells as the
area occupied by the photovoltaic modules power generating system may be rela-
tively large. The cost per unit output is the decisive factor relative to that of alterna-
tive power sources, for acquiring, installing, and operating the photovoltaic system.
This is dependent on this sole factor that determines whether the solar cells will be
used to supply electricity in a given situation. Solar cells are economically competi-
tive with alternative sources in their use in terrestrial applications. The examples
of these applications include pumps, communication and refrigerated devices
located in remote areas far from existing transmission and distributed power lines.
The markets for solar cells are growing rapidly as the cost of power from conven-
tional sources rises, and as the cost of solar cells reduces because of technological
improvements with economies at a bigger scale manufacture.

Working of a Solar Cell: The working of a solar cell depends upon the phe-
nomenon of photo-electricity, i.e., the liberation of electrons by light falling on
a body. The application of this photo-electric phenomenon to semi-conductors
such as silicon has proved to be of great use. To displace an electron from a fixed
position in the material and make it move freely in the material, a vacant electron
position or ‘hole’ is created in the material by light waves when they strike a semi-
conductor material with sufficient energy. If a neighboring electron leaves its site
to fill the hole site, this hole acts as positive charge and can move this electron. The
electron-hole pairs are differentiated by the voltage in the cell material, and this
creates a current. By adding small amounts of dopants and impurities to the pure
material and by joining two semiconductor materials, an intrinsic voltage may
be created. The silicon becomes electron-rich and is referred toas ‘n-type’ silicon
when impurities such as phosphorous are introduced into this silicon. Excess
holes are created when impurities such as boron give rise to ‘p-type’ silicon. A free
charge leaks across the common boundary of these n-type sand p-type silicon (one
electron rich and the other electron-deficient) and becomes fixed as ions in the
region near to the boundary, when these two oppositely charged semiconductors
are in contact. At the interface, the fixed (but opposite) ions create an electric field
that sends free electrons one way and free holes the other side. No current flows in
the solar cell, when no light falls on its surface i.e., in the dark. A current will flow
as long as the solar cell is illuminated which can supply electricity to an external
load circuit. The current from the solar cell passes directly through the load circuit.
The current generated can be changed by the power-conditioning equipment to
alternating current at the voltage and current levels different from those provided
by the solar cells cell. The sub-systems of the PV module system include energy-
storage devices such as concentrated lenses, batteries and mirrors that focus the
sunlight onto a smaller and hence less costly semiconductor solar cell. If concen-
tration system is utilized, a tracking subsystem may be required to keep the array
pointed at the sun throughout the day.

Maximum power point tracking: Maximum power point tracking (MPPT)
is used to maximize the power output from wind turbines and photovoltaic (PV)
solar systems. PV solar systems exist in several different configurations with a solar
inverter, which is connected directly to the electrical grid. A second adaptation
which is called the hybrid inverter. In this hybrid inverter, the most basic version
sends power from the solar panels directly to the DC-AC and splits the power at the
inverter, where a percentage of the power goes to the grid and the remainder goes to
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a battery bank. The third type uses a dedicated PV inverter that features the MPPT
in which the inverter is not connected at all to the grid. The power flows directly
into the battery bank in this configuration. The micro inverters are deployed, one
for each PV panel, which are a variation on these configurations. The efficiency

of solar PV system by up to 20% by the use of microinverter. The grid-connected
power as well as solar PV power and branching off power for battery charging is
achieved by incorporating a new MPPT algorithm that is equipped with specialty
inverters which serve these three functions,

The application related to solar photovoltaic systems contains these MPPT
apprehensions. A non-linear output efficiency which can be analyzed based on the
I-V curve of the solar cells establishes a complex relationship between temperature
and total resistance that produces across solar cells. The output of the PV cells and
application of the proper load to obtain maximum power for any given environ-
mental conditions is achieved by the purpose of the MPPT system. MPPT devices
are connected into solar photovoltaic system for providing voltage or current
conversion, filtering, and regulation for driving various loads, including power
grids, batteries, or motors. Solar power inverters are used to convert the DC power
to AC power after utilizing MPPT.

Solar Photovoltaic System Technology for Wireless Power Transfer: The
solar photovoltaic panels can be installed on the fagade or roofs. These solar
photovoltaic panels convert the sunlight into the direct current (DC) power. The
electric current is added or drawn from the electric batteries by means of installing
the charge controller, which limits the rate of the current. The batteries are one of
the most important parts of the solar power system. The charge controller helps in
protecting the batteries from overvoltage and overcharging. This helps in increasing
the life span of the batteries. From the solar photovoltaic panels, the DC power is
transmitted to the inverter. In the inverter, it is converted into alternating current
(AC) power.

The phase locked loop oscillator with a Power Amplifier is connected to the
solar inverter. A step up/down transformer is connected to this end section. The
generation of an output signal whose phase is related to the phase of the input signal
is achieved by means of the phase locked loop oscillator. There is generation of a
periodic signal by means of the phase locked loop oscillator. The comparison of
the phase of that signal with the phase of the input periodic signal and corrects the
oscillator to keep the phases matched is achieved by means of the phase detector.
The power amplifier is used to achieve high amplification of the signal. The step-
ping up or stepping down the signal, which can be done according to the application
is achieved by means of the transformer which is connected to the end section
of the amplifier. In the AC line, this alternating current is then transmitted. For
powering the connected load or other domestic devices, the power from these AC
lines is achieved by means of wireless power transfer.

The principle of witricity can be applied into this scenario [1]. To transfer wire-
less power between two electromagnetic resonant objects, Witricity can be used
which is based on strong coupling. This method is different from other methods
like air ionization, microwaves, and induction. The witricity system consists of
transmitters and receivers. These contain magnetic loop antennas critically tuned
to the same frequency. Due to the operation in the electromagnetic near field, the
receiving devices must be no more than the quarter-wavelengths from the transmit-
ter. The witricity uses near field inductive coupling through magnetic fields like
those found in transformers. These tuned magnetic fields generated by the primary
coil can be arranged to interact actively with matched secondary windings in distant
equipment. These magnetic fields are far from more-weakly with any surrounding
objects or materials such as radio signals or biological tissue [6-13].
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Figure 1.
Simplified block diagram for wireless power transfer using solar energy.

Working of a Transmitter: The input from mains is given to the power and
frequency controller. The output of this system is given to MOSFET (metal-oxide—
semiconductor field-effect transistor)/IGBT (insulated-gate bipolar transistor). The
objective of using the MOSFET/IGBT is for conversion of DC power to AC power.

It is also used for amplifying square wave at the gate input. The voltage transmitted
to the transmitting coil generates magnetic field around it. The capacitor, which

is connected to the coil in parallel helps in achieving the resonating circuit. The
magnetic field get induced in the receiving coil at the point of the resonant fre-
quency of receiving coil matches with the resonant frequency of the transmitting
coil. Different values of “L” and “C” for resonant frequency are used for the match-
ing purpose. To match the resonant frequency of the receiver and the transmitter
coil, the switches to vary the time periods of the square wave by controlling the
frequency at output can be used [14].

Working of a Receiver: The receiving coil comes in the range of the magnetic
field of the transmitting coil. This helps in achieving the voltage across the trans-
mitting coil, which gets induced in the receiving coil because of mutual inductance.
This also helps in matching of resonance frequency at the received voltage is in AC
power form. Here the AC power is converted into DC for DC load, where rectifier
circuit can be used to provide constant DC at the output for driving the load. And if
the load is AC power load then it can be given directly to the output.

A simplified block diagram for wireless power transfer using solar energy
technology is illustrated in Figure 1 [14].

3. Literature review: wireless power transfer (WPT) using solar energy

Only few relevant papers which highlight solar energy based wireless power
transfer are briefly discussed here. Zambari et al., investigated the development of
wireless energy transfer module for solar energy harvesting [11]. They studied the
module of wireless energy transfer (WET) for interaction with the ambient solar
energy. The main objective was to distribute the collected electrical energy from a
solar panel module to in house loads appliances wirelessly. The investigations were
carried out on the solar panel module with 240 W, 30 V, Poly Crystalline Silicon
Photovoltaic solar panel. The design of the WET module was based on magnetic
resonance technology. This technology uses two sub-unit modules development;
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driving circuit and two coils mutually inducted to transfer energy in a suitable
resonant frequency. With the advantage of nearly 99% efficiency theoretically,
class-D RF power amplifier was used as the driving circuit for transmitted coil
switching [11].

Fareq et al., studied the wireless power transfer by using solar energy [12].

They developed the project based on electrical power without any wires, with a
small-scale by using solar energy. The power is transferred wirelessly through an
inductive coupling as an antenna. The experiments were conducted and the wireless
power transfer can be transfer energy up to 10 cm. with efficiency 0-10 cm; 98.87%
-40% [12]. Ojha et al., investigated solar energy based wireless power transfer [13].
They reviewed on wireless power transfer (WPT) using renewable source i.e. solar
energy. The principle behind WPT used was inductive coupling wherein an electric
field is generated thus transmitting power from transmitter to receiver. The paper
has highlighted the important use of components like a solar panel, rechargeable
battery, booster circuitry, and load. Wireless transmission of power to work up a
load was highlighted in the paper [13]. Lakshmi M. K., et al. investigated wireless
power transmission through solar power generation [14]. The phenomenon of
transfer power using a renewable source, without using wired medium. This paper
mainly focused on combining both wireless and solar technologies together with
use of the principle through coupled resonant objects for the transferring electric-
ity. The overall goal of this paper is to design and implement a clean power genera-
tion and wireless power transmission system which can be used as a standard means
for charging any electronic gadget [14].

Magsood et al., investigated wireless power transmission using solar based
power satellite technology [15]. The wireless electricity (Power) transmission
(WET) was focal point of their research and they presented the concept of
transmitting power wirelessly to reduce transmission and distribution losses. The
wired distribution losses are 70-75% efficient. The paper also highlighted the
benefits of using WET technology specially by using Solar based Power satellites
(SBPS) and also focused on how we make electric system cost effective, optimized
and well organized [15]. Keerthana et al., investigated Wireless Power Transfer
Using Rectenna [16]. The Radio frequency (RF) harvesting technologies were
highlighted in the paper. The RF harvesting technologies receive and convert
the useful DC energy and can further be used to charge electrical devices which
need low power consumption. The paper investigated a microstrip square patch
antenna operating at 2.45 GHz. It was fabricated on a low-cost FR4 substrate
having a dielectric constant of 4.4 with a thickness of about 1.2 mm. The L-shaped
matching network was designed for maximum power transfer between the
antenna and the rectifier. The HSMS-2850 zero bias Schottky diode was used as a
rectifier. The RF-DC rectification was done with an efficiency of 42.8% at -7 dBm
at 2.45 GHz [16].

4. Transmitter design: a parallel plate photovoltaic amplifier device
integrated in a building

A parallel plate photovoltaic device connected to a potentiometer is analyzed as
a star connected 3-Phase Resistance-Capacitance (RC) circuit amplifier. The effect
of inductance and resulting power transfer has been determined in the RC circuit
amplifier constituting of a parallel plate photovoltaic device. The analysis has
also discussed from the electrodynamics point of view, power transfer and effect
of induction losses in a 3-Phase RC circuit amplifier constituting of a parallel
plate photovoltaic device. The theory of the sinusoidal steady-state response was
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applied in performing the analysis of the circuit, because of the advantage of rep-
resenting a periodic function in terms of a sinusoidal exponential function. The
full-scale experimental setup for a parallel plate photovoltaic device connected
to a potentiometer was installed in an outdoor room facility located at Concordia
University, Montréal, Canada [17-34]. The analysis has been performed on the
basis of the accepted unified theory for stresses and oscillations, as proposed
by the author [27]. The experimental setup is illustrated in Figure 2 [17]. A pair
of glass coated photovoltaic (PV) modules forming a parallel plate duct with a
plywood board and connected to a potentiometer was used to build an amplifier.
A wire-wound variable resistor with resistance up to 50 Q was a wire-wound
circular coil with a sliding knob contact acted as a potentiometer for the circuit
[17]. This potentiometer was used to vary electrical resistance across connected
PV modules without interrupting the current. A star connected RC circuit ampli-
fier with a parallel plate photovoltaic device connected to a potentiometer was
built (Figure 3).

A Photovoltaic (PV) Device connected to a potentiometer: A parallel plate
photovoltaic device connected to a potentiometer was used for establishing charac-
teristics of this PV device by varying electrical resistance with rotation of knob of
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Figure 2.

Schematic of experimental setup for a parallel plate photovoltaic device connected to a potentiometer: (a) location
of sensors; (b) electrical civcuit diagram.
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Rotation  Volts Amps Watts Rotation Volts Amps Watts Rotation Volts Amps Watts
240° 187 — — 83° 163 0935 1523 30° 9.7 1577 1521
239° 165 0331 5461 75° 16.0 1.014 16.26 27° 9.0 1587 1433
201° 174 0414 7195 69° 158 1100 1738 21 71 1.583 11.24
185° 175 0454 7940 64° 155 1165 18.04 18° 62 1573 9831
162° 173 0513 8885 55° 15.0 1302 1953 17° 5.7 1578  9.026
150° 1718 0.550 9449 50° 145 138 20.05 12° 3.9 1567 6257
142° 1719 0.582 10.00 43° 132 1503 19.79 10° 32 1553  4.840
128° 171 0.640 1093 42° 131 1493 1949 15° 05 1593  0.807
107° 168 0750 1251 37° 119 1536 18.26 b 03 1.59 0.426
89° 164 0884 1445 32° 105 1567 1642 0° — 1.643 —
Table 1.

Sample electrical measurement results with varying resistance of potentiometer.

a potentiometer [17]. For determining electric power output with a series electrical
circuit connection of a pair of vertically inclined PV modules installed on a wooden
frame, the current-voltage measurements were obtained. The electrical measure-

ment results of currents, voltages and power with varying electrical resistance

of potentiometer are presented in Table 1. The results of the power output from

a potentiometer with rotation of circular knob are illustrated in Figure 4. The

phenomenon of photovoltaic amplification has been observed from the graph of
Figure 4. The gain in steady state electrical for a photovoltaic device is a factor of its
volume or resistance. This operational characteristic is similar to the operation of a
loudspeaker.

5. Electrical parameters for the RC circuit amplifier

Capacitance: The capacitance of a parallel plate photovoltaic device with air as a
dielectric medium was calculated to be 91.2 picofarads.
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Figure 4.
Potentiometer taper as a function of percentage voltage output.

Resistance: The electrical resistance of various components were calculated as: glass
coated PV modules were approximated as 5.3 kQ, air was approximated as 1200 MQ,
and plywood board was approximated as 26.5 Tera Q. The total equivalent electrical
resistance of a parallel plate photovoltaic device was approximated as: 5.3 kQ.

Time Constant: The time constant, which is product of resistance and capaci-
tance, was calculated to be: 0.5 microseconds. The frequency with this time con-
stant was calculated to be 2 MHz.

Capacitive Reactance: The capacitive reactance was calculated to be: 872.5 Q.

Impedance: The impedance of the circuit was calculated to be: 5.4 kQ.

The Phase angle 6: The phase angle between capacitance and reactance was
calculated to be 9°.

The Phasor representation: Z = 5300 —j 0.8725 = 5.4 kQ L-9°.

Capacitive Heating: The joule law gives instantaneous power absorbed by the
capacitive impedance and is converted to heat. The heat capacities under critical
operation of buoyancy-induced hybrid ventilation were calculated to be 59.6 K],
0.755 kJ and 510.7 kJ for PV module, air and plywood board respectively [28]. The
total average value of joule heating for the parallel plate photovoltaic device was
calculated to be 571 kJ.

Induction Losses: The induction losses due to thermal storage effect in the parallel
plate photovoltaic device was calculated to be 15.9 KJ [28].

Power Factor: The power factor was calculated to be cos 6 = 0.911 lag.

Current function (i2(t)): Using the current function, i2(t) = I, %sin’(wt + 0), the
effective (root mean square) value of current was calculated to be 10.4 amps and
maximum value of current was calculated to be 14.71 amps.

Voltage function: The voltage function is defined as per the sine wave:

v = Vsin(wt). The effective value of the voltage was calculated to be 60.4 volts and
maximum value of the voltage was calculated to be 85.42 volts.

Power function: The instantaneous power is given by the expression:

VmIm
2

p(t)= V’;I‘" cos(0)- cos(2mt—6) (1)

The Plots: The time diagram for current, voltage is plotted in Figure 5(a). The
time diagram for power is plotted in Figure 5(b).
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Figure 5.
Time diagrams: (a) voltage and current; (b) power in the RC circuit amplifier.

5.1 Discussions on power transfer and effects of inductance

Capacitive Reactance and Resistance in Series: The losses that appear in capacitive
circuits are lumped in a resistor connected in series with the capacitor.

Capacitance and Resistance in parallel: When a sine waveform voltage is applied
across a capacitor and a charging current of sine waveform is transmitted across the
circuit. The alternating current source, which is a sine waveform voltage, if applied
at a uniform rate, is responsible sinusoidal response of the charging current in the
capacitor. The motion of the charging current is transmitted through the capacitor,
corresponds to the electron flow in the wires connecting the capacitor to the alternat-
ing current source. The alternating current source is responsible for development of
the electric stress in the dielectric between the plates of the capacitor. Electron flow
does not occur through the capacitor. The electrons flow around the capacitor circuit
in one cycle, which causes a negative charge to build up on one place, and a cor-
responding positive charge on the other, and the next cycle causes a reversal of the
polarity of the charges on the plates. Thus, the effective impedance which the capaci-
tor offers to the flow of alternating current can be relatively low while the insulation
resistance which the dielectric offers to the flow of direct current is extremely high.

Power Transfer: With no voltage or charge, the electrons in the dielectric between
the capacitor plates rotate around their respective nuclei in normally circular orbits.
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When the capacitor receives a charge the positive plate (PV Module) repels the posi-
tive nuclei and at the same time the electrons in the dielectric are strained toward
the positive plate and repelled away from the negative plate (Plywood Board). This
distorts the orbits of the electrons in the direction of the positive charge. During

the time the electrons are changing from normal to the strained position there is

a movement of electrons in the direction of the positive charge. The movement
constitutes the displacement current in the dielectric. When the polarity of the plate
reverses, the electron strain is reversed. If a sine-wave voltage is applied across the
capacitor plates the electrons will oscillate back and forth in a direction parallel to
the electrostatic lines of force. Displacement current, is a result of the movement

of bound electrons, whereas conduction current represents the movement of free
electrons.

The Figure 5(b) shows that the instantaneous power is negative whenever the
voltage and current are of opposite sign. However, as has been illustrated in the
Figure 5(b) that positive area of p(t) energy exceeds the negative area. Therefore,
the average power is finite. Since the angle, 0, is small between current and volt-
age, the negative area of p(t) energy become very small. During the first quarter
cycle (from 0° to 90°) the applied voltage rises from slightly negative value to a
maximum and the capacitor is receiving a charge. The power curve is positive
during this period and represents energy stored in the capacitor. From 90° to 180°,
the applied voltage is falling from maximum to slightly negative value and the
capacitor is discharging. The corresponding power curve is negative and repre-
sents energy returned to the circuit during this interval. The third quarter cycle
represents a period of charging the capacitor and the fourth quarter represents a
discharge period.

Induction Losses: The induction losses due to thermal storage amount to 1.5% in
comparison to the capacitive heating [28, 29]. When a circuit containing a coil or
source of energy is energized with direct current, the coil’s effect in the circuit is
evident only when the circuit is energized, or when it is de-energized. However,
when the inductive circuit is supplied with alternating current, the induction losses
are continuous and much greater than when it was supplied with direct current.
For equal applied voltages, the current through the circuit is less when alternating
current, is applied than when direct current is applied. The alternating current
is accompanied by an alternating magnetic field around the area of the source of
energy, which cuts through the area of the source of energy in the circuit. Most of
the applied voltage appears across inductance, L, with little remaining for the load
in the circuit. In a circuit possessing inductance only, the true power is zero. The
current lags the applied voltage by 90°. The areas of induction losses above the X
axis represent positive energy and the areas below the X axis represent negative
energy [28-34].

6. Development of a receiver using radio waves for wireless information
and power transfer

The focus of the current research is to expedite the efforts for development of
a receiver using radio waves for wireless information and power transfer using
solar energy spectrum. Liang Liu et al. investigated transmit beamforming for
simultaneous wireless information and power transfer using radio frequency (RF)
transmission [35]. It is essential to have Radio frequency (RF) transmission enabled
wireless power transfer (WPT) to power energy-restricted wireless systems (e.g.,
sensor networks), where dedicated energy transmitters are deployed to broadcast
RF signals to charge low-power electric devices (e.g., sensors and RF identification
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(RFID) tags), as it is a cost-effective solution. Radio Frequency (RF)-based wireless
power transfer (WPT) can provide continuous and controllable power supply, and
thus is applicable to more energy-demanding applications [35]. Radio frequency
(RF) signals have been widely used in wireless communications as the carrier for
wireless information transfer (WIT) for several decades.

A query thus arises that whether we can utilize RF signals more efficiently for
both WPT and WIT at the same time with a new technique called simultaneous
wireless information and power transfer (SWIPT) [35]. The SWIPT is developed by
considering a single-antenna point-to-point channel, where the trade-off between
the achievable rate for WIT and the received energy for WPT is investigated that the
single-antenna receiver can utilize the same received RF signals for both informa-
tion decoding (ID) and energy harvesting (EH) at the same time without any loss.
However, this assumption is difficult to realize in practice since existing informa-
tion receivers (IRs) and energy receivers (ERs) are separately designed with distinct
circuit structures, and as a result, each of them cannot be used to decode informa-
tion as well as harvest energy at the same time. The two basic receiver structures
have been widely adopted in the literature [35].

Time-Switching receiver (TS) switches between an information decoder and an
energy harvester over time. This technique is the simplest way to implement SWIPT
by using off-the-shelf commercially available circuits for information decoding (ID)
and energy harvesting (EH), respectively. It is crucial to determine their operation
modes (ID or EH) over time for TS receiver. This is based on their communication and
energy requirements, as well as the channel conditions [36]. Power-Splitting receiver
(PS) splits its received signal into two portions with one for information decoding
(ID) and the other for energy harvesting (EH). In this technique, it is important to
determine the power splitting ratio at each antenna to balance the rate-energy trade-
off between the information decoding (ID) and energy harvesting (EH) receivers.
Note that time-switching and power-splitting receiver can be regarded as a special
and low-complexity realization of power-splitting receiver with only binary (0 or 1)
power splitting ratio at each receiving antenna. They are implemented by different
hardware circuits (time switcher versus power splitter) in practice [36].

There are miscellaneous issues investigated by many researchers on wireless
power transfer. A. M. Azman et al., investigated superimposition technique in
wireless power transfer for enhancing the distance of transmission of the transmis-
sion coil [37]. This technique resulted in incrementation of the distance by up to 2
times compared to the system without superimposed technique. Yunfei Chen etal.,
investigated interference analysis in wireless power transfer [38]. They studied the
co-channel interference (CCI) generated by wireless power transfer. They considered
the effect on information delivery for three widely used setups of simultaneous wire-
less information and power transfer (SWIPT), hybrid access point (HAP) and power
beacon (PB). In the book on Wireless Power Transfer edited by Johnson I. Agbinya,
various innovative techniques for design of Optimal Wireless Power Transfer Systems
are discussed [39]. The authors present new methods of delivering flux efficiently
using the inductance-based transmitter to an inductance-based receiver by using
either flux concentrator or separator. The flux coupling coefficient can be increased
by the concentrator. This leads to increased flux delivered to the receiver by a large
order of magnitude. Whereas the separator helps in reducing the crosstalk between
two identical types of nodes and also leads to significant increase in power delivery.
In another paper, Zhen Zhang et al., investigated energy encryption for wireless
power transfer [40]. They studied the improved security performance of wirelessly
transferred energy as an attempt to switch off other unauthorized energy transmis-
sion channels and enhancing security of energy transmission.
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7. Conclusions

This chapter has presented brief outline of the state-of-the-art and develop-
ments in wireless power transfer using solar energy. The harvesting technologies of
ambient solar radiation like solar photovoltaic, kinetic, thermal or electro-magnetic
(EM) energy can be used to recharge the batteries and power various electronic
gadgets. Brief on Radio frequency (RF) harvesting technologies is also presented.
The energy converted to useful DC energy which can be used to charge electri-
cal devices which need low power consumption. The chapter has also presented
analysis of the parallel plate photovoltaic amplifier connected to a potentiometer
as a Resistance-Capacitance (RC) circuit power amplifier. The effect of inductance
and resulting power transfer was theoretically determined in the RC amplifier cir-
cuit. The electrical and thermal properties and measurements from a parallel plate
photovoltaic amplifier were collected to analyze the unbalanced power transfer and
inductance in a nonlinear RC circuit amplifier using equivalent transfer functions.
The concept of Wireless Information and Power Transfer using Electromagnetic
and Radio Waves of Solar Energy Spectrum is also briefly outlined. The chapter
has also presented miscellaneous issues pertaining to wireless power transfer such
as superimposition technique, interference, and security issues. Appendix has
presented Equations for transmitter and receiver using mutual inductance of the
magnetic resonance between transmitter and receiver.

Appendix: Equations for design of a transmitter and a receiver

A transmitting antenna is surrounded by an electromagnetic field. This electro-
magnetic field is divided into two separate regions-the reactive near field and the
radiating field. The energy is stored in the transmitting coil before it propagates as
electromagnetic waves to the receiving coil [41].

The magnetic field experience between transmitter or receiver is called mutual
inductance, which can be predicted through:

M=L,L, (A1)

Where, L; is inductance of transmitter coil and L, is inductance of receiver coil.
For circular loop coil the inductance can be calculated by using the following
formula [42]:

L=N’uu, g[(ln%) —2J (A2)

Where

N — Number of turns of the coil

U =41 x 10'7permeability of vacuum, (H/m)

D — Diameter of loop coil (m).

d — Diameter of conductor cross-section (m).

The coil inductance (L) and optimal resonance frequency is determined based
on operating frequency that has been used in the system, the capacitance C can be
calculated by:
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f.=1/2n(1/VLC) (A3)

Quality Factor, Q characterize the energy decay in an antenna coil which is
inversely proportional with the energy loss in antenna coil before transfer to the
receiving coil. The factor Q of coil can be determined using Quality factor:

Q=oL/(R,+R,,) (A4)

Where, R, is AC resistivity; Ry.q is radiation resistivity. The quality factor Q can
have values ranging from 0 to infinity. It is difficult to obtain the values of Q far
above 1000 for antenna coils in actual practice [43]. A high-Q antenna coil can be
defined with Q greater than 100. These two coupling antenna coils should have Q
greater than100 for each of the coils for transmission of the energy wirelessly [44].
The efficiency of the transfer system is very low for the antenna coils which have
Q between 100 and 200 [45]. For obtaining a high efficiency of the wireless power
transfer system, a high factor Q which approximates to 1000 is preferred for design
purposes [46].
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Chapter 3

Wireless Power Charging in
Electrical Vehicles

Nassim Iqteit, Khalid Yahya and Sajjad Ahmad Khan

Abstract

Wireless Power Transfer (WPT) technology can transfer electrical energy from
a transmitter to a receiver wirelessly. Due to its many advantages, WPT technology
is a more adequate and suitable solution for many industrial applications compared
to the power transfer by wires. Using WPT technology will reduce the annoyance of
wires, improve the power transfer mechanisms. Recently, the WPT gain enormous
attention to charging the on-board batteries of the Electric Vehicle (EV). Several
well-known car manufacturing companies start efforts to adopt WPT technology
and enhance its features. Therefore, WPT can be achieved through the affordable
inductive coupling between two coils named a transmitter and a receiver coil. In EV
charging applications, transmitter coils are located underneath the road, and
receiver coils are installed in the EV. The inductive WPT of resonant type is gener-
ally applied to medium-high power transfer applications like EV charging because it
achieves better energy efficiency. In this chapter, various WPT technologies are
discussed and tested in EV wireless charging applications. Furthermore, extensive
information is given to developing an advanced WPT technology that can transfer
maximum power by achieving maximum efficiency.

Keywords: Wireless Power Transfer (WPT), Electric Vehicle (EV), Energy
Efficiency

1. Introduction

A Wireless Power Transfer (WPT) is one of the promising technologies used to
transfer electric energy from a transmitter to a receiver wirelessly. WPT is an
attractive solution for many industrial applications due to its enormous benefits
over wired connections. The advantages include the no hassle of carrying wires,
easy charging, and smoot of power transmission even in unfavorable environmental
circumstances.

The idea of wireless power transfer (WPT) was first introduced at the end of the
19th century by Nicola Tesla. He manufactured a wireless lighting bulb that was
used to receive electrical charge wireless [1]. Tesla used two metal plates that were
closely placed to each other. A high-frequency Alternative Current (AC) potentials
were passed between these two plates, and the bulb powered ON. However, some of
the issues appeared while using WPT technology. One of the main issues is that the
minimum power density and low transfer efficiencies affect when the distances
increase. As a result, the performance of WPT technology becomes very slow.
Therefore, the WPT technology is improved and used “strong coupled” coils when
the distance increases more than 2 m while charging wirelessly [2]. The two
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important WPT technologies are Inductive Power Transfer (IPT) and Capacitive
Power Transfer (CPT). CPT is only applicable to low power applications with very
short air gaps between 10-4 and 10-3 m, whereas IPT can be used for large air gaps
around several meters, and its output power is much higher than CPT.

Figure 1 Compares between CPT and IPT, Figure 1a shows the power transfer
capability versus gap distance with efficiency values. Furthermore the figure indi-
cates both IPT and CPT can achieve >90% efficiency at kilowatt power levels in
their respective gap ranges. Figure 1b plots the transmitter/receiver area versus
throughput power with efficiency. The coupler area is the cross-sectional area
through which magnetic or electric fields transfer energy. Figure 1c plots the output
power density (output power divided by the gap volume) versus frequency [3].
WPT technologies can be applied in television, phone chargers, and induction
heating, medical devices, pacemakers, radiofrequency identification, sensors,
robotics, and deeply used in wireless charging for EV [4-11].

In CPT and IPT power transfers, the respective energy stored in a unitary
volume of space is

1

W, = isOEZ 1)
1 2
Wi = iﬂOH (2)

where E and H are the intensity of the electric and magnetic fields and, ¢ and yo
are the permittivity and the permeability of the free space.

Health and safety, and economic impact are the critical points that should be
considered in any technology of WPT for charging EVs or in any other applications.
WPT technology for charge replacement, EVs can become gorgeous option. WPT
charging has the advantage that it can make the charging process automated, suit-
able and safe for users and large scale introduction of WPT charging infrastructure
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Figure 1.

Comparison between CPT and IPT technologies [3], (a) gap distance and output power with efficiency value ,
(b) coupler area and output power with efficiency value, (c) frequency and output power density with
efficiency value.
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Figure 2.
Relationship between Ampere’s law, Faraday’s law, Maxwell’s equations, inductive-coupling WPT, resonance-
coupling WPT, and WPT via radio waves [13].

can help reduce the battery pack size and in turn make the EVs more proficient.
However, all this cannot be knowledgeable by using traditional inductive chargers
and WPT charging through large air gaps and least possible human interaction are
required [12].

WPT systems are primarily classified as microwave, evanescent wave, magnetic
resonance, electrical resonance, or electromagnetic induction methods. Scientists
have newly proposed an electromagnetic induction method that is not premised on
transformer coupling. It is revealed that the electric power transmission over a range
including a magnetic field resonance method is enabled by adopting this method [13].

Ampere’s law, Faraday’s law, Maxwell’s equations, the inductive-coupling WPT,
the resonance-coupling WPT, and WPT via radio waves are the major theory that
can describe the functionality of WPT technologies. Figure 2 shows this relation-
ship between these theories.

2. Basic theory of WPT system
When AC or DC electrical energy is transformed to high-frequency electrical

energy by using a high-frequency inverter, the wireless feeding device (Tx.)
releases electrical energy through a transmission device into space. Then, the

31



Wireless Power Transfer — Recent Development, Applications and New Perspectives

receiving system (Rx.) converts the electrical power into DC in the recipient elec-
trical apparatus. In addition, the efficiency of the electrical power transmission,
medical and environmental influence of electromagnetic waves, and improvement
the facile high speed charging, safe security, and energy storage density are essential
limits should be considered when WPT is designed for EVs.

WPT systems are classified as microwave, evanescent wave, magnetic reso-
nance, electrical resonance, or electromagnetic induction methods. Figure 3 shows
the relation between transmitted power and transmitted length of these methods
for WPT systems. Additionally, WPT can be classified to the kind of Type 1,Type 2,
Type 3 and Type 4 as shown in Figure 4. Table 1 shows the relationship of
Types 1-4 from the viewpoint of coupling mechanism, resonant mechanism,

10 W/m?
Transmitted le {54508

| Evanescent '

10 m

Mgt o |

I em .. == {  Inductive coupling t
| | | (transformer mode) {

10w 100w I kW 10 kW 100 kW

I Electric resonance | Transmitted power

Figure 3.
Transmitted power and transmitted length of noncontact WPT methods [13].
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Figure 4.

Relationship of different kinds of WPT scheme.
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Type Coupling mechanism Resonant Impedance Schematic
. . ... mechanism  matching
E-field H-field mechanism
(feeding
mechanism)

1 Electrostatic Yes No Power factor ~ Not active
induction compensation following for
may be load

Magnetic induction No Yes consideredas  impedance
a resonant

circuit

2 Coupled-resonant ~ Dominant Negligible Discrete According to
using electrostatic reactance the load
induction device is impedance or

necessary for  transmission

Coupled-resonant ~ Negligible Dominant .
. " resonance distance,
using magnetic .
& magn active

induction

following by
3 Coupled-resonant ~ Dominant Small, but Coupler acts  circuit
with self-resonant not as resonator ~ parameter in % %ﬁ
coupler (E-field negligible impedance
dominant) matching
circuit or

Coupled-resonant ~ Small, but Dominant transmission

with self-resonant  not frequency is @__.8 aﬁ]}
coupler (H-field negligible necessary to

dominant) achieve
simultaneous
conjugate
matching

4 Far-field type Coupling in far-field. Tx and Rx Tx/Rx
(microwave WPT)  Ratio of E-field to H-  antennas antennas are
field is 377 Q resonate matched to

independently the source/
load
independently

Table 1.
Coupling mechanism, resonant mechanism, and impedance matching mechanism for various kinds of WPT.
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Figure 5.
Block diagram of WPT system.
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Figure 6.
Power flow in WPT system.

and feeding mechanism. Figure 5 shows the general Block diagram of wireless
power transfer system [13].

3. Power flow in WPT system

The block diagram of the Power flow in WPT system becomes as shown in
Figure 6. RF inverter converts the frequency of the power. Typically, RF inverter
also converts the voltage of the power. Considering that the power is P = VI and the
impedance is Z = V/I, the RF inverter also converts the impedance of the power.
The rectifier in Rx side also changes the frequency of the power.

4. WPT-systems for charging EVs

Figure 7 depicts the base components of a WPT system for EV charging. It
consists of two prime sub-systems, one of which is existing underneath the road
surface and the second is found into the vehicle underbody [14]. The first
subsystem includes the source of energy, rectifier and high frequency inverter,
primary compensation network and the primary/transmitter coil (Tx). The built
subsystem in EVs, has the secondary/receiving coil (Rx) and secondary compensa-
tion network composes a resonance circuit that supplies into a high frequency
rectifier, filter and the battery. The sub-systems are separated by an air gap. The
distance between the two systems depends on the type of vehicle, ground clearance
and road conditions such as pavement thickness. Usually the air gap is smaller than
0.4 m. Additionally, both sub-systems share information via a communication link.

The system given in Figure 7 includes:

* Distribution network in the road has low-frequency AC power for various
loads [15, 16].

* Rectifier and power factor correction (PFC).
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(a) The base components of a WPT system for (b) EV charging system.

35

* High-frequency inverter converts the DC power to high frequency AC in the

primary side. On the secondary side, the high-frequency AC energy is rectified
to DC power and filtered to create a ripple free current that can charge the
battery of EVs. The resonant frequency of the compensation topologies and
coils determine the required switching frequency of the inverters. Usually used
resonance frequencies for WPT EV-chargers are within a range of

20-100 kHz [17].

* Compensation networks are located between the high-frequency inverter and

the primary coil in the ground assembly (GA), while between the secondary
coil and the rectifier in the vehicle assembly (VA). Table 2 summaries these
networks and their efficiency. Power transfer efficiency with mutual
inductance relationships for the basic compensation topologies SS, SP, PS, and
PP are given in Figure 8. An optimal selection operation of the compensation
topology based on the economics of the system is proposed in [18]. It concludes
that SS and SP-compensation networks are the most appropriate topologies for
high-power WPT systems. In addition, SS compensation needs less copper than
the other compensation networks.

e Communication links. Evenly important to the power transfer system is the

communication link between GA and VA. This also contains the
communication to the GA grid connection to manage demand upon grid status.
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* The core components of the WPT system are two coupled coils that allow
power transfer via magnetic field [19]. Electric current flows through the
primary coil and produces a time-varying magnetic field around it. In the
nearness of the primary coil, the secondary coil intercepts the magnetic field,
which induces a voltage. The value of induced voltage depends on the air gap

length between these coils, the number of turns and the value of dg/dt; ¢ is the
magnetic flux.



Wireless Power Charging in Electrical Vehicles
DOI: http://dx.doi.org/10.5772 /intechopen.96115

e - =l
E‘--:ﬁ'i'f:; b :;‘:N -..g.\:'c?ﬂ.
0.9 AATIRE " \\; N
A A Al [ 3 3 i\
.,
& / / /{- ----- - b (. 5 OT \
0. y : . g
5 ) / /‘ i e | ™ £
50 al Alll 4 k N I
i 04 v A T
0 / /| W \ N I
2 <t
’/’ WT \'"'--.:“
10* 10" 1" 10’ 10° * ] 10 0 i
Q QR
(a) (b)
Figure 9.

Efficiency of vesonant WPTSs with SS, SP, PS and PP topology [12].

Wireless

Static

Auntomated

Figure 10.
Classification of charging method for EVs.

Moreover, different types of coil design are used in WPT, such that Circular,
Flux pipe/flat solenoid, Bipolar, Tripolar, Zigzag, DD and DDQ [20-26].

Efficiency of resonant WPT with SS and SP topology, and of an inductive WPT
vs. Qg for different values of Qr is reported in Figure 9a, while the efficiency of
resonant WPTS with PS and PP topology is given in Figure 9b.

a)Ll,z (3)

Qrp = Ris
M

k= (4)

:

LiL,

Qr.r: Transmitting and the receiving quality factor, respectively. k: Coupling
coefficient. L1 and L2 are the s self-inductances of the transmitting and the receiv-
ing coils, M is their mutual inductance, and R1 and R2 are the coil resistances.

To charge or transfer energy into the vehicle electric storage device, many
electrical charging methods are established and standardized. This methods are
given if Figure 10.
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Furthermore, there are many other many electrical charging methods uses
different converters among different renewable sources [27, 28].

5. Major IEC/ISO standards for WPT for EV

1.SAE J2954: Wireless Power Transfer for Light-Duty Plug-In/Electric Vehicles
and Alignment Methodology.

2.SAE J2894/1: Power Quality Requirements for Plug-In Electric Vehicle
Chargers.

3.SAE J2847/6: Communication between Wireless Charged Vehicles and
Wireless EV Chargers.

4.SAE J2931/6: Signaling Communication for Wirelessly Charged Electric
Vehicles.

5.ICNIRP 2010: ICNIRP Guidelines for limiting exposure to time-varying
electric and magnetic fields (1 Hz — 100 kHz).

6.1SO 14117:2012: Active implantable medical devices — Electromagnetic
compatibility — EMC test protocols for implantable cardiac pacemakers,
implantable cardioverter defibrillators and cardiac resynchronization devices.

7.ISO/PAS 19363:2017: Electrically propelled road vehicles — Magnetic field
wireless power transfer — Safety and interoperability requirements.

8.ISO 15118: Road vehicles — Vehicle to grid communication interface.

9.IEC61980-1: Electric vehicle wireless power transfer (WPT) systems — Part 1:
General requirements.

6. Conclusion

In this chapter, several WPT technologies are presented and explained the
importance of WPT. In recent years, WPT technology gains enormous attention
due to its advantages. WPT systems are classified as microwave, evanescent wave,
magnetic resonance, electrical resonance, or electromagnetic induction methods.
Moreover, the prospective EV wireless charging applications are also highlighted,
and different coupling techniques are discussed in this chapter. Inductive coupling,
magnetic resonance coupling, and microwave are the main EV wireless charging
techniques. The chapter also provided detailed information on the manufacturing
and configuring the magnetic resonance coupling based wireless charging system.
This chapter deals with the basic overview of the present and future scenarios of
EVs. After discussing the scenarios, various concerns regarding battery types and
charging methodologies are discussed as well.
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Chapter 4

Theoretical and Practical Design
Approach of Wireless Power
Systems

Vladimir Kindl, Michal Frivaldsky, Jakub Skorvaga
and Martin Zavrel

Abstract

The paper introduces the main issues concerned with the conceptual design
process of wireless power systems. It analyses the electromagnetic design of the
inductive magnetic coupler and proposes the key formulas to optimize its electrical
parameters for a particular load. For this purpose, a very detailed analysis is given
focusing on the mathematical concept procedure for determination of the key
factors influencing proper coupling coils design. It also suggests basic topologies for
conceptual design of power electronics and discusses its proper connection to the
grid. The proposed design strategy is verified by experimental laboratory
measurement including analyses of leakage magnetic field.

Keywords: wireless power transfer, coil design, analytical approach,
electromagnetic field, efficiency, optimization, shielding

1. Introduction

There are currently many methods, links and approaches for wireless power
transmission. Each of the available solutions is characterized by its advantages and
disadvantages, which result in their application [1-3].

Inductive coupling is currently the most widely used method of wireless energy
transfer. This method works on the principle of an air transformer with a tight
magnetic coupling of the primary and secondary windings. The energy exchange
between two or more coils takes place by means of an inductive current @, i.e. by
means of an induced voltage. The main disadvantage of inductive coupling is the
transmission distance, which ranges from millimeters to several centimeters [4].

Resonance compensation is a specific case of inductive coupling. Resonant com-
pensation is used in cases where it is necessary to achieve impedance dependence on
frequency. Resonant compensation is provided by adding a capacitive member to
the primary as well as the secondary coil. After applying a magnetic field with a
suitably selected frequency, the phenomenon of mutual interference of the imped-
ance of the coil and the capacitor occurs, which ideally ensures zero phase shift
against the current flowing through the primary coil. For resonant compensation,
there are four configurations of the primary and secondary side of the wireless
charging system [5, 6].
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The system using resonant coupling fully compensates for the scattering fields of
the coupling coils, thus significantly extending the working distance while
maintaining high energy transfer efficiency. Thanks to its advantages, resonant
coupling is used mainly in the field of electromobility, where it allows charging with
high power and in the case of a variable load, it can be easily frequency-adjusted for
optimal efficiency [7, 8].

Energy transmission through capacitive coupling is currently used relatively
little due to limitations on the transmission distance, which is limited by the level of
tenths of a millimeter. This method is mainly used for charging consumer electron-
ics such as tablets, laptops and more. They also have great potential in the field of
medicine for charging various implants. Capacitive coupling is a phenomenon
occurring between all conductive objects, i.e. between systems between which there
is a mutual difference of potentials and between them there is an environment with
a positive dielectric constant (permittivity) [9-11].

This work aims to point out the main design issues related to wireless power
transmission and demonstrate their operational characteristics. An important aspect
in this area is undoubtedly interaction of living organisms with a strong electromag-
netic field, and therefore it is necessary to pay attention also legislation and hygiene
standards [12-15]. Another goal is to provide a clear mathematical description of the
system using intuitive methods for circuit analysis. Mathematical models must con-
sider, in addition to the coupling itself, the inverters (inverter and rectifier) on the
primary and secondary side of the system. An equally important goal of the work is
experimental verification of all achieved theoretical conclusions. For this purpose, it
was necessary to develop a prototype of a WPT charging system capable to supply
sufficient power needed to charge conventional electric car. The text is supplemented
by accompanying graphics that illustrates efficiency characteristics and also analysis
of the spatial distribution of the electromagnetic field at different states of the system.

2. Basic resonant coupling techniques

There are four basic configurations of the primary and secondary side of the
WPT system to realize resonant compensation of the leakage inductance [16-18].
This chapter focuses on investigating the properties of possible compensation
methods, which include serial-serial, serial-parallel, parallel-serial, parallel-parallel.

Parameter Value

Ry 0.45Q

R, 0.45Q

Ly 145.6 pH

L, 145.6 pH

C, 3.1nF

G 3.1nF

k 0:0.1

Ry Series compensation: 5:200 Q Parallel comp.:

5Q:2.5kQ
U, 100 V
Table 1.

Circuit parameters for the evaluation of compensation techniques.
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The analysis of individual configurations is further provided, while and examples of
characteristics derivations are based on the circuit parameters listed in Table 1.

2.1 Series-series compensation

Serial-series compensation uses two external capacitors C; and C, connected in
series with the primary and secondary windings. The circuit model of the system is
shown in Figure 1.

The system is powered by an inverter with a rectangular voltage profile with
amplitude um1, and therefore the circuit must be described by a system of
integrodifferential equations forming a full-fledged dynamic model.

t diq di
Uy +— ledt+ucl()+R111+L1 LM
Cy dt dt
di di 1 @
B M—l—R'——J'dt— —Rzi, =0
zdt di 202 C, Olz Uc,(0) YA

All models will be derived for the fundamental harmonic and therefore we can
use Eq. (1) to describe the model, while the inverter voltage can be considered in
the form of (2).

. 2V2
g _2V2

1= ——Um (2)
P

The solution we get loop currents, from which it is possible to further determine
all operating variables of the system (3).

1
, R L —jwM
[131] _ 1+](w e Cl) 7

jsz . . 1
—jwM R, +R L) — —
] . 2+ z+]<w 2 a)C2>

S\

(3

For a better idea, we draw the efficiency and power on the load depending on
the frequency and the coupling factor, respectively the load. This creates two pairs
of maps in which two functions are plotted separately:

C C C e

Figure 1.
Simplified equivalent circuit for series—series compensation, left — Circuit with initial variables, right — Circuit
suited for loop current analysis.
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PZ :f(fsw’k)’PZ :f(fsw’RZ)’and n :f(fsw’k)’n :f(fsw’RZ) (4)
The first map will consider a constant load, which will be set as optimal for the

working distance corresponding to k& = 0.1 [19]. The optimal load for the map was
determined based on the relationship:

Ry (RiR; + M?a?
RZsquiciency = \/ 2( ichs @ )=22'Q (5)

R,

The resulting maps are shown in Figure 2.

2.2 Series-parallel compensation

Serial-parallel compensation uses two resonant capacitors connected in series
with a coupling coil on the primary side and in parallel on the secondary side
(Figure 3). In the left part you can see the diagram for the dynamic model and in
the right part its simplification for the supply of the harmonic course of the voltage.

Unlike the previous circuit, it is now necessary to compile three equations of
three unknowns. The integrodifferential form is given in the (6).

0.1
008 Aoae 009 90
0.08 3500 003 SU
007 -3000 007 j’C

- 60
0.05 2500 008 _

Zons Zo05 50 F,

b 2000 N = =
0.04 0.04 40

1500
0.03 0.03 30
o0z 1006 002 20
0.01 so0 001 10
0 0 0

f [HZ f [Hz

Figure 2.
Dependency of output power (left) and system efficiency (vight) on frequency and power transfer distance for
S-S compensation.

Figure 3.
Simplified equivalent circuit for series—parallel compensation, left — Circuit with initial variables,
right — circuit suited for loop current analysis.
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1 diy  diy
—uy + - | ddt Riiy + L+ M=—2 =0
it Cy Jo“ oo TR E g T M,
di,  di

2 1 R O
_LZ% — ME — Ryip + C—ZJO(Zg - lz)dt + Uc,(0) = 0 (6)

10, . .
- C_zjo (13 — lz)dt —UC,(0) — Rzis =0

For the calculation by the loop current method, the equations take the form (7).

- 1 -
Ri+jl ol —— —joM 0
k) |
Isy . Us
I | = —joM Ry +j( @Ly — * J 0 %)
/SZ a)C2 a)C2
Is3 ' . 0
0 J_ T 1R,
L a)Cz a)Cz .
The optimal load is then given by the Eq. (8)
Lo /RiRS + @ (L3R + M?Ry)
Rprqﬁ‘iciency = =217622. (8)

\/Rz (RiR, + M?a?)

The resulting waveforms are graphically summarized in Figure 4.

2.3 Parallel-series compensation

Parallel-series compensation is practically only like the previous variant, which
uses two resonant capacitors connected in parallel with the coupling coil on the
primary side and in series on the secondary side. The circuit model is apparent from
Figure 5.

As in the previous case, it is enough to compile three equations of three
unknowns for the description (9).

3000

2500

=005
2000 e~

Figure 4.
Dependency of output power (left) and system efficiency (right) on frequency and power transfer distance for

S-P compensation.
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Figure 5.
Simplified equivalent circuit for parallel - series compensation, left — Circuit with initial variables,
right — Circuit suited for loop current analysis.

1 .
U1 +— C J (11 — lz)dt + Ucy(0) = 0
1

1 t . . d d13 (9)
_a 0(11 —lz)dt—ucl( 0) + Rty +L1—- It -‘rM% =0
di3 dlz .
Ly— — M——Ryi3 —Rzi3 =0
2 dr dr 213 Z13

The equations below for the calculation by the loop method can be expressed as (10).

T J 0
j CUCl CUC] ’
s1 j 1 U,
7 = |~ Ri+jlwli —— —joM
fo|= |00 Rt (w : wcl) jo o || o)
Is3 . . 1 0
I 0 _JO)M R2 =+ RZ +] (a)Lz — w—(:,z) |

From the above equations we again obtain the courses of all-important operating
variables, shown in Figure 5. As in the previous case, the system achieves maximum
efficiency at the optimized load (Rz = 22 Q), while the transmitted power is signif-
icantly lower compared to the achievable value (Figure 6).

‘ 0.08
‘ 0.08
0.07
0.06 60
008 005 150
15 .04 ap ©
0.0a 30
002 20
GCI‘\ 10
0 o o )
i, Hz] 5

2z z3 24 25

Figure 6.
Dependency of output power (left) and system efficiency (right) on frequency and power transfer distance for

P-S compensation.
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(0] l
C £, C,
u ] oy |-
1 | e | =
Q
i !
Figure 7.

Simplified equivalent circuit for parallel - parallel compensation, left — Civcuit with initial variables,
right — Circuit suited for loop current analysis.

2.4 Parallel-parallel compensation
Parallel-parallel compensation uses two resonant capacitors connected in
parallel to both coupling coils. The circuit model can be seen in Figure 7.

Unlike previous models, in this case it is necessary to compile four equations
with four unknowns, the integrodifferential form is represented by the Egs. (11).

1.
—uq + C—J (11 — lz)dt + Uc,(0) = 0

1Jo
1 [ di di
——J (iz — il)dt — Ucy(0) + Riiy +L1£+M£ =0
C1Jo dt dt (11)
dis dip ) 1. .
—Ly =2~ M=2 — Ryis + = | (ig — i3)dt =0
2 o Rt JO (is —i3)dt + ucy(o)
1 t
— C—ZJO (14 — i3)dt —UC,(0) — Rzis =0
After stabilization we can rewrite the equations into the form (12).
. 1 -
— —— 0 0
0)C1 J a)C1
Is1 j 1 Ux
, —— Ri+j|lwly —— —joM 0
I | | 0Ch AR oCy /e 0
Is . . 1 j 0
0 —joM R L, — —— ——
o N S b
J J
0 0 — R; ———
L wC; 2 wC; |
(12)

Graphical interpretations of the characteristics are shown in Figure 8.

2.5 Overall comparison

Based on the above results, we can compile a table that compares the key
properties of individual compensation methods (Table 2). In the evaluation, we
consider a system operating to the optimal load at a distance corresponding to the
coupling factor & < 0.1. The supply voltage is the same for all compensation
topologies and is not regulated.
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a1
a5
D09
0.08 3
007 25
0.08
—_ 2
=005 g
3 o
004 150
003 ;
002
0.01 08
0
22 23 2.4 25
w10”
Figure 8.

Dependency of output power (left) and system efficiency (right) on frequency and power transfer distance for
P-P compensation.

@
&
 [%]

. Hz

sw

Criteria Compensating topology
S-S S-P P-S P-P
Source output type current voltage voltage Current
Power transfer ability higher higher lower lower
Max power and efficiency overlap No No Partial Partial
Optimum load value lower higher lower higher
Frequency sensitivity higher higher lower lower
Table 2.

Comparisons of key attributes of individual compensation techniques.

Serial-to-series compensation acts as a current source over the monitored oper-
ating distance range, allowing higher power to be delivered to the load compared to
other topologies. The disadvantage is the minimum overlap of work areas with
maximum system performance and efficiency.

Serial-parallel compensation in this case does not bring any significant opera-
tional benefits, the only difference lies in the higher values of the optimal load.
Unlike the previous solution, the circuit acts as a voltage source.

Parallel-series compensation offers partial overlap of work areas with maximum
performance and efficiency. However, the theoretically achievable transmitted
power values are significantly lower compared to the two previous configurations.
The circuit has a voltage output and is much less sensitive to frequency detuning.

Parallel-parallel compensation offers current output with better coverage of areas
of maximum power and efficiency along with better frequency stability. However,
the transmitted powers are very low, as with parallel-series compensation.

3. Identification of key system parameters and analytical approach for
design of coupling elements

In the previous chapter, the principal characteristics regarding basic modifica-
tions of the main circuits for wireless power systems were derived and described.
All models, in some form, use concentrated parameters of spare electrical circuits.
These parameters can be determined basically in two ways, i.e. by calculation and
by measurement, while the measurement can be used only if the analyzed system
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already physically exists. On the other side the calculations offer the possibility of
optimization within design procedure.

Within next text, the systematic analytical procedure for calculation of key
parameters of coupling elements for wireless power transfer is described, whereby
the application area for any compensation technique can be considered here.

3.1 Mutual inductance of planar coils

In practice, circular or spiral coils are most often used for high-frequency purposes.
The reason is the high gradients of the electric field, which arise on all structural edges
of the coil in the case of parallel resonance. These gradients significantly worsen the
quality factor and thus the operating characteristics of the resulting system [20, 21].

The mutual inductance of different clusters of air coils of spiral shape can be
based on the application of the analytical rule for the magnetic vector potential in
cylindrical coordinates (13).

I /
A,lr, 0.5 =2y, 05 (¢/) dg, (13)

4n JO \/724—1% — 2rrycos (@) + (z — 2/)*

The resulting relationship is based on the direct application of Biot-Savart’s law.
In technical practice, these integrals are abundant, and therefore considerable
attention has been paid to their enumeration in the past. The literature defines three
basic types of these (elliptic) integrals, which can be combined with each other and
easily converted to any special case.

The Eq. (14) was determined based on Eq. (13).

I 2 2 2
At =400 [(Z b itk ~ ) 14)

Where K(k;) a E(k;) are elliptical integrals of first and second type and have
following forms:

b1

—_4E(k) = f [ 1— kj sin z(w)}dgo. (15)
0.\ /1 —kfsin®(¢) 0

K(kr) = f dg

Module of these integrals is determined using (16).

4rrq
ky = 16
! \/(r—i—rl)z +(z—2)* (16)

The derived relations correspond to a simplified geometry, where only a coaxial
arrangement is considered [22]. In order to be able to calculate the mutual induc-
tance of the coils of general geometry and arrangement, we must introduce the
possibility of deflection, see Figure 9 left.

For this special case, the procedure for modifying the previous equations was
indicated in [22, 23]. For the mutual inductance of the two turns from Figure 9
(left) we can write according to Figure 9 (right) next Eq. (17).

Jo | cos () =& cos () ~ k) K (leyy) — E(lery) | dep
o bl s
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Figure 9.
Displacement of coil’s turns and presentation of the situation for determination of mutual inductance for
circular coils.

where
- A
1—sin“()cos?(p) + (— | —— cos()cos (o), (18)
72j 72
and then
47
ki = - . (19)

N 2 i 2
(1+2) + (£ -2 cos )sin )

Both coils have one or more turns, and since the equations derived above apply
only to the arrangement of simple loops, it is not possible to apply them directly.
The calculation is divided into N; N, sub-steps, where the mutual inductance of all
turn’s combinations of the first and second coil is determined. Substituting (17) into
(20) we get the total mutual inductance.

M = Z ZM,-]- (20)

i=1 j=1

As mentioned above, spiral-shaped coils are rather used for high-frequency
applications, while rectangular or square-shaped coils are suitable for applications
operating at lower frequencies. On the one hand, there are no electric field gradi-
ents, the coupling is rather inductive, and on the other hand we try to make
maximum use of the built-up areas to maximize the coupling factor between the
coils. As in the previous case, Biot-Savart’s law can be applied here as well.

However, since it is not a circular coil, the advantages of the cylindrical coordi-
nate system cannot be used, and the calculation is considerably complicated. To
avoid confusing relationships, we will only consider the coaxial arrangement of two
coils. These can have different geometries and different numbers of turns.

Figure 10 shows the real and simplified geometry of the coil, on which the
derivation of the calculations will be performed. As can be seen in the figure on the
left (Figure 10), the actual turns have different lengths at the same position,
making the whole arrangement asymmetrical. The analytical solution of the field
would then be very complicated and quite confusing.
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Figure 10.
Real (left) and simplified (right) geometry of the coil with rectangular shape.

Thanks to the equivalent replacement of individual turns with concentric rect-
angles/squares, we are able to solve the magnetic field around the coil relatively
easily and analytically. Figure 11 indicates the relative position of two coils of
different dimensions and number of turns spaced by a length z.

Let us now focus on the i-th turn of the lower coil and the j-th turn of the upper
coil. The magnetic field passing through the upper coil (excited by the lower coil) can
be calculated from (21), where B;, is the induction of the magnetic field in the z-axis.

" :J B.dS, :J B.dS, :J Beos(6)dS, (1)

Sj Sj Sj

FA e
26{_
A
[
| L 2b)
x#

Figure 11.
Simplified situation for determination of mutual inductance between rectangular coils.
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Furthermore, we can use Biot-Savart’s law to determine the increment of the
Bcp magnetic field from the current-carrying segment of the i-th turn as:

= Ho 1 a; +x a; —x
Beo = 4r 2 2 2 + 2 2|’
\/(bl- —9) +22 \/(bi —9) +22+ (ai +x) \/(bl- —y) +22+ (a; —x)
(22)
An if applicable next equation:
cos (0) = bi—_y, (23)
(bi — )" +22
For z-component of B¢p induction we can derive (24)
Ho bi—y a; +x a;, — x
Bcp—; = 4x (b, > -
(bi —y)* +2 \/(b — ) 22+ (@ +x)’ \/(b 3 +22+ (a; —x)
(24)

For the total coupled magnetic flux with CD segment, we can write integral in
form of (25)

d ; C
Yep—z = J ] d)’J] Bep—zdx. (25)
—dj e

As shown in [24], although the solution of the integral (25) is more complicated,
we obtain a purely analytical relation (26).

4z

A —C:
+(6li—c‘j)tﬂﬂh1( ! ]) — I3
I,

ai +c;
YICD—Z :ﬂ_O |:F1— (u,-+cj)mnh_l<¥> —Fz

a; +c¢ (26)
—1(4%i j
+(a; +¢;) tanh ( T )—F4
1 a; —Cj
—(ﬂi — L’j) tanh (r4]> — F4}
In relation (26) it is still necessary to substitute substitution (27).
Iy = \/(hi+dj 24224 (ai+c))’
I'y=1/(b;+d; g2y a; —C; 2
Vi) 2+ (o= o

2

_|_

3]
~

2

) )

) )
F3:\/(bi—d])2+z2+( )

) )

+22+ (ai —¢cj

The magnetic flux from the other segments (AB, BC and DA) can be easily
determined using the same relations. For example, to calculate the segment BC, it is
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enough to swap a; with b; and ¢; with d; in (26). Due to the symmetry, the Eq. (28)
will apply.
Yapz=¥cp2a¥pa—z = ¥pc—s (28)

And because in the case of a unity current considering mutual inductance
between the i-th and j-th turns next equation is valid (29)

M;¥ijz=¥apz + Yooz + ¥epz+ YDA 2 (29)
the total mutual inductance of both coils is based on (30).

N; N

M= 21: X;M] (30)
i=1 j=

3.2 Self-inductance of planar coils

To calculate the intrinsic inductance of a planar coil, it is possible to find simple
approximation relations, which are suitable for consequent mathematical deriva-
tions. However, their big disadvantage is only an approximate calculation with an
often-indeterminate error. In addition, the relationships apply only to coils with an
equilateral plan

K
L, = %NZDAVGI<1 |:ln (f) + I<3]7 + I<4]72:| (31)

Here, for p, the turn’s filling factor on the coil surface and Dy is represented as
the mean winding diameter.

Dy —Dy Dy + D,

_ 2T = 2
P D, + D, P4ve > (32)

In Table 3, the coefficients depending on the approximated coil geometry are
calculated (Figure 12). The coefficients K; - K4, must always be selected according
to the current geometry.

Coil shape K, K, K3 K,

Circular 1 2.46 0 0.2

Squared 1.27 2.07 0.18 0.13

Hexagonal 1.09 2.23 0 0.17

Octagonal 1.07 2.29 0 0.19
Table 3.

Estimated coefficients for identification of the shape of planar coil.

Figure 12.
Allowed degenerations of the coil’s geometry for calculation of inductance using Eq. (31).

55



Wireless Power Transfer — Recent Development, Applications and New Perspectives

p=0° P=50° P=135°
1 I
» - ® ® ® @
-] X ° X °
) I i
Figure 13.

Time-varying electromagnetic field around the system of coupling coils.

3.3 Coupling coefficient

The magnetic coupling between two coils is formed by a magnetic field, which is
generated by a transmitting coil. For many reasons, this array can never be coupled
to the receiving coil in its full size, and the larger the array, the better the coupling is
achieved. This phenomenon is described by the so-called coupling factor k, which
takes values from O to 1. The coupling factor depends on the geometry of the coils
and their mutual position. Many authors mistakenly qualify the degree of coupling
of two coils based on the shape of the electromagnetic field in their surroundings.
This approach leads to misinterpretations mainly because the field itself is variable
in time and looks different at different times. The situation is clearly shown in
Figure 13.

For example, in S-S compensation, the currents flowing through the primary
and secondary windings are time-shifted by 90 electrical degrees. While at the
instant j = 0° and j = 50° the coils appear to be coupled, while at the instant j = 135°
they are without mutual coupling according to the shape of the field (Figure 13).
The only reliable way to determine the coupling factor is to apply relation (33).

M
k= nn (33)

We will explain some relationships on a simple example, in which we determine
the coupling factor of two coaxially placed coils of circular shape with planar design.
We will perform the calculation on three similar geometries (Figure 12 left), where
the first pair of coils will have an inner diameter D; = 100 mm and an outer
diameter D, = 200 mm, whereby the other two pairs of coils will have the same
dimensions multiplied by two and three. The number of turns is the same N = 5 for
all cases. The coupling factor will be plotted for a distance z = 5 + 300 mm.

As shown in Figure 14 (left), changing the distance of the coils, the coupling
factor k decreases rapidly, while the rate of this decrease is highly dependent on the
respective geometry of the coils. It is therefore better to choose larger coil dimen-
sions to improve the coupling at higher distances. In Figure 14 (right) we see the
effect of the misalignment of the coils in the x-axis at their constant distance in the
z-axis. The coupling factor is somewhat less sensitive to this method of deflection.
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Figure 14.
Dependency of coupling factor on the geometrical properties of the coil and mutual distance (left) and mutual
radial displacement (vight).

3.4 Parasitic capacitance of the coil

For the capacitance between two turns with mean radius »; and the distance
between individual turns e we can write the relation (34).

3 meori.
2in (5)

If we have a coil with N turns, the total parasitic capacitance must be
determined as

Cip = (34)

-1 -1
Cop = Ni > meori_ (35)
Cp — 5 In (i) .

i=1

Further to the pattern of Figure 12 to the left we denote the outer diameter
D, = 2r2, we get the modification (35) in the form (36).

1
N-1|5 In (%)
Cop = Z 3reo[ra — (ry + €/2)i]

i=1

(36)

The geometric arrangement, according to which (36) can be easily applied, can
be seen in Figure 15.

Unlike high-frequency systems, at lower operating frequencies, ropes with
insulated conductors are used almost exclusively. The reason is the lower influence
of parasitic capacitances and especially the better current utilization of the coil.

r

Ve e,
q : : '~\ . R 4 .g .u

1

Figure 15.
Situation of the coil’s turn placement for the calculation of parasitic capacitance.
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3.5 Series parasitic resistance of the coil

The series resistance of the coil is one of the most critical parameters of the
system with the greatest influence on its operational efficiency and it is therefore
very important to know this value as accurately as possible. We can start with the
general relation for resistance according to (37).

l
R =73 (37)

So far, we will not consider temperature or frequency dependences. While the
effective area of the conductor S depends only on the current load, the length 1
already depends on the geometric shape of the coil. As mentioned earlier, spiral
planar coils of solid conductor are more suitable for high frequency applications.

3.5.1 Series pavasitic vesistance of spiral planar coil

In this approximation, we will only talk about coils wound with a copper con-
ductor of circular cross-section. These with their shape most closely resemble parts
of the Archimedean spiral, where regarding Figure 9 on the right we can denote the
inner radius as ;4 and the outer radius as r;5. The distance between the individual
turns ¢ and the number of turns N will be constant. As mentioned earlier, the key
length here is played primarily by the length of the conductor of the wound coil. We
can write an equation for the Archimedean spiral in polar coordinates

r=ria+C-9,2nf =e. (38)

The length of the spiral thus described can be determined by integration (39)

27N ¢ \2 dr\ 2
I = L \/ (m +Z‘”> n <d_¢> do, (39)

However, the disadvantage remains the fact that the integral (39) cannot be solved
analytically. It is therefore necessary to integrate numerically for the calculation. It is
also possible to use an approximation relation for an approximate calculation

1| e 2 e\?
16:2[27[(27:1\/) —|—27zN< V§A+(£) +m>], (40)

or simplification by means of an average radius, see (41). The calculation is then
very fast and convenient.

714 + 718

I, =2zN >

(41)

In addition, high-frequency applications require winding of a solid conductor to
reduce the parasitic capacitance of the coil. Therefore, if we consider the effect of
the skin effect, we can adjust (37) to the shape (44) for a conductor with radius 7,.
Here for /. we use one of the equations (39)-(41).

L
Peu s NOST

w6(2r, —8)" " 2
Re_ac(w) = ,6 = | L (42)

lc Ty 4 Wi
Pz (1 + 0.0021(3) >,/\5>r,,
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3.5.2 Series parasitic resistance of rectangular planar coil

The coil has rectangular turns to achieve maximum inductance (Figure 16). If
we denote the external dimensions of the coil by the letters a and b and consider the
spacing between the individual turns e constant, we can write Eq. (43) for the
resulting resistance.

S AR
wo-c(9) = 2 la+b—[1+(i—1)4)| (43)

SCu i=1

Furthermore, if we choose an insulated RF cable with wires whose diameter is
much smaller than the penetration depth d, we can certainly rule out the effect of
the skin effect. We are then talking about 4 conductor with an effective cross
section Sc,, whose frequency dependence is caused only by the phenomenon of
proximity. With a few modifications, it can be further simplified (44) by removing
the summation into the shape

RCU—DC(S) = /;(;9) ZN[ﬂ +b+ 6(1 — ZN)] (44)

In all the cases described, the turns are evenly distributed in one layer with a
constant e. The current flowing through the coil thus has the same direction in all
turns and generates a magnetic field with lower intensity on the external turns and
higher intensity on the internal turns. This magnetic field induces eddy currents
into all coil turns and thus increases its overall resistance. This process is commonly
referred to as the proximity phenomenon and can be conveniently calculated from
the relationship for eddy current losses in individual parallel conductors. For one
fiber of diameter d; of an insulated cable of length /, exposed to an external mag-
netic field B of a harmonic waveform of angular frequency w, we can write

1d?
RProx = ZT;szz (45)

If we use a cable made of 7, insulated conductors for winding of the coil, it is
possible to adjust ¢, (44) to the shape (46) by counting (42).

P(9) w5 T
Ronnc(®,@) = | A2 4, ™ 2B2 nN[aHpm(—)l—Ne} (46)
cn ( ) njﬂ%ffz S64p(19) stt n ( )
i
o n _‘r ¢
)
= & - o
Figure 16.

Rectangular coil identification for the calculation of parasitic resistance.
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To illustrate, we will analyze the following geometry. We consider a square coil
with an outer edge of length @ = 500 mm and N = 20 turns. We choose the spacings
between the turn’s axes ¢ = 8 mm. The maximum operating frequency is
f =300 kHz, while for a nominal current I = 5 A we choose a current value J = 7
MA/m?. The calculation is valid for a temperature of 20° C. Figure 17 shows the
dependence of the DC resistance from (44), the AC resistance from (46) and the
total resistance. The minimum value of the number of RF wires is determined from
(47) and corresponds to the rated current load (ng i, = 61).

41

e (47)

Ns—min =

By further increase of the number of wires, we therefore only increase the
current possibilities of the coil.

As the number of wires increases, the DC resistance Rp¢ decreases sharply, but
the AC resistance R, also increases. The optimum can be found by solving
Eq. (48).

i p(d) ”dj 212

dn_\. n n’%‘dff Mg 64/)(19) @ Dy

nN{a + tan (n> (1—N)e } =0 (48)

The condition is met just when it applies

16p(9 )\/a—e(1+N)tan ()
\/szftrdf [a —e(1+N)tan ()] .

(49)

After substituting, we get the value n, = 328 wires, which corresponds to the
value in Figure 17.

200 400 600 800 1000 1200 1400 1600 1800 2000

n, [

Figure 17.
Nomogram for the calculation of the optimal number of litz wire.
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3.5.3 Series pavasitic vesistance of vectangular planar coil

The most general definition of the quality factor is based on the ratio of accu-
mulated and lost energy in the investigated passive component. For AC supply we
can write (50), where the influence of the electric field prevails in the case of a
capacitor and the influence of the magnetic field in the case of a coil.

W —Wa| 1 \/Z

If we consider an ideal coil (R-L circuit) without parasitic capacitance, we get a
quality factor such as

| W ILL oL
= =2, 51
P, “IRE R 6D

Q=w

For more complicated circuits, such as components with parasitic effects, we can
also use the relation to calculate the quality factor

wL—jR o(L—C,R*~a?C,L?) X ,
{wCF(RJrij)fj} 142G, [G,R+L(?C,L—2)]| |owL @C,(R* + w’L?)
Q= wL—jR = R =R T ®r | (52)
R{(uCp(Rﬂ'wL)—j} C?R24(0?CyL-1)"

The first part of the result of Eq. (52) corresponds to the quality factor of the
individual coil, the second part then respects the effect of parasitic capacitance
between the turns. A closer look reveals that there is a frequency at which both
parts are equal and (52) gives zero result. This frequency is often referred to as the
coil’s own resonant frequency

1

Jroser = 27 JIC,

The situation is indicated in Figure 18 on the right, where the dependency of the
quality factor and the character of the resulting reactance on the frequency is
plotted for selected values of the parasitic capacity of the inductance and the series

(53)
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Figure 18.
Parasitic components of the coil and the quality factor characteristic.
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resistance of the coil (C, = 5 pF, L = 0.1 mH, R = 1Q). As can be seen from the
figure, when reaching the natural resonant frequency of the f,. q.if circuir »225 MHz,
the quality factor is equal to zero and at the same time the inductive character of the
reactance changes to capacitive character. For this reason, we always try to operate
the coil at a frequency much lower than the self-resonant frequency.

4. Practical design approach for industrial wireless power transfer
charging system

4.1 Power electronic system configuration

Electrical engineers responsible for the design of the wireless transfer chargers
must consider standard grid network connection during design process. Because
many issues are nowadays address on the quality of the supply grid, the main goal
during design of any power electronic system is to achieve the best performance
related to the power factor parameter at any power consumption of the system. In
addition to this fact, it is also required to have fully symmetrical 3-phase current
with as low total harmonic distortion as possible [25-28].

NI
THDi — Y =*"2%W 140 (54)

Lac(1)

Regarding above mentioned facts, each power electronic system, which must
undergo strict normative given on the qualitative indicators of the grid variables,
must be equipped with input active or passive power factor corrector (PFC) and
total harmonic distortion correction (THDC). These blocks are consequently
followed by diode rectifier, dc/dc converter (step-up or step-down) and the voltage
source inverter. Such power electronic system configuration is robust and verified
by many similar applications (mostly power supplies and battery chargers). The
main negative drawback of such concept lies in higher price and build-in dimen-
sions along with the increase in power rating. This topology should therefore be
recommended for low or medium power WPT chargers (Figure 19 — blue blocks).

Second group of WPT chargers considering the value of power delivery is
medium to high power concepts. Here it is recommended to use the configuration
composed of input filter (inductive — designed as distribution transformer for

—

P N
step-up
de/de
converter R
Low Powey Active or Passive Diode \fTO]EZiQE
Medium Power PFC & THDC Rectifier liesEr
step-down
dodde
converter
—
Half/Full
Medium Power Voltage .
T Pomer Input Tnductance Active
ighoowe Reclilier
— ——

Figure 19.
Power electronics configuration on the primary side of the wiveless power charger indicating differences related
to the level of the power transfer.
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example), followed by the active PFC/THDC rectifier supplying the voltage source
inverter (VSI). For both cases (low or high power) the VSI is sourcing primary/
transmitting coil with relevant compensation. This configuration of power elec-
tronic system (Figure 19 — orange blocks) is providing low ripple input current with
sinusoidal character, low THDI, excellent power factor and controllable output
voltage. Therefore, it is not required to implement another dc/dc converter stage
within the system [29-31].

The recommended topologies are summarized in Figure 19 according to system
dedicated power level.

The concept of power electronic system for the secondary side also differs based
on the type of the load, and level of the power delivery. Basically, it consists of
secondary side coil equipped by relevant compensation, passive or active rectifier
and dc/dc converter stage providing required functionality of the charger.

Finally, the system connection to the grid considering all the power levels
established as WPT categories by SAE TIR J2954 is seen in conceptual layout shown
in Figure 20, valid especially for central Europe [32-35].

A more detailed example above described solution, which could meet all neces-
sary technical requirements on high power applications and simultaneously having
excellent operational properties, is seen in Figure 21.

Transmission grid Distribntion grid
High Vollage Low Voltage: 3>3400 V.

s 8 L
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Figure 20.
WPT system categories — Connection to the grid.
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Figure 21.

Recommended system configuration for high power application.

63



Wireless Power Transfer — Recent Development, Applications and New Perspectives

drode rectifier step-down conv.

|2 batt_
battery| U,
e

and
BMS C~lj\;

regulation setfing
CC; CVimode

Figure 22.
Recommended system configuration of secondary side for high power application.

Figure 23.
Proposed coupling coil (left) and its magnetic field (vight).

Here the distribution transformer is presented as the grid source, followed by
active rectifier, which is responsible for regulation of PF and THDi. Then full bridge
inverter is used as VSI and supplies primary side coupling section.

The secondary side of the system shown in Figure 21 is drawn in more detail in
Figure 22. The secondary side coupling system is followed by full-bridge diode
rectifier with filtering capacitor CS. Then the dc/dc step-down converter (SD)
providing required charging algorithm (mostly CC&CV) is supplying the on-board
battery pack.

Previously described concepts are representing the mostly used configurations
of power electronic systems required for the design of the wireless power chargers
suited for industrial and/or automotive applications.

4.2 Coupling elements design

The most important parameter in the design of coupling coils is undoubtedly the
product of quality factors Q and coupling k. Its operating size is strongly dependent
on various parameters (e.g. circuit topology, load size, coil distance, etc.) and
therefore cannot be optimized directly. One option is to maximize the quality
factor. To achieve maximum inductance, we make the coil as planar with square
turns (Figure 23). In addition, due to the limitation of parasitic capacitance (we
now neglect), we keep constant spacings between individual turns of size §, = 4 mm.
Geometric dimensions allow to wind about 26 turns. In addition, if we know the
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operating frequency, we can determine the voltage drop and the current through
the coil from the required power. It is necessary to design an effective winding cross
section for this.

Regarding the available conductor cross-sections, a copper wire (2200 mutually
insulated conductors) with a total cross-section of S, = 19.63 mm2 was selected. The
winding produced in this way eliminates the effect of the skin effect and the
resulting resistance of the coil is therefore only affected by the phenomenon of
proximity.

The coil has 22 turns, the calculation parameters being as follows. The self-
inductance has a value L = 147 pH and the active resistance is R = 0.19 Q.

4.3 Experimental set-up

In this case, we will focus on the WPT 1 category with an output of 3.7 kW. The
experimental workplace consists of a programmable power supply, electronic load,
precision power analyzer, oscilloscope, input inverter, output rectifier, additional
resistors and the compensated LC circuit WPT itself. The measuring workplace is
connected according to the functional diagram, see Figure 24. The determining
factor in the selection of power components was the ability to work with a
switching frequency from 200 kHz upwards. For this reason, a solution based
entirely on SiC elements was chosen. The inverter is built on 1200 V JFET modules
FF45R12J1W1_B11 (Infineon) with a type current of 45 A. Due to the low values of
switching times of these modules, which are actually in the order of tens of nano-
seconds, it is possible to minimize the effect of inverter dead times. The rectifier is
based on a 1200 V diode SiC module APTDC20H1201G (Microsemi) with a type
current of 20 A.
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= ——
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====# oscilloscope current probes
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Figure 24.
Block diagram of the laboratory experimental set-up.
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4.3.1 Measurement of the operational chavacteristics of series: series compensated system

On the primary side, a total of three quantities are measured with an oscillo-
scope. Probe “a” (THDP 0200) measures the output voltage of the inverter, probe
“b” (current probe TCP 404 XL and amplifier TCPA 400) measures the primary
current and probe “c” (P6015A) senses the voltage on the compensation capacitor.
The secondary side is not measured by the oscilloscope at all in this configuration.
Also, no resistors are connected here, and the system works directly into the ZS
7080. The applied oscilloscopic measurements on the primary side are rather
indicative and do not serve to calculate the efficiency [35-37].

Figure 25 shows an oscillograph at a load power of 2678 W. The purple wave-
form represents the inverter output voltage, the light blue waveform the primary
current waveform, and the blue waveform represents the voltage on the primary
compensation capacitor (scale 1: 1000). The real elements (influenced by para-
sitics) of the WPT system are the main reason why the phase shift of voltage and
current is non-zero (according to theoretical assumptions it should be close to zero).

A comparison of power (Figure 26) and efficiency (Figure 27) shows that the
analytical models accurately describe the behavior of the system in a wide range of
frequencies and loads.

4.4 Electromagnetic shielding application

Although the current system achieves very high efficiency even over long
working distances, it is unsatisfactory due to hygienic limits and standards for EV
charging. The main weaknesses are mainly the high switching frequency and the
large intensities of the EM field. The magnetic field in the vicinity of both
(optimally coupled) coils at a transmitted power of approx. 4000 W is plotted in
Figure 28. The distribution of the field changes over time, and therefore each time
point must be evaluated separately.

The picture shows a large scattering of the field into the surroundings, which
must be avoided. Exact induction values at a specific distance from the center of the
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Figure 25.
Time waveforms of the primary side of tested WPT system during full load operation.
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Figure 26.
Output power characteristic in dependency on load and operation frequency for measurement (left) and

simulation (right).
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Figure 27.
Efficiency characteristic in dependency on load and operation frequency for measurement (left) and simulation

(right).

coils can be obtained by introducing a spherical surface to which the EM field
results are mapped. The radius of this area must be defined regarding the dimen-
sions of the vehicle and the location of the coupling coils on its chassis. The key is
especially the space in which exposed persons can normally occur. For practical
reasons, therefore, it does not make sense to monitor the magnetic induction near
both coils. For the sake of clarity, we state here (see Figure 28) the magnitude of

B [testal ‘

Figure 28.
Magnetic induction around system of unshielded coils.
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induction on the sphere surface with a radius of 450 mm at the time (j = 0°), when
the current passes through only one coil.

Shielding can be realized by a matrix arrangement of ferrite cores lying on the
back sides of both coils. The resulting magnetic field is directed into the main
coupling space, while the interior of the vehicle remains protected. The material of
the cores must correspond to the operating frequency and especially to the satura-
tion at full load. Material N87 with relative permeability >1450 and operating
frequency up to 500 kHz was selected for prototype. The size of the cores is
20x30x3 mm. Due to the high price and weight of the ferrite shield, it is reasonable
to lighten its resulting pattern (not to occupy the full area of the coils). The finite
element method will be used for this enabling to determine the intrinsic and mutual
inductances of coupling coils, ferrite saturation and losses for any arrangement of
ferrite cores.

Shielding consists of two functional elements (steps). The first is a ferrite array
(plate) that holds the maximum amount of coupled flux and directs it for better
bonding to the second coil. The second degree of shielding is an aluminum plate
offset over a ferrite field. In the case of supersaturation of the ferrite core, this
creates eddy currents that keep the field in the active space of both coils. The
situation is indicated in Figure 29 (left), the ferrite barrier (core) is drawn in gray.
The aluminum shield is then shown by a solid plate near the ferrite core.

From Figure 30 we can see the beneficial effect of shielding even better. Ferrite
shielding almost completely shields the field above and below the coils. In this area,
the hygienic limits are fully met and without the need for additional shielding.

The magnetic field of the coupling coils (Figure 30 on the right) is now much
better concentrated in the coupling space, which increases the probability of meet-
ing the hygienic limits many times over.

4.4.1 Experimental analysis of the impact of shielding system

In order to verify the theoretical assumptions, an experimental prototype of a
previously designed shielding was created. The photograph of the experimental
workplace is evident from Figure 31.

The aim was to significantly reduce the switching frequency of the supply
voltage and to suppress the emission of the EM field to meet the hygienic limits
according to “ICNIRP 20107 [38, 39]. The operating parameters of the newly
implemented prototype are quantified in Table 4. The values are valid for a work-
ing distance of 20 cm.

Figure 29.
Proposed electromagnetic shielding (left) and EM field distribution (vight).
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Figure 30.
Magnetic induction around shielded system.

Figure 31.
Laboratory set-up for evaluation of the EM shielding impact.

Optimization to U, [V] Py [W] P, [W] 7 [%] f» [kHz] f [kHz] R, [Q]

Power 312 5116 4865 95.1 1211 121 35
Efficiency 312 4056 3886 95.8 1211 125 29
Ri/R, [Q] L,/L, [pH] C4/C; [nF]
0.21/0.21 172/167 10.444
Table 4.

Operational parameters of the system after application of the shielding.

Full-scale maps measured at reduced power (maximum efficiency) can be seen
in Figure 32. The resonance is around 121 kHz, with the high efficiency range more
than 10 kHz wide.

The results confirm the ability of the systems to deliver 4 kW to the load at an
efficiency of>95%, which, apart from the higher supply frequency, places it in the
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Output power characteristic (left) and efficiency characteristic (vight) for shielded system and 20 cm power
transfer distance.
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Figure 33.
Evaluation of the values of magnetic field around shielded (system) and non-shielded system (right) during
experimental measurement at full power of proposed system.

“WPT 1” category according to the “SAE TIR ]J2954” wireless charging station
standard.

To verify the shielding efficiency, a scattering magnetic field was also measured
(measurement uncertainty <2%) around the coupling coils using a calibrated Narda
ELT 400 probe. The values were recorded in the cutting plane with a regular step of
10 cm in length (Figure 33). The values of the magnetic induction relevant for
hygienic limits are boarded by red dashed line (Figure 33 left). It is seen, that
specified limits are achieved approximately 20 cm from the top surface of the coils.
Compared to unshielded system (Figure 33 right), it is reduction of approximately
60 cm considering the spherical distance.

Based on the received and verified results it was achieved, that with the use of
presented methodology, it is possible to design wireless charger, whose characteris-
tics will meet standards and normative defined by regulatory companies.

5. Conclusions

The paper has given a brief recapitulation of most important standards and
regulations relating to the high-power wireless charging systems. It has proposed
the magnetic couplers to be designed exactly according to optimal operation to the
specific load.
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For medium or high-power wireless chargers, we have recommended to com-
pose the system of input inductance, the active rectifier and the voltage source
inverter, which can provide low THDI, excellent power factor and controllable
output voltage. Thus, no additional dc/dc converters are needed.

The experimental prototype has proven the validity of presented physical prin-
ciples and confirmed the proposed conceptual design strategies. It has also shown
and discussed the comparison between ac-ac and dc-dc system efficiency relating to
losses-to-power transfer ratio.

Additionally, the measurement of leakage magnetic field has shown the real flux
density distribution observed around the circular-shaped coupling coils. This could
be used for further optimization.
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Chapter 5

Convergence of Wireless and
Optical Network in Future
Communication Network

Rajarshi Mahapatra

Abstract

The requirement of data increases many-fold in recent years to support the
newest technologies in B5G and 6G. Wireless is the last mile solution as access with
an optical network as the backbone in future communication systems. Over the
years in every new generation, the distance between the base station and the user
is decreasing and the optical node is coming closer to the user. There are several
technologies like AR/VR, Al, holographic communication, holographic telepres-
ence, etc. are the main candidates in B5G and 6G, which are required high-speed
connection with low latency. To support these services, it is almost mandatory that
transmit data across the network should be smooth and seamless to provide success-
ful communication. Providing a successful and appropriate wireless link among the
users simultaneously to achieve the requirements is becoming more complex, hence
challenging. The optical backbone of all wireless access networks requires support-
ing these user’s requirements, needs to evolve continuously with wireless network
evolution. This chapter will study the evolution of both networks to understand
their cooperation, alignment, and support.

Keywords: Wireless network, 5G, Heterogeneous network, Massive MIMO, 6G,
Cognitive radio, Optical network, Cognitive optical network, Ethernet PON

1. Introduction

Over the year, the number of connected devices (wirelessly and wired) is ever-
increasing, will reach 13 billion by 2023 [1]. To support these always-connected
devices, the demand for high speed, high reliability, low-latency, low-cost, dense
connectivity, different types of mobility needs, and heterogeneous connectivity
is escalating, which forced the telecommunications industry to enter into a new
era of the future communication network (FCN) [2]. Furthermore, to unleash
the full potential of Industry 4.0, guaranteed real-time communication between
humans, robots, factory logistics, and products is a fundamental requirement [3].
The FCN incorporates 5G and beyond 5G network, whose main objectives will be
application/service-oriented, which are on-demand and highly heterogeneous in
nature [4]. To support ever-increasing devices for application-specific on-demand
services, there is a strong requirement to view, design, and optimize the network
from an end-to-end perspective.
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To supports ever-increasing demand on requirements for different types of
usage, applications, services, several technologies have been developed over the
year. Table 1 describes the important milestones in both wireline and wireless
communication. The development of wireline communication first started in
copper and later shifted to the optical domain. In the present day, optical fiber
is used in the backhaul network and copper wire is used normally in the access
network. In the case of wireless communication, communication first started in
the sub-GHz range and slowly it moves towards high-frequency ranges. In the lat-
est, wireless communication is moving towards the 60-100 GHz range (mmWave
communication) [4, 5].

To facilitate 5G capabilities (latency less than 1 ms, more than 5 Gbps data rate
for high mobile user, other quality of (QoS) and quality of experience (QoE),
enhanced spectral, energy and network efficiency, smart security, etc.) FCNs need
to enhance existing services. To fulfill 5G and beyond 5G stringent service require-
ments, it is essential to have an understanding of all available resources across
networks (wireless and optical), across radio-access technologies (RAT) (various
frequency domain), across services (different class of services and traffic type),
across emerging and disruptive technologies (internet-of-things (IoT), artificial
intelligence (AI), augmented reality/virtual reality (AR/VR)), and across cloud

Wireline Communication Wireless Communication
Year Milestones Year Milestones
1876 A. G. Bell transmits the first 1894 Transmission through radio demonstrated
sentence byJ. C. Bose
1877 First long-distance telephone line 1986 Marconi demonstrates wireless telegraphy
1927 The first transatlantic phone call, 1901 Send the signal wirelessly across the
from the US to the UK Atlantic
1948 Shannon published Shannon’s 1914 first voice communication was established
formula over aradio
1956 Kapany invented the glass-coated 1946 The first public mobile telephone was
glass rod, named Fiber introduced by AT& T
1958 LASER invented by Schawlow 1973 Motorola makes a mobile call froma
and Townes handheld mobile phone
1960 Kao demonstrate communication 1992 GSM starts its operation
through fiber
1970 Corning Glass produced a 1997 IEEE releases WiFi standard
practical fiber
1973 TCP/IP protocol proposed by 2003 Birth of WWWW
Kahn and Cerf
1977 the first live telephone traffic 2009 Birth of the Internet of Things
through fiber optics
1992 Birth of WWW 2010 First 4G handset introduced
1997 Fiber optic link around the globe 2012 5G focus group created
2005 YouTube.com launches 2016 Coined Industry 4.0
2006 Cloud computing started 2016 Google unveils Google Assistant
2014 Demonstration of software- 2019 6G Communication coined

defined networking

Table 1.
Important milestones in wireless and wireline communication.
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Augmented Reality/Virtual Reality

ML based communication
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Specifications

Data Rate 25 Mbps to 5 Gbps
Latency: 25us to 10 ms

New material

Tactical Internet

New IP
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Figure 1.
Charvacteristics of (a) 5G and (b) 6G communication.

domains, and finally different backhaul network technologies. The 5G applications
categories into three main domains: ultra-reliable low latency communication
(uRLLC), massive machine type communication (mMTC), and enhanced mobile
broadband (eMBB) [6, 7]. Moving beyond 5G, 6G communication includes few
disrupting technologies, such as machine learning (ML) based communication,
augmented reality/virtual reality (AR/VR), holographic communication, high pre-
cision service, enhance user experience (towards 5-sense), Industry 4.0, molecular
communication and more. Their specifications are futuristic, which include 5 Gbps
in data rate, 25 ps in latency, new material for 5-sense experience, etc. Figure 1
provides an overview of the required specifications for three different areas in 5G
communication and also in 6G communication [4].

2. Technology evolution over the years

In today’s telecommunication world, user access the services through different
transmission media (copper, wireless, and fiber), however, backbone are predomi-
nantly optical. Most of the time, the access network is wireless, as the number
of devices increases over the years due invent of IoT). In this work, users use the
wireless networks for access purposes with the backbone network as optical.
Figure 2 gives an idea of how the evolution of optical networks makes an impact
on the wireless network. As the requirements of high data rate and low latency
are increasing, the availability of optical networks (fronthaul) is coming closer to
the home and access distance through wireless is decreasing. In the following, the
development of technologies will be discussed in both domains.

2.1 Development of wireless network

Over the years, wireless communication evolved generation-wise, started from
1G analog to 5G digital and moving towards 6G communication. The focus of 5G
and 6G technologies is to connect people, society seamlessly along with applica-
tions, services, data, and geographical area in a smart networked environment. The
present wireless network is heterogeneous in terms of infrastructure (Macrocell to
femtocell), spectrum usage (licensed and unlicensed, sub-GHz to THz), coverage
(multi-tier), antenna (single to the massive number of antennas), cooperation (user
to eNB), and power usage (mW to 100 W).
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Figure 2.
Impact of the evolution of technologies.

The technologies developed for supporting these heterogeneous characteristics
are co-existing together. These technologies are used to serve their purpose and
produce interference on other services while in use, due to this their performance is
somehow limited. To enhance performance by increasing awareness and coopera-
tion, 5G technologies proposed several new solutions. These include technologies
(as shown in Figure 3) like massive multiple-input multiple-output (MIMO) for
higher data rate and better coverage, coordinated multipoint transmission (CoMP)
for a lower outage, distributed antenna system (DAS) for better connectivity,
software-defined radio (SDR) for reconfigurability, cognitive radio (CR) for
better spectrum utilization, cloud computing for better usage, software-defined
network (SDN) for an optimized network, and mmWave communication for high
bandwidth. These technologies differ in channel characteristics, usage specifica-
tion, operational requirement, application supports, etc. The 5G communication
stipulates to support a data rate of more than 5 Gbps, less than 1 ms latency for high
mobility users [5]. Several important developments in 5G wireless networks are.

=
32
£3
g0
@ £
=

Figure 3.
A typical scenario of a heterogeneous wireless network.
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5G New Radio: Even the existence of various radio technologies, 5G communi-
cations proposed a completely new radio interface, named 5G new radio (5G NR).
The 5G NR interface is a flexible air interface that supports the mainly three ITU
defined categories: uRLLC, mMTC, and eMBB. It can also support various other
5G applications such as automotive and health care. 3GPP defined two frequency
ranges: FR1 (below 6 GHz) and FR2 (above 24 GHz) [7, 8].

Massive MIMO: The 5G communication uses massive MIMO as a promising
multi-user MIMO technology, where the number of antennas (more than 100) at
eNB is much more compared to traditional systems. This massive number of anten-
nas allows substantial gains in system capacity and energy efficiency of both users
and the system. Due to the increasing number of antennas, which guides to a more
spatial resolution; subsequently, several users can use the same time-frequency
resource. This can eventually lead to large capacity gains [9].

Non Orthogonal Multiple Access (NOMA): Over the year, orthogonal fre-
quency division multiplexing (OFDM) is the most preferred transmission tech-
nique. However, a non-orthogonal scheme (NOMA) has been proposed for efficient
5G communication. In NOMA, each user are distinguished by their power levels
while operating in the same band and at the same time. It works with successive
interference cancelation (SIC) at the receiver uses and with the help of superposi-
tion coding at the transmitter, all users can utilize the same and entire spectrum
band. The transmitter site superimposed all the individual signals into a single
waveform, while the receiver finds the desired signal with the help of SIC decodes
mechanism [10, 11].

mmWave Communication: Availability of large bandwidth in the millimeter
range, 5G & beyond wireless systems proposed to use mmWave communications.
The mmWave cites a very short wavelength of the radio frequency spectrum
between 24GHz and 100GHz. Due to the much shorter wavelength at millimeter
band, it allows the deployment of massive antennas at the transceiver. Thus, the
large propagating attenuation due to high frequency will be compensated by
using a large antenna array, which provides high gains and finally, provides faster
data speeds. In dense deployments scenario, it is also suitable for efficient and
flexible wireless backhauling, in addition to supporting ultra-high-speed radio
access [12].

Internet of Things (IoT): In the present day, IoT is used almost every possible
scenario and application. IoT interconnects different types of devices for various
applications and enables machine-to-machine (M2M) communication. BY doing
so, it enables data communication between heterogeneous devices automatically
without human monitoring and control intervention. Several wireless technolo-
gies along with few open standards (Vodafon’s Cellular IoT and the NB-IoT by
3GPP) have been used for the deployment of IoT. The 5G will be able to provide
a connection to a massive [oT network, where billions of smart devices can be
connected to the Internet. Since the 5G networks provide flexible and faster
networks, IoT can be easily integrated with the wireless software define network-
ing (WSDN) paradigm [13].

Coordinated Multipoint (CoMP): 5G communication supports small cell and
the availability of numerous devices in the environment, makes the network very
dense. In the dense environment, intercell interference will be more severe for edge
users, which is one of the main reasons for the repeated outage. CoMP transmission
technique exploits this interference scenario to enhance the users’ performances.
CoMP mechanism utilizes the resources more effectively and efficiently by dynamic
coordination or transmission and reception with multiple eNBs, which eventually
improves the service quality of geographically separated UE and enhances the
overall system performance [12].
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Cognitive Radio: Over the spectrum has been allocated for several usages and
the allocated resources are very much under-utilized, To reduce spectrum scar-
city and utilize the underutilized spectrum, cognitive radio technology has been
proposed. It is an intelligent radio, that can be sense, learn, aware and adapt accord-
ing to the environment. With the help of software-defined radio (SDR), cognitive
radio can be programmed and configured dynamically. SDR is a radio transceiver
where radio components (modulators/demodulators, filters, amplifiers, mixers,
detectors, etc.) are implemented by software on a personal computer or embedded
system [12].

Having understood these technologies of 5G wireless communication, FCN
is planning to have the communication system that can achieve data rates of
about 100 Tb/s high speed, low latency, and reliable communications are essen-
tial for supporting ML/AI at the edge; giving rise to the research field entitled
Communication over machine learning. Incorporation of holographic telepresence,
holographic communication, virtual reality, and augmented reality in future com-
munication, boost the requirement of wireless communication [14].

2.2 Development of optical network

In the present network scenario, the data generated by the wireless devices
are transported through an optical network. In general, optical fiber is connected
between wireless base stations (BSs/eNB), and their controlling, switching, and
monitoring centers. Due to the enormous available bandwidth, the optical fiber can
carry data up to 100 Tbps for networking in the optical network. By using appropri-
ate technology, the capacity can be increased further. Similar to the evolution of
the wireless network, the optical networks also evolved generation-wise. During
the process of evolution, the optical network incorporated optical cross-connect
(OXC), a synchronous digital hierarchy (SDH) /synchronous optical network
(SONET) rings, optical add-drop multiplexers (OADMs), Software-defined
network/network function virtualization (SDN/NFV). Today’s long-haul backbone
networks of 10/40 Gbps wavelength channels use wavelength-division multiplex-
ing (WDM) transmission systems. Further increase in capacity, the optical net-
work uses a dense WDM (DWDM) frequency grid (12.5, 25, 50, and 100 GHz by
G.694.1). Further development of WDM transmission systems makes the system an
adaptable DWDM grid.

Optical Transport Network (OTN): ITU-T G.709 defined OTN, which trans-
port digital/optical signal across the core network is a flexible way. Each optical
channel carries a separate signal using optical channels multiplexing and uses opti-
cal data as a unit. OTN supports the different functions for transporting data, such
as multiplexing, routing, management, supervision, and survivability.

Automatically Switched Optical Network (ASON): To accommodate
dynamic traffic and their requirements, optical networks need to manage to
signal and routing automatically and intelligently. It provides auto-discovery and
dynamic connection set-up with the help of dynamic signaling-based over OTN
and SDH networks. This is done through a distributed (or partially distributed)
control plane, which enables improved support for current end-to-end provision-
ing, re-routing, and restoration. ASON uses the generalized MPLS (GMPLS)
signaling protocol to set up and monitor edge-to-edge transport connections. It
also uses single fiber switching to wavelength switching and optical packet switch-
ing. The other components, like OXCs, wavelength converters, and OADMs are
required for ASON.

Different variant of wavelength-division multiplexing (WDM): WDM is the
main transmission technology. Over the year several of its variant has been
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proposed and used, which are Dense WDM, Coarse WDM, and Time WDM.
DWDM uses frequency grids of 12.5, 25, 50, and 100 GHz for transmission. IN the
present scenario, many-core networks deployed 1.6 Tbps ( 40 Gbps x40 wave-
lengths) DWDM system. To support the capabilities for 5G and beyond 5G system,
the core network will need to transport 10 Tbps or more per fiber which will be
pushed further for future FCN.

CWDM combines multiple optical signals at various wavelengths for transmis-
sion in optical fiber cables. Up to 18 channels are allowed to be connected over a
dark fiber pair. Unlike 0.4 nm spacing for DWDM, CWDM systems have chan-
nels at wavelengths spaced 20 nanometers (nm) apart. CWDM works well in two
prominent wavelength regions, 1310 nm, and 1550 nm.

TWDM is a WDM technique, where TDMA is applied to a set of wavelengths
instead of just one wavelength. It requires strict coordination with the radio equip-
ment to guarantee low latency, as with TDMA and provides more bandwidth than
TDMA. In a passive optical network (PON), TWDM can be used as an alternative
for transmitting 5G traffic [14].

Enhanced Common Public Radio Interface (eCPRI) fronthaul: CPRI is the
key internal interface of Radio Equipment (RE), or remote radio head (RRH)
and base station unit (BBU) or radio equipment controller (REC) via fronthaul
transport network. For fronthaul between RRH and BBU, the overall delay must
be limited to less than 100 ps over the multi-hop paths in 5G communication. Due
to this stringent latency requirement, eCPRI is becoming an important technology
for 5G. Its specification supports more flexibility in the positioning in eNBs, where
BBU contains part of the PHY layer and higher layer functions of the air interface,
whereas the RRH contains the remaining part of the PHY layer functions and the
analog radio frequency functions [15].

Software-Defined Optical Network: The SDN paradigm separates the control
plane from the data plane and uses an SDN controller for centralizes network
control. SDN facilitates NFV for the network virtualization over the physical
infrastructure so that multiple virtual networks can operate within. Due to high
optical transmission capacities and the specific characteristics of optical compo-
nents, software-defined optical networks (SDONs) has been proposed. With an
underlying optical network infrastructure, SDONSs seek to leverage the flexibility
of SDN control for supporting networking applications. NFV allows for the flexible
operation of multiple virtual optical networks over a given physical optical network
infrastructure. SDONSs are highly promising for low-latency and high-bandwidth
backhauling for 5G eNBs. SDON application layer studies have developed mecha-
nisms for achieving Quality of Service (QoS), access control and security, as well as
energy efficiency and failure recovery [16].

Reconfigurable Optical Add/Drop Multiplexers (ROADM): OADM drops
the desired wavelengths to local terminals from an incoming multi-wavelength
signal by using a wavelength demultiplexer and adds a locally generated wavelength
with the remaining pass-through wavelengths to generate the new outgoing multi-
wavelength signal. In general, the mux/demux characteristics are fixed. However,
to accommodate dynamic behavior and requirements of an optical network, it is
almost necessary to have a reconfigurable OADM (ROADM). A ROADM can switch
traffic remotely from a WDM system at the wavelength layer and enables the flex-
ibility and reconfigurability of an optical transport network. Having the proper-
ties of being colorless (not wavelength selective), directionless (not nodal degree
selective), and contentionless (not different wavelength) improves significantly the
capacity of add/drop ports ina ROADM [17].

Software-Defined Optics (SDO): Due to dynamic and variable requirements
of data traffic, it is almost necessary to do cross-layer interactions. To enables this
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SDO has been in an optical network. This can be done through the construction of
application-specific protocol stacks out of small reusable services [1].

Elastic optical network (EON): EON accommodates dynamic changes of
the optical component, such as flexible wavelength assignment, redefined opti-
cal switches and various transponders, etc. to improve system performances. It
is possible to integrate EON with an IP layer easily to construct an IP-over-EON.
The basic unit of switching in EON is a sub-carrier instead of the wavelength in
the fixed-grid case since channels are usually composed of a variable number of
sub-carriers [18].

Software-defined optical transmission (SDOT): SDOT supports dynamic
reconfigurability of optical components and the ability to adapt various transpon-
ders. Softwarization and intelligent control of the data plane facilitates SDOT to
optimal use of the available resources, which exploits the multiple dimensions and
granularities efficiently.

Cognitive optical network (CON): To make more agile optical networking,

a cognitive optical network has been proposed. The CON architecture enables

high data rate lightpaths while compensating for a variety of dispersion impair-
ments. CON improves the measuring parameters [e.g., optical signal-to-noise ratio
(OSNR), chromatic dispersion (CD), polarization-mode dispersion (PMD), and bit
error rate (BER)] while compensates the impairment and subsequently enhance the
QoT in the optical network efficiently [19].

3. Performance requirement for end-to-end services

Nowadays, end-to-end performance is based on customer experience. As the
data is sent over a heterogeneous network combination of wireless and wired
(as shown in Figure 4), passing through several autonomous systems. These are
operated by the same or different operators, which are using various network-
ing technologies. These connections are inter-technical, inter-national, and
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Figure 4.
A typical service architecture of a wireless access network with an optical backbone.
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inter-continental. Thus end-to-end performance is measured by the quality of
experience (QoE) along with other metrics like quality of service (QoS), quality of
resilience (QoR), quality of transmission (QoT), etc.

QoS/QoE parameters are different for different applications. Varies in latency,
connectivity, data rate, etc. QoE evaluation by the user depends on several inde-
pendent factors, such as service type, user profile (details of user personal informa-
tion), type of equipment, type of content or service pricing policy (free, paid),
screen size, etc. QoE is influenced not only by QoS but also by the grade of service
(GoS) and QoR, as shown in Figure 5. The most popular measure of QoE is based
on the Mean Opinion Score (MOS) [20].

User experience varied QoE while using the service from a different operator.
At the technology level, operators are launching new services, which can work
with virtualized, software-based, cloud-native, and more agile networks. In
general, customer’s QoS/QoE needs to be monitored across physical. In virtual-
ized networks, this becomes even more critical where services will be activated
in real-time and need to be tested, fulfilled, and assured in an automated
fashion.

The specification of 5G communication is different for different applications,
like M2M, high broadband, and uRLLC. All these applications have different
requirements (see Figure 2). Apart from these, in 6G communication, several new
applications have been proposed, such as holographic telepresence, AR/VR, etc.
The transmission requirements of these applications are quite futuristic in terms of
data rate, latency, and BER. Thus, maintaining QoE in FCN will be very complex
and challenging, as there are different types of CoS asking for separate GoS working
in various environments, policies, and networks.

Economical,

Sociological, Types of
environmental Traffics

etc aspects

_ Quality of Quality of
Quality of Expectation Transmission

Service (QoS) (QoE) (QoT)

Quality of
Resilience

(QoR)

Grade of
Service

(GoS)

Figure 5.
Factors influencing QoE.
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4. Behavior of evolved wireless technologies with corresponding evolved
optical techniques to satisfy user QoE

In the present day, users require appropriate supports from the network infra-
structure as per the service usages. In general, users are connected to the network
through wireless access and the wireless access point is connected to the optical
fronthaul node. Depending on the application, the user required variable BW, the
latency of wireless access to satisfy its QoE. Optical network technologies will play
an important role in addressing these requirements within the radio access network
(RAN). Through the deployed network technologies, such as backhaul networks,
metro networks, and PONs, etc., optical networks continuously support their QoS.
The optical network used an eCPRI fronthaul interface to support the 5G specifica-
tion. For example, eCPRI of 100 Gb/s supports a 5G system of 200 MHz BW (below
6 GHz frequency) with 64 (8X8) antenna arrays. It can also support mmWave
communication of 400 MHz radio bandwidth in 60 GHz frequency range with 256
(16x16) radiating elements by 400-800 Gb/s capacity [21, 22].

Support IoT Applications: I0T is one of the widely used technology in recent
times, which is used in a wide variety of applications. The use of IoT appears to
be most challenging due to the wide range of different devices, various options
of network connectivity, different protocols, methods, etc. It provides support
to users with smart services while raising security and privacy threats [23]. The
threat becomes challenging while users and networks are heterogeneous. To sup-
port this heterogeneity in IoT, SDO provides an appropriate solution. A solution
like cognitive radio and CON can work together to facilitate the dynamic behavior
and requirements of diverse IoT applications. Apart from this, SDN, wireless-SDN
and SDON are also participating to support IoT services, while using edge router to
integrate into the network.

Reduce outage of edge users: To reduce the outage of edge users, successful
operation of CoMP is necessary, which depends on very fast and highly reliable
feedback between the user and eNBs on the channel condition. At the same time, all
the eNBs need to be synchronized and data should be present at all eNBs in real-
time. Connecting optical fiber link between eNBs should ensure this low latency
level as per 5G standard through the fast feedback channel. This is more complex,
challenging when the number of participating eNBs is more, and the traffic load
of the network increases. These will impact on processing (impact on delay in data
transmission), synchronization (impact on a real-time mismatch), which depends
on deploying sites topology, backhaul latency, and capacity [23].

Flexible Integration of data traffic: In 5G and 6G wireless communication, the
data traffic has a diverse specification and has a wide variety of requirements. To
support these dynamic and diverse requirements, flexibility and adaptability should
be supported by an optical network. Optical networks supported these flexible and
elastic nature by using SDN/NFV. Integration of optical components, such as vari-
ous variants of ROADMs, OXC in multi-layer SDN makes network towards SDON.
The use of different switching paradigms and a combined implementation of the
switching elements in electronics and optics (hybrid optical switching) in SODN,
can lead to even higher flexibility and better transmission efficiency [24].

Integration to heterogeneity: To support the requirement of 5G, the standards
like NG-EPON (by IEEE) and G.hsp.x (by ITU-T) are proposed. Coexistence of
10G PON channels for residential, 100G dedicated channel for business along with
wireless fronthaul, supports heterogeneity of 5G & beyond 5G communication.
These are supported by long reach TDM-DWDM PON system, with up to 100 km
reach, 512 users, and an emulated system load of 40 channels, employing amplifier
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nodes with either erbium-doped fiber amplifiers (EDFAs), or Raman amplifier or
semiconductor optical amplifiers (SOAs). This end-to-end support by SODN with
help of PON physical layer along with dynamic wavelength allocation (DWA) in
response to increased traffic demand [25].

Service on the fly: Providing service through the cloud is immensely popular
among users. The 5G communications also advocate and support the application
through the cloud and aim to provide them effectively and efficiently. The Cloud-
RAN (C-RAN) approach for 5G wireless splits the radio processing chain to simplify
the processing. To optimized support for different technologies, levels of central-
ization, and deployment options in 5G, EONs offer large degrees of flexibility,
adaptability, and programmability in different dimensions. EON provides granular
spectrum width consisting of variable numbers of sub-carriers as the demand and
deployment technology to support 5G disruptive capabilities, technologies, and use
cases. It allows both digital and analog signals to be transported and switched over
the same optical fiber, thus facilitating technologies such as mm-wave. Besides, the
EON can tune signal properties (e.g., modulation format, bit rate, optical reach,
and so on) to cope with the constraints of deployed technologies and different
requirements of use cases [26, 27]. Hence, it can provide a much larger bandwidth
and more variety of bit rates on an optical fiber.

Enabling Artificial intelligence (AI): In the present times, Al has taken center
stage in all kinds of research and development. To provide better support, monitor,
and control, every kind of service uses Al technology. Al will learn with the help
of amachine learning algorithm for better service. Al and machine learning is the
main technology of 5G and 6G communication. Wireless and optical networks use
these technologies extensively. Specifications like high speed, low latency, and reli-
able communications are essential for supporting ML/AI at the edge. This can bring
mobile edge computing to Al-at-the-edge [28, 29].

Energy Consumption: As the requirements are increasing to satisfy enhance
throughput, latency & other QoS for different classes of traffic, applications,
services, and QoE, energy consumption is increasing in the network. The usage of
massive MIMO, dense network, heterogeneous network with small cells along with
billions of devices increases the power consumption in the network, which increases
the greenhouse effect. 5G power consumption at peak hours is 1200 W to 1400 W,
which is 300-350% greater than of 4G [30]. However, to work in an energy-effi-
cient way, network wire-line, wireless and core networks) are using the resources in
an optimized way, which motivates the network to use different tradeoffs in proto-
col layers [31], which varies from infrastructure (dense network) to device (visual
resolution). A green framework has been proposed for energy-efficient communi-
cation in a wireless network with the energy-cognitive cycle, where the awareness is
categorized as network awareness and access point awareness module [32].

Every component of the optical network participated in the data transports and
consumes energy. The CAPEX amount is more at the beginning, however, usage of
massive MIMO along with small cells in dense networks can impact more on OPEX.
Usage of NFV decreases the OPEX costs by reducing the conventional purposed
hardware, installation, and up-grading for new services and Virtual network
functions (VNF) are virtualized tasks implemented by the NFV platform, provid-
ing security, load balancing, and other EPC functions [33]. A WDM transmitter/
receiver (TX/RX) pair at the interface between each link provides regenerated
signals at each wavelength for injection in the next link of the system. Energy con-
sumption exists at many levels in optical transmission systems, from inefficiencies
at the device level in optical amplifier pump lasers and their cooling systems, at the
circuit level in the tradeoff of efficiency for speed in high-speed electronic circuits
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used in transmitters and receivers, and at the system level in terms of multiplexing
and management overheads [34, 35].

5. Conclusion

This chapter provides an overview of telecommunication networks while con-
sidering both wireless and optical networks. The technologies in both the networks
were evolved in such that they can assist each other for better performance of users
and network as a whole. The chapter provides an overview of the main technolo-

gies in 5G and analyses how the optical network technologies are beneficial and
cooperative to wireless technologies.
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Chapter 6

Near-Field Communications
(NFC) for Wireless Power
Transfer (WPT): An Overview

Poonam Lathiya and Jing Wang

Abstract

Recent advancements in the semiconductor integrated circuits and functional
materials technologies have accelerated the demand of electronic and biomedical
devices such as internet of things (IoT) and wearable sensors, which have low
power consumption, miniature size and high data transfer efficiency. Wireless
power transfer (WPT) has become the alternative solution to current electronic
devices that rely on bulky batteries to supply the power and energy. Near Field
Communication (NFC) technology is extensively used for wireless power transfer,
where devices communicate through inductive coupling via induced magnetic
fields between transmit and receive coils (loop antennas). Thin NFC sheets made of
soft magnetic materials are inserted between antennas and metal case of wireless
gadgets, such as mobile phones or tablets, to reduce the degradation of antenna gain
and radiation efficiency due to generation of eddy currents. To enhance the effi-
ciency of wireless power transfer, magnetic materials with superb properties such
as high permeability, low magnetic loss and high resistivity are highly desirable. In
this chapter, we will provide an overview of the current state of the art, recent
progress and future directions in NFC based wireless power transfer, with the
special focus on near field communications operating at 13.56 MHz.

Keywords: wireless power transfer, near field communication, inductive coupling,
ferrites, power transfer efficiency

1. Introduction

At the start of 21st century, an emerging technology known as near field com-
munication (NFC) was standardized in 2004 that gradually changed the consumer
electronics market and facilitated the electronic transactions, mobile payments,
data transfer, etc. NFC was first reported by joint venture of Sony and NXP Semi-
conductors in 2002 [1]. Since then, NFC has become a popular and evolving tech-
nology over the past decade and is being incorporated into more and more aspects
of our daily lives than ever before. The NFC Forum was founded in 2004 by joint
venture of Sony, Philip and Nokia to facilitate the enhancement of this NFC tech-
nology. Nokia 6131 was the first NFC enabled device which was launched in 2006
[2, 3]. In 2006, NFC technology was utilized to print disabled patrons in the
libraries with enabled disables patrons [3]. In 2011, University of Bristol’s M-Biblio
started NFC enabled QR codes for students to utilize library resources. Samsung
launched first NFC enabled android (Samsung NEXUS S) phone in 2010 [2].
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Area Growth (2018-2019)
NFC interactions 27%
NFC activators 22%
NFC reach 50%
No. of interactions per active NFC object 6%
Table 1.

NFC usage growth evolution from 2018 to 2019 [6].

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
B NFC transaction value (USD Billion)

Figure 1.
Evolution of NFC transactions values between years 2014 and 2024 [7].

In 2011, PayPass functionality was launched for RIM’s (Research in Motion/Black-
Berry Limited) master card. Some of the early applications launched are, Samsung
TecTile Programmable NFC tags in 2012, Sony’s Xperia smart tags, NFC enable
Smart Objects in 2011, NFriendConnector [4], Wallet in 2011, the joint venture of
Google At&T, Verizon and T-mobile in 2012 to use mobile wallets [5]. NFC enabled
functionality has been added to all new Apple products starting from iPhone XS
(Apple Pay). Table 1 shows NFC usage growth evolution in 2018-2019 [6]. From
2010 onward, new interesting applications of NFC was launched every year in
communication sector by technology giants such as Google, Apple, Samsung, NXP,
etc. The industry players are constantly introducing new advances and improved
technologies in NFC enabled devices which have taken global market to 4.80 billion
USD in 2015 and expected to reach 47.42 USD billion by 2024. Figure 1 shows
projected NFC transactions value from 2014 to 2024 [7].

2. Near field communication magnetism — NFC and RFID

NFC enables a subset of the Radio Frequency Identification (RFID) technology
that works over a wide range of frequencies with three distinct bands — low, high,
and ultra-high frequencies. The main difference between NFC and RFID technolo-
gies is their operating range. RFID operates in meters range, whereas NFC typically
operates within three to five centimeters. All RFID’s operate based on the same
principle of one-way data transfer from the tag to the receiver and there is no power
transfer the other way around [8, 9]. RFID is one of the oldest technologies that
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Figure 2.
Contactless transfer of data/signal between reader and tag at 13.56 MHz using NFC technology [16].

utilize near field magnetic communication. In 1960, an electronic articles surveil-
lance system (EAS) was the first commercial application of RFID, which utilized
one-bit tag and was used to detect the presence or absence of the tag. Between 1970
to 1980, more work on RFID systems was conducted utilizing microwave and
inductive systems and, in late 1970s, the size reduction of RFID’s was accomplished
using low-power complementary metal-oxide semiconductors (CMOS) logic cir-
cuits. After 1980, RFID applications became widespread such as tracking for ani-
mals, business, electronic toll collection, and automation, which was rapidly
expanded with the development of personal computer (PC) technology. In 1990s,
electronic toll collection systems were the first successful application of RFID tech-
nology worldwide [10]. Presently, RFID is utilized in various commercial areas such
as automobile, agriculture, transport, medical system, payment cards, supply chain,
tracking, identification application and short range interactions in the Internet of
Things (IoT) [11, 12]. However, communications which require initialization at
both ends (e.g., Peer-to-peer communications as discussed below) cannot be
supported by RFID technology. NFC is a great solution to this shortcoming of RFID,
which support peer-to-peer communications also.

NFC is a short-range half duplex communication technology which provide
secure communication between devices in near field region. Near field communi-
cation, is a technology that allows two devices in close range to securely exchange
data wirelessly. NFC is a short-range (< 10 cm) wireless connectivity technology
that operates at high frequency (HF) range with low bandwidth of radio waves,
mainly at 13.56 MHz [13]. NFC comprises of three basic components - an antenna, a
reader, and a tag. A reader (transmitter) sends a signal at the standard NFC fre-
quency of 13.56 MHz and the tag antenna receives and processes the interrogation
signal, and responds with requested information back to the reader that is then
interpreted and stored as the data within few centimeters at 13.56 MHz [14, 15].
Figure 2 shows the transfer of data between reader and tag (card) at 13.56 MHz
based on NFC technology [16].

From 2004 onwards, NFC has been utilized in various applications. Nokia,
Apple/Google/Samsung pay transactions, wireless energy/data transmission and
wireless key card entry are a few popular examples of this technology [17]. Though
NFC tag is passive in nature, NFC can transfer data both ways. NFC technology
supports varying data transmission rates, typical three rates are - 106, 212 and 424
Kbps [18]. There is another 848 Kbps rate also, but it is not in compliant with NFC
standards.

3. Basic principle of NFC
NFC works based on the principle of near field magnetic communication. This

principle of inductive coupling is applied to all communications based on near field
magnetism between transmitting and receiving devices. Figure 3 shows the

97



Wireless Power Transfer — Recent Development, Applications and New Perspectives

Matching
network

Matching

Transmitter [—
network

Receiver

Primary coil | Secondary coil

Alternating magnetic field

Figure 3.

Inductive coupling between transmitter and veceiver coils [9].

simplified concept of inductive coupling. When a primary coil generates alternating
magnetic field, secondary coil which is placed in the vicinity of the primary coil
inductively coupled with the primary coil and generates induced alternating mag-
netic field according to the Faraday’s law. This is the basic principle in transferring
power wirelessly between the devices in near field region. The above stated princi-
ple also applied on RFID systems that are based on inductive coupling. Even
though, there are some differences in other components such as network system
and protocols between NFC and general RFID systems.

3.1 Inductive coiled system

The inductive coupled NFC system can be modeled by using expressions of self-
inductance, mutual inductance and resistances [19]. A generalized analytical
expression for calculation of self-inductance of circular or rectangular shaped coil is
explained below. Figure 4 shows a representation of single turn circular coil while
illustrating the magnetic field pattern surrounding two circular coils [20].

The inductance, Lo, for a single turn circular coil can be given by Eq. (1) as seen
below [21]:

Lo = pgrin <§) (1)
2
a
1

Figure 4.
Depiction of two magnetic inductive coil system (primary and secondary) [20].
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Where y, is permeability of free space, r is radius of the coil and d is the
diameter of the wire. The single turn coil inductance can be utilized to calculate
inductance of multiturn coil, L and is given by Eq. (2).

L =N?Lg (2)

L = N*uyrin <%> 3)

where N is number of turns in a coil. This equation provides appropriate
approximation for a cylindrical inductor, but for the case of spiral inductor
this equation provides general parameter studies. A detailed study for
calculation of inductance of spiral inductors is provided by S. Alturi et al.
(2004) [22].

Another important figure of merit is mutual inductance of two coupled coils.
The mutual inductance between the two coils can be expressed in Eq. (4).

2,2
urN1Norirs

24/ (r? —ch)3

M = (4)

where, N7 and N; are the number of turns in first and second coil, respectively,
r1 and r, are the radius of first and second coil, respectively, x is the axial separation
and yp is the permeability. Eq. (4) is valid only for », < 71 < x, i.e., the magnetic
field generated by current I, in first coil should be homogeneous in the mutually
bounded area of the 2nd coil. Detailed calculation for mutual inductance for
cylindrical coils is presented in [23].

Also, the coupling factor between 2 coils can be expressed in Eq. (5).

M
=
i ®)

Where k is coupling factor and lies between 0 and 1, L; and L, are inductance of
first and second coil, respectively.

In case of complex geometries, numerical methods can be applied to calculate
inductances of complex coil systems [24].

3.2 Wireless power transfer (WPT) efficiency

Power transfer efficiency between loop antennas for NFC system is expressed as
the figure of merit that depends on inductive coupling. As NFC operates at small
distance range between transmitter and receiver antennas, its efficiency depends on
coupling between the antennas for wireless power transfer [25]. Figure 5 shows
schematic of two mutual magnetic coupled coil antennas for the WPT system [27].
To improve the power efficiency, an impedance matching on both coil antennas
(receiver and transmitter) is required. In case of magnetic coupling between
receiver and transmitter coil antennas, eddy currents are generated due to alternat-
ing magnetic field. This cause a shift of resonant peaks of the input impedance,
which shifts resonance frequency of maximum power transfer. Insertion of a high
permeability soft magnetic ferrite sheet between coil antenna and metal conductor
shifts the frequency back to original resonance frequency [26]. When both circuits
resonate at peak frequency, maximum transfer of power is achieved. Figure 6
depicts the simplified equivalent circuit model of wireless power transfer
systems [26].
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Figure 5.
Schematic drawing of mutual magnetic coupled coils for wireless power transfer systems [26].
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Figure 6.
A simplified equivalent circuit model of wireless power transfer systems [27].

The resonance frequency o for coil antenna is given by,

1 1
VL.C., VL.CL

Base on Kirchhoff voltage law and above circuit diagram, V; can be calculated
as [28]:

(6)

w =

. 1 .
jwLg +jw—CS+R: joM [I;:l - [V;:| -
. . 1 Il |o
M L; + ——+R
Jj. Jo. L+ij,L+ L

From Eq. (7), V; can be calculated [29]:

1
jwC

V, =1, (RS +jwL, + — I,(joM) (8)

0 :IL<ja)LL + (I%CL) +RL) —Is(ja)M) 9)
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Using Eq. (8) and (9):

JjoM

I =1I | - : (10)
wLp + oCL + RL)
Substituting Eq. (10) into Eq. (8):
V=1, (RS tjoL,+ Q%)) ) joM o) (1)
Wl

jwLy, + (ﬂuLCL + RL)

The input impedance is calculated based on the simplified equivalent circuit
model. The input impedance is given by [26]:

V,  ((j@C)R +1 - @?LC)((jwCL)Ry + 1 - w’LiC) — o*M?C,Cy
I, a ja)C;((jG)CL)RL +1-— (DZLLCL)

Z; = (12)

The power transfer efficiency is given by ratio of output power to the input
power:

_ Pow IR
- P IPZ,

n (13)

For resonance coupling system, assuming C = C; = Cr,
By substituting Eq. (10)—(12) in Eq. (13), the effective power efficiency is
calculated as:

2
ja)M R L

(14)
'(l)LL + (/%CL + RL)

}’I:

ja}LL+ (j;CIfFRL)

where, M is Mutual inductance between the coil antennas, L, and L; are the
inductance of transmitter and receiver coils, C; and C;, are matching capacitor for
transmitter and receiver coils, R, and R;, are internal resistance and load resistance
of the coils and V; and V|, are source and load voltages.

The transferred power is maximum at resonance frequency when load current in
the circuit becomes maximum, at a given resonance frequency, Eq. (15) describes
the condition for maximum power transfer efficiency [29]:

R2
M =L (15)
wqy

The wireless power transfer efficiency using inductive coupling can be greater
than 90% within a limited transmission range. During the last decade, methods such
as magnetic resonance coupling for WPT have been widely studied by researchers
to increase the efficiency of power transmission with greater distance range. Two-
loop and four-loop coil systems were studied for magnetic resonance coupling based
WPT system [30]. In order to achieve maximum power transfer efficiency, several
studies have been done such as loop to coil coupling manipulation [29], automated
impedance matching [31], adaptive frequency tuning [32], circuit structure
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manipulation [33], improving WPT for future portable consumer electronics using
large transmitter coil system [34] and improving efficiency by four-coil system for
deep brain simulation [35]. There are studies, which focused on misalignment
between receiver and transmitter coil for applications such as wireless EV charging
system [36] and wireless mobile phone charging system [37, 38]. With the rapid
development in consumer electronics, there is a substantial increase in applications
of NFC based wireless power transfer technology.

4. Eddy currents challenge: role of ferrite materials in NFC

As NFC technology relies on generated mutual inductance between the transmit
and receive coil antennas, the amount of magnetic flux between them should be
maximized to induce more current, thus increasing data transmission range. How-
ever, by placing a NFC tag on a metal surface, the efficiency of data transmission is
greatly suppressed due to the generation of eddy currents within the metal surface
[39]. To increase the efficiency and range while minimizing the losses due to eddy
currents, a soft magnetic ferrite sheet can be inserted between the metal case and
the antenna. Figure 7(a) illustrates how the magnetic field generates in NFC com-
munication due to nearby conductive surface/plate, and Figure 7(b) shows the
magnetic field produced when NFC area is shielded by a ferrite sheet from a
conductive surface [40]. One can see the shielding effects due to insertion of ferrite
sheet [40]. To be amenable to NFC, the ferrite sheets should have high permeability
and low magnetic loss to concentrate the magnetic flux generated between the
transmit and receive coils (antennas) [39, 41]. Ni-Zn ferrites and Mn-Zn ferrites are
the most widely used soft magnetic materials for the preparation of these NFC
ferrite sheets at high frequencies. Ni-Zn ferrites have exhibited higher operating
frequency range up to 100 MHz as compared to Mn-Zn ferrites (a few MHz), which
limits the use of Mn-Zn ferrites in NFC devices. Mn-Zn ferrites have been used in
mini de-dc converters, inductors and power inductors due to their high saturation
induction and low losses [42]. For NFC applications, Ni-Zn ferrites offer better
suited properties because of its high resistivity, high permeability, low magnetic
loss, high operation frequency, and chemical stability. In particular, the high

a b
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Figure 7.
(a) Eddy curvents generated in NFC communication area due to conductive plate in vicinity; (b) magnetic field
generated in NFC communication area with an incorporated ferrite sheet shielding [40].
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A typical representation of velative permeability versus frequency of a ferrite sheet [45].

permeability and low magnetic loss of Ni-Zn ferrite sheets help to concentrate more
magnetic flux and reduce eddy currents via magnetic shielding [42, 43].

To enhance the performance of NFC systems, the employment of high perme-
ability and low loss magnetic sheets is highly desirable. The magnetic permeability
and loss properties of Ni-Zn ferrites can be tailored by making strategic changes in
crystallography, morphology and microstructure of the material. The relation
between the complex relative permeability and frequency is termed as permeability
dispersion. The frequency dependent relative permeability is given by Eq. (16) [44],

py = p —ju" (16)

where y, is the ratio of the permeability of the material versus that of the free space
(o). ' and " are real and imaginary parts of the relative permeability, respectively.

The magnetic loss tangent is the ratio between the real and imaginary parts
given by Eq. (17):

"

tan 5, — - (17)
u

/

Figure 8 shows a typical relative permeability spectra of flexible ferrite sheet
[45]. To achieve high signal transmission efficiency between NFC devices and
increase the range of transmission, the relative permeability (4’) should be greater
than 100 and the loss tangent (tan 6,,) should be less than 0.05 at the standardized
NFC operation frequency of 13.56 MHz [39]. Both ' and y" of ferrite materials are
greatly affected by the composition, microstructure and morphology, which are
also quite sensitive to the processing parameters [46]. The key to achieve high
performance ferrites for the targeted NFC applications is to tailor and optimize
their synthesis process parameters. There are several different ways to synthesize
Ni-Zn ferrites such as sol-gel method, citrate precursor method, hydrothermal
synthesis and solid-state synthesis methods [42].

5. NFC modes of communication

NFC devices can communicate in either one of the two modes: active and
passive mode. These modes determine how two NFC-enabled devices talk to each
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other. The distinction between modes depends on whether, a device generates its
own RF field or used power from another device. In communication, initiator is the
device that starts the communication, and target is the device that receives the
signal from initiator. The main differences between main properties of passive
technologies (NFC, Chipless RFID and UHF RFID) and active technologies
(Bluetooth and Zigbee) are summarized in Table 2 [47-49].

5.1 Active mode

In active mode, both NFC devices (initiator and target) send and receive data
signals actively by using alternate RF (Radio frequency) field. Both NFC devices are
self-powered and does not require to send power to target to perform the task, for
example, devices such as smartphone or a self-powered tag. In active mode, the data

Feature NFC Bluetooth UHF RFID Chipless Zigbee
RFID

Read 1-2 cm for 10-100 m Up to 15 m with inlay <50 cm 10-100 m
Range proximity tags with 2dBm read  frequency

cards with IC sensitivity, 3 m for  coded and

energy UHF sensors with 2-3 m for
harvesting, —9 dBm read time coded
0.5 m for sensitivity, 30 m BAP UWB
vicinity cards
Memory <64 Kbytes  Several Kbytes <64 Kbytes <40 bytes 250-400
capacity depending on Kbytes
microcontroller
Energy Passive or Active Passive or semi- Passive Active
source semi-passive passive
Cost Low Low Low Moderate Low
Universal Yes Yes No No Yes
frequency
regulation
Security High Low High High Low
Setup Lessthan 0.1s  Approx. 6s Less than 0.1's — Approx. 0.5 s
time
ID Yes Yes Yes No Yes
rewritable
Energy Approx. No Few pW No No
harvesting 10 mW
Reader Low Low High High Low
cost
Spectrum 13.56 MHz 2.4 GHz 433 MHz, 860- 2.4 2.4 GHz
960 MHz 5.8 GHz (Globally),

915 MHz (as Z-
Waves in U.S.)
and 868 MHz
(Europe)

Usability Easy, human  Moderate, data Easy, Data and human Easy, Data Easy, data
centric centric centric and human centric
centric

Table 2.
Comparison between different wireless technologies [47-49].
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is sent between two devices using amplitude shift keying (ASK) i.e., the base RF
field signal (13.56 MHz) is modulated with data using coding schemes (Miller and
Manchester Coding). Data transfer rates are higher in this mode and it can work
well at longer distances [50, 51].

5.2 Passive mode

In passive mode, the initiator sends the RF field to power the target. In turn,
target used the RF field and sends back the stored data via a process called load
modulation (Manchester coding) [52]. It is the most common mode for NFC, as it
requires no battery and it is less expensive [53].

Three different combinations of communications are possible when two NFC
device communicates with each other wirelessly, active-active, active-passive and
passive-active. These are listed in Table 3 [53].

While working in active and passive modes, the NFC devices perform different
operation during communication. This means NFC device 1(initiator) must send
signal first to NFC device 2 (target) to get the response back from device 2 (target).
It is not possible for NFC device 2 (Target) to send data to device 1 without
receiving any initial signal. All the possible interaction styles of NFC devices are
listed in Table 4 [14].

According to the NFC forum’s device requirement, a device must have the
functionality i.e., device needs to operate in reader/writer mode and in peer mode
in order to be NFC-compliant [54]. i.e., a device must behave as an initiator during
passive communication and an initiator or target during active communication.
Initially, the NFC operating frequency of 13.56 MHz was unregulated. In 2004, NFC
forum was established to standardize the tags and their operating protocols. There
were three tasks standardized by the NFC Forum: including transferring power
from a NFC device to a NFC tag, sending information from a NFC device to a NFC
tag via signal modulation, and sensing the modulation by the load created on the
NFC tag while performing load modulation to receive information from a NFC
device. These three operation modes were designated by the NFC forum as reader/
writer, peer-to-peer, and card emulation communications, as depicted in Figure 9.
These are three main modes, under which a NFC device can operate [14]:

Device 1 Device 2 RF field generation

Active Active The RF field is generated by both devices

Active Passive The RF field is generated by device 1 only

Passive Active The RF field is generated by device 2 only
Table 3.

Various possible communication arrangements between two NFC devices [53].

Initiator device Target device

NFC mobile NFC tag

NFC mobile NFC mobile

NFC reader NFC mobile
Table 4.

Various possible interaction styles of NFC devices [14].
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Figure 9.
Three different communication modes of a NFC device [14].

5.3 Reader/writer mode

In reader/writer mode, the device must be able to read and write with different
types of NFC tags. This mode enables one NFC mobile to exchange data with one
NFC tag. In reader/writer mode, most NFC devices act as readers and works in
active mode to read the content of tag, such as contactless smart cards and RFID
tags. In order to interact with tag appropriately, the device needs to detect the
correct tag type. For that, the NFC device relies on an anticollision algorithm to
select one tag when device comes across two tags simultaneously. An NFC device
also works in writer mode, it can write data to the tags having writer application,
such as TagWriter [55, 56]. In reader/writer mode, the NFC devices are compliant
with ISO/IEC 14443A/B or Felica schemes tag types [14]. Some of the applications
of reader/writer mode are smart posters, remote shopping, remote marketing, and
so on [18].

5.4 Peer to peer mode

In peer-to-peer mode, two NFC specific devices can exchange data such as,
pairing Bluetooth devices or WiFi link set-up, exchange business cards or text
messages. This mode is standardized on the ISO/IEC 18092 NFCIP-1 standards.
Both the devices operate in active mode during the communication and data is sent
over a bi-directional half duplex channel, which means second device can only
transmit data once first NFC device finish the transmission [14].
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5.5 Card emulation mode

In card emulation mode, a NFC device behaves as an external reader traditional
contactless smart card. This enables contactless payments through credit cards,
debit cards, loyalty cards, etc. by using NFC device without changing the existing
infrastructure. For example, NFC enabled mobile device can even store multiple
contactless smart card applications in one phone. Card emulation mode supports
ISO/IEC 14443 Type A and B, and Felica standards [14].

6. NFC tags

In an NFC system, there is always an element which functions as the receptor in
passive mode, such as NFC tag. NFC tag, also known as the smart tag or information
tag, is a small, printed circuit which act as a bit of storage memory along with a
radio chip attached to an antenna [18]. It works in a passive mode, during which it
does not have its own power source but uses power from the NFC device that
communicates with it via magnetic induction. NFC tags have a few inches of
working distance, NFC device must be very close to read the tag. NFC tags are used
for a variety of applications in our day-to-day life, such as payments, launching
websites, virtual visiting cards, lock/unlock doors, pet animals tagging, share
photos, videos, and other information, etc. To ensure interoperability, a classifica-
tion has been established for NFC tags by NFC-Forum that provides necessary
specifications between different tag providers and the manufacturers of devices.
Currently, there are five different types of NFC tags, depending on storage
capacity, data transfer rate and read/write ability [1].

6.1 Type 1 NFC tags

Type 1 tags are based on standard ISO14443A with a memory of 96 bytes,
expandable up to 2 Kbytes. The rate of data transfer is 106 Kbps and type 1 NFC
tags have read/re-write capability.

6.2 Type 2 NFC tags

Like Type 1 tags, Type 2 tags are also based on ISO 14443A standard. It has a
memory of 48 bytes, expandable up to 2 Kbytes. The rate of data transfer is 106
Kbps and type 2 NFC tags have read/re-write capability.

6.3 Type 3 NFC tags

Type 3 tags are Japanese Sony FeliCa standard (JIS X 6319-4). It has more
memory and faster data transfer speed as compare to type 1 & 2 tags. The memory
is 2 Kbyte, expandable up to 1 Mbyte with a transfer rate of 212 Kbps.

6.4 Type 4 NFC tags

Type 4 tags work on both ISO 14443 A & B communications. These are
manufactured either in read only or read/re-write modes. Unlike other tags, a user
cannot decide the mode. The memory is up to 32 Kbytes and, transmission rates are
high; between 106 to 424 Kbps.
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Type  Standard Memory Data Data Anti- Available Market
of NFC Transfer Rate  Capability  Collision Products
Tag
Type 1 ISO 96 bytes, 106 Kbps Read-Write No Innovision Topaz,
14443 A expandable Read only Broadcom,
to 2 Kbytes BCM20203
Type 2 ISO 48 bytes, 106 Kbps Read-Write Yes NXP MIFARE
14443 A expandable Read Only Ultralight, NTAG203,
to 2 Kbytes NTAG 210, NTAG

212, NTAG 213/215/
216, NTAG I*C

Type 3 JISX 2 Kbytes, 212 Kbps, Read-Write Yes Sony FeliCa

6319-4  expandable 424 Kbps Read Only
to 1 Mbytes

Type 4 ISO Up to 32 106 to 424 Read-Write Yes NXP DESFire, NXP

14443 A Kbytes Kbps Read Only SmartMX-JCOP,
& B (Factory
Manufactured)
Type 5 ISO Up to 64 26.48 Kbps Read-Write Yes NXP ICODE Series
15693 Kbytes Read Only
Table 5.

Summary of five different types of NFC tags [1, 54].
6.5 Type 5 NFC tags

NFC forum released type 5 tags recently in 2015 that is the newest NFC tag. It is
based on ISO 15693. It has working range up to 1.5 m that allows the communication
with RFID tags.

There are many factors, which decide the type of NFC tag used for a particular
application, such as the type of the application, memory and transmission rate
requirements, working distance, and cost involved, etc. Normally, an App needs to be
installed on NFC devices, smart phone, or smart watch to use the NFC tags (e.g,
Apple Pay and Google Pay for payments). In 2019, Ahold Delhaize, an European
super market giant, enables its shelves with NFC-enabled electronics labels that
allows shoppers to obtain detailed information of the product and add items to their
cart for self-checkout using smart phones [57]. In 2020, Apple recently launched a
new feature in its IOS operating system, “App Clip” that allows only clips/snippets of
an App to do the communications with NFC tags without downloading the whole App
[58]. Table 5 summarizes the various features like standards, memory, data trans-
mission rate, and so on, of five types of NFC tags along with their typical uses [1].

Apart from these five types of tags, there is a Type 6 NFC tags that are based on
ISO 15693-3 standards and used to store NDEF messages or applications focused on
identification cards [54]. It has memory capacity of 8 Kbytes and data transfer rate
of 26.48 Kbps. The newly emerged 3-D printing technology has been exploited to
develop new type of tags (e.g., Kovio’s NFC Barcodes) [59]. New material and
printing technologies can open endless opportunities in the area of NFC communi-
cations. In the last decade, there is dramatic increase in smart phones and tablets
enabled with NFC function.

7. NFC applications

Many NFC applications have been developed since its inception and have
become parts of our daily lives. Several of them are discussed below.
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7.1 NFC mobile payments applications

With the technological advancement in the last decade, NFC enabled mobile
devices are changing the way users receive data, make payments, and exchange
information across devices all over the world. The advanced innovation has already
been in use in Europe, Asia and North America because of powerful impact of
influential mobile network operators (MNOs) in these parts of the world [60].
Different technologies such as RFID, contactless smart card, NFC, short message
service (SMS), unstructured supplementary service data (USSD), wireless applica-
tion protocol (WAP), interactive voice response (IVR), and so on, all contributed in
the success of mobile payments. Presently, the integration of NFC technology in
contactless mobile payments led to a tap-and-go tasks. In NFC enabled device, user
needs to just touch or present phone to NFC enabled device and transfer or share
data without any physical connection. For mobile payments, NFC has been set to be
compatible with android, windows, and iOS operating system smartphones. Pres-
ently, there are many phones which are NFC compatible such as Samsung’s Galaxy
Series, Google’s Nexus Series, and the iPhone. Some of the NFC payment applica-
tions for tap-and-go are Google Pay, Apple Pay, Android Pay, PayPal, Samsung Pay,
Square Wallet, LifeLock Wallet and Visa payWave. NFC enabled mobile payment is
reducing the need for physical form of payment between consumer and merchants.
For example, mobile point of sale (mPOS) units are providing wireless devices to
replace traditional cash registers and sale terminals [61]. These units are wire free
and easy to install, for example, customers can buy apple products without going to
cashier using mPOS device. Social shopping and, mobile wallets are some other
examples of mobile payments. According to a recent report from Technavio, the
global mobile payment market size is expected to grow at a CAGR (Compound
Annual Growth Rate) of close to 36% by the end of 2021. A report from GATE
Mobile Wallet Trends (Global Acceptance Transactions Engine) also highlighted
that the number of mobile payment users were close to 2.1 billion in 2019 [62].
Some of the related work in mobile payment applications are utilization of elec-
tronic vouchers using offline NFC payment service [63], payment authorization
process using secured system built on a service oriented architecture (SOA) [64],
secure end-to-end NFC based mobile payments protocol for security purpose [65],
software card emulation in NFC based contactless smart card system for security
[66], and design and initial evaluation of a touch based remote grocery shopping
process [67, 68]. Figure 10 depicts the NFC payment transfer using mobile phone,
the credit card transaction with virtual card stored in a distant location [69].

5 ' NFC MOBILE PAYMENT PROCESS

YOUR ACCOUNT

Figure 10.
NFC payment process using mobile phone; credit card transaction process with virtual card stored in a distant
location [69].
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7.2 Transportation and ticketing

Currently, around one third world population uses smartphone, and this number
will go up significantly in years to come. Transport and ticketing are the well-
known and promising applications of NFC system. Commuters around the world
added adoption of mobility in all aspects of their transit such as journey planning,
ticketing, information, and so on [70]. For purpose of transport, NFC forum has
recognized three basic use cases, including connection, access, and transactions.
The usage of NFC services in transport and ticketing depends on the consumers
having NFC enabled mobile phones that are compatible with NFC standard ISO/IEC
14443 [71]. For example, a ticket for transit can easily download from NFC enabled
kiosk using an NFC enabled smartphone and then smartphone can tap to a reader to
gain the access to ticketing informations [72]. NFC tags can be easily embedded in
posters, products, and maps etc., to provide transport related services to everyone.
Smart posters containing these NFC tags provide a variety of information and/or
links for transport service websites. Card emulation and card reader are the modes
utilized in NFC enabled transit system [73]. Figure 11 represents the evolution of
consumer digital payments in public transport fare collection system using
smartphone based NFC interface [74] . In past few years, NFC transport and ticketing
applications have expanded in various aspects of the travel [54]. For examples, NFC
forum and International Air Transport Association (IATA) jointly published the NFC
reference guide for air travel [75]. Accenture’s survey on public transport users
reveals a big increase in use of smartphones for paperless travel and social media
during the travel [76]. Virtual ticketing system and secure mCoupon protocol [77, 78],
secure payment service by Smart Touch Project [79], an automated reservation and
ticketing service for tourists, a system for car parking access, payment system for
ticketing [80], offline Tapango system for electronic ticketing process including
comparison with traditional paper ticketing process [81] are some of the prominent
application of NFC that are used in travels and ticketing developed recently.

7.3 Healthcare applications

In last decade, various new materials and technologies including NFC based
technology has gained ground in healthcare by adding convenience and providing
efficient healthcare facilities [82-86]. According to a report issued by Transparency
Market Research (TMR), healthcare is the fastest growing part of NFC,
representing a CAGR of 20.4% [87, 88] . NFC provides user friendly benefits in
healthcare e.g., secure physical access to buildings, medications and equipments,
medical information, real time updates on patient care, medical alerts, home

Internet of
7 Everything. seamless
-0
Internet of $ Muilti-
things channel, open. fragmen
ted
& 3¢ party
®Py f wallets
Single channel closed
Uber Technologies Inc. mﬁ'ﬁ a Merchant ‘Amazon
— purpose wallets e
Paypal Pte. Ltd. X3
‘w Secure
Amazon.com credentials
0 Visalnc. @ Advanced cloud
Mobile MasterPass by Mastercard EORAR G
2010 to 2020 20204+

Figure 11.
The evolution of consumer digital payments including in public transport fare collection system using
smartphone based NFC interface [74].
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monitoring of patients, safer medications [89-92], storage of encrypted medical
tags [93], adverse drugs and allergy detection system in hospitals [94] and elec-
tronic data recording services [95]. For example, recently Xiaomi launched Mi Band
5 wrist band, which supports NFC based payments and transactions through the
band. Currently, in the time of COVID-19 pandemic, Silicon Craft Technology PLC
(SICT) has launched an NFC enabled wearable band to track COVID-19 patients
and those are under self-quarantine [96]. A major part of NFC in healthcare consists
of health monitoring devices, such as NFC enabled blood pressure and activity
monitors, wearable sensors [97, 98] and personal weight scale, etc., each of these
devices send data to health centres connected via apps (TAPCheck blood pressure
monitors, GENTAG, iMPAK Health for credit card-size RhythmTrak ECG device)
[54]. There are more complex implementations of NFC technology in implantable
health devices, such as heart monitors [99], cochlea implants [100-102], and
optogenetics implants [103]. NFC enabled devices are also implanted in fitness and
nutrition programs to promote overall health and wellness of users, such as, Apple
watch, FitBit, Sony’s Smart Band and Samsung Galaxy watch, and so on. There are
affirmative studies that focus on improvement of health applications using NFC,
such as self-diagnosis and medication, specific applications for the disabled, elderly
and people with chronic diseases, etc. [49]. Figure 12 shows few different applica-
tions of NFC in bio medical area [9, 98, 104, 105].

Figure 12.

Various healthcare applications of NFC; (a) cochlea implant with a circle showing the NFC communication
part of the implant [9]; (b) Optogenetic implant for brain [104]; (c) wearable bracelet prototype [98]; (d)
NFC enabled smart watch [105].
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Reader/writer mode Peer-to-peer mode Card emulation mode
Increase mobility Easy data exchange Physical object elimination
Decrease physical effort Device pairing Access control

Ability to be adapted by many scenarios

Easy to implement

Table 6.
Benefits of NFC applications for each operating mode [14].

7.4 Access control and authentication

Access control services and authentication services using NFC technology has
garnered much attention because of their initial promising results. The use of NFC
enabled contactless smart cards for access, identification badges is similar to how
users use the NFC enabled mobile phones to gain access in buildings. These types of
applications indicates that NFC will play an important role in the next generation
access control and identity management systems [54]. For example, two factor
access control system for access in building using biometric fingerprint recognition
for authentication and NFC for transferring the data to the computer controlled
door [49]. Recently, the new 2021 BMW 5 Series launched NFC enabled digital car
keys feature in their car which is compatible with Apple iPhone (Compatible with
iPhone SE 2nd generation and iPhones with operating system above i0S 13) [96].

7.5 Gaming, social media and entertainment applications

The use of NFC enabled mobile games and social media has been brought to the
market recently. In some of the NFC projects, gamers can tap each other phones
together to receive access for new levels in the game and can score extra points.
Similarly, social media users can establish social media connections and networking
using peer-to-peer mode, where they can update their status and checked into the
location also. Some of the examples are, Pass the bomb and Exquisite Touch games
[106], smart phones are NFC enabled musical instruments [107], and Whack-a-
Mole game [108].

7.6 Inventory and packaging

RFID and NFC enabled devices has been used in warehouses and stores for
inventory control, labelling and packaging purpose. For example, NFC-enabled
temperature sensors in tracking the food and drinks conditions, NFC tags for luxury
products, NFC tags for authentication of instruments and linked to database to keep
record of their repair date, NFC labels for food tracking (expiration date, gluten
free, low calorie etc) [54].

Some of the other applications of NFC are location-based tracking, educational,
work force and retail management applications. Table 6 summarizes the benefits of
each mode of NFC communications.

8. Privacy and security

Along with benefits, any new technology comes with new challenges and concerns.
Similarly, NFC also has its own concerns, specifically the privacy and security concerns.
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The data transfer in NFC technology relies on the magnetic flux strength, which is
inversely proportional to the square of the distance between the NFC device and the tag
antenna. Hence, magnetic flux strength decreases quickly as the distance between the
NFC device and the tag antenna increases, thus restricting the range and effectiveness
of NFC technology up to a few centimeters only. This disadvantage turns out be a great
advantage and a flagship selling point for NFC technology as far as security is
concerned. Along with the numerous benefits of NFC technology, researchers and
technologists also are aware of the security and privacy concerns that comes along with
technology. As this technology is managing our payment system and private informa-
tion, the technology needs to be secure and safe from any kind of security threat
(94,109, 110]. Although NFC technology is based on contactless smartcards and pay-
ment technology and communicate in short range distance, yet there are chances of
eavesdropping on communications [111]. Several types of attacks have been discussed
in studies such as eavesdropping, data corruption or modification, relay attacks [112],
man-in-the-middle attacks and DOS (Denial-of-Service). With an increase of NFC
products in the market, the individual makers of product do not implement NFC
technology perfectly. According to head of HP’s Zero Day, in an annual hacking com-
petition (Pwn20wn) in 2015, researchers used flaws of technology to compromise the
NFC devices [113]. Several researchers tried to increase the range of NFC communica-
tion via different design topologies. For example, Range extension attacks on
contactless smartcards [114], increase in range by placing metal plate under antenna,
position and alignment of antenna to extend the range with a range extension to 13.4 cm
by changing the antenna [115]. Many studies indicate that the usage of secure channels
and examining the RF field can address most of these threats [116], while the high speed
of data transfer and close distance handles the rest [117]. The close operating distance
for NFC prevents an intruding signal from interrupting the signal or inserting threating
data during the transfer [118, 119]. Some of the steps can help you safely use NFC
technology for your mobile phone payments and other applications [113], including:

* Customers should read the fine print before using any NFC-enabled applications.
* Patch your device rapidly.
* Active your device only when it is in use.

9. Conclusion and future directions

In this chapter, we have covered an overview of NFC technology, including its
current uses. NFC is an emerging technology and finding applications in every
aspects of the daily life. In last decade, there has been explosion on both fronts,
market applications and research. During the future years, it will expand further.
NFC has potential to make personalized medicine and next generation point diag-
nosis at cellular and molecular levels realities. There is ongoing research to make
NFC technology more affordable, easy to use, as well as more compact in size.
There is a strong desire to improve the efficiency and wireless power transfer rates
of these NFC devices. New materials research combined with evolving 3-D printing
could led to new type of NFC tags, devices, and applications.

Presently, most NFC applications involve the use of mobile phones and
exchange of sensitive personal financial and other data during the transitions. Most
users have vast amount of other important data as well. This raises the concerns
about privacy and security like spamming, unwanted contents on phones and so on.
User privacy should be given top priority as NFC technology expands into new
avenues. Cautions should be used while implementing NFC services. Data
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encryption, establishing secure channels between NFC devices and users’ proper
educations (locking code for the phone, regular update of antivirus software, eras-
ing the phone in case its stolen) will be some key features in addressing the users’
concerns about privacy and security. Overall, NFC is an exciting new technology
that will present a wide variety of new applications along with renewed challenges
in the years to come.
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WPT, Recent Techniques for
Improving System Efficiency
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Abstract

Wireless power transfer (WPT) technologies have received much more
attention during the last decade due to their effectiveness in wireless charging for
awide range of electronic devices. To transmit power between two points without
a physical link, conventional WPT systems use two coils, one coil is a transmitter
(Tx) and the other is a receiver (Rx) which generates an induced current from the
received power. Two main factors control the performance of the WPT schemes,
power transfer efficiency (PTE) and transmission range. Power transfer efficiency
refers to how much power received by the rechargeable device compared to the
power transmitted from the transmitter; while transmission range indicates the
longest distance between transmitter and receiver at which the receiver can receive
power within the acceptable range of power transfer efficiency. Several studies
were carried out to improve these two parameters. Many techniques are used
for WPT such as inductive coupling, magnetic resonance coupling, and strongly
coupled systems. Recently, metamaterial structures are also proposed for further
transfer efficiency enhancement. Metamaterials work as an electromagnetic lensing
structure that focuses the evanescent transmitted power into receiver direction.
Transmitting & Receiving antenna systems may be used for sending power in
certain radiation direction. Optimizing the transmitter antenna and receiver
antenna characteristics increase the efficiency for WPT systems. This chapter will
present a survey on different wireless power transmission schemes.

Keywords: capacitive coupling, inductive coupling, intermediate resonators,
magnetic resonance coupling, metamaterial structures,

power transfer efficiency (PTE), strongly coupled magnetic resonance,
wireless power transmission (WPT)

1. Introduction

With the spreading of mobile phones, portable and wearable electronic devices
and changes in the human lifestyle, the need for WPT technology grows to get rid
of the inconvenience due to using power cables. On the other hand, there are some
applications where WPT probably the only solution or the most efficient solution
for their powering for instance implanted biomedical devices, buried sensors,
some sensors found in a severe environment such as very high temperatures, and
so forth. One of the first trials for WPT was performed by Nikola Tesla a century
ago. He wanted to develop a wireless power distribution system. Figure 1 illustrates
a simplified diagram of a WPT system which simply consists of a transmitter that
sends the transmitted power through an RF coil or RF resonator. On the receiver
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Figure 1.
WPT system.

side, there is a receiving resonator which can be an antenna or coil to receive the
incoming wave from the transmitter. Afterward, an impedance matching circuit
is inserted to ensure maximum power transfer between the receiving resonator
and the rectifying circuit. Then, the rectifying stage is connected. Many combina-
tions could be used for the rectification purpose such as half-wave, full-wave, or
any series/parallel diodes combinations. All these rectification circuits are used
for converting RF power into DC power. In order to achieve smoothing DC output
voltage as well as blocking the higher-order modes, the rectifying circuit is followed
by a DC pass filter. The final stage is the device (load) that needs to be charged
wirelessly. In this chapter, we will focus on the coupled resonators which is the first
stage for WPT systems.

Wireless power transfer technologies can be divided into different categories
such as inductive coupling, resonant inductive coupling, capacitive coupling,

Deep Brain Cochiear
Neurostimulators Implants

N

<
Gaslric

Pacemakers
Stimulaters

o
Foot Drop

ﬁ Implants

Insulin
Pumps

Figure 2.
WPT applications.
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microwaves. Through this chapter, we will cover these technologies with highlights
on the recent techniques for improving the power transfer efficiency such as using
intermediate resonators, applying metasurface structures, and so on. Figure 2
shows the current and potential applications for WPT systems.

2. Inductive coupling WPT

Conventional coils of wire are the simplest way to transmit a wireless power
between transmitter and receiver. In this case, the system can be represented asa
transformer where a transmitting coil is analogous to the primary coil, while the
received coil is equivalent to the secondary coil as revealed in Figure 3. An inductive
power transfers between the two coils in a form of a magnetic field. The intensity of
the magnetic field follows Ampere’s law as in (1), where H isthe magnetic field
intensity that is generated when an electric current, I, passes through an electric
closed path with alength of /.

$H.dl=T D

When the Transmitter has a time-varying current and mounted at an appropri-
ate position from the receiver. Receiver’s coil cuts the magnetic field lines, and an
induced electromotive force (emf) is generated between the terminals of the
receiver’s coil as shown in Figure 3. The value of the emf depends on the time-
varying of the magnetic flux (¢ ) as characterized by Faraday’s law as in (2). It is

clear that this WPT technology is valid only for short-range applications for exam-
ple wireless charging pads to recharge cellphones and handheld wireless devices
such as laptops and tablets, electric toothbrush, shaver’s battery charging, induction
stovetops and industrial heaters, charging implanted prosthetic devices such as
cardiac pacemakers and insulin pumps [1].

A B
L F
L o
Power ; i Transmitting
] .
source . coil
1
1
i
P
Receiving — Rectifying
coil ] ! circuit
-
. 1
f
N

Figure 3.
WPT using inductive coupling scheme.
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emf = —% 2)

WPT system performance can be estimated by the power transfer efficiency
(PTE) which depends on the KQ product. K is the coupling coeffect between
transmitter and receiver, it is a ratio and varies from 0 to 1 as a maximum value at
totally power coupling. Q is the unloaded quality factor of the transmitter’ or
receiver’s coil; Q can be calculated from the coil inductance as in (3), where o isthe
angular frequency, L is the coil inductance, and R the loss resistance of the coil.
While PTE is calculated from (4) [2]. It is clear that increasing the transfer effi-
ciency needs a high value of the KQ product.

Q=" 3)

2
PTE = FQ, ~x100% “)

[1+\/1 +k°Q,Q, }

Numerous studies were introduced in the inductive coupling approach [3-9].
In [10], a multi-layer spiral inductor is proposed for biomedical applications at
a frequency of 13.56 MHz which is the license-free industrial, scientific, and
medical (ISM) band. It uses a stacked structure to achieve a compact WPT, where
the stacked inductors occupying an area of 10 mm x 10 mm with 1 cm separation
between transmitter and receiver. The inductance is further increased by stack-
ing the printed spiral inductors on top of each other in such a way that the flow
of the current always takes the same direction as shown in Figure 4. In 8], a pair
of printed spiral coils, as illustrated in Figure 5, used in biomedical implanted
microelectronic devices to maximize the inductive power transmission effi-
ciency. Zixuan et al. [6] introduced an analysis of alternative-winding coils
for getting high-efficiency inductive power for mid-range WPT. Alternative-
winding coils structure is demonstrated in Figure 6.

Layer 2

Layer 1

(a) (b)

Figure 4.
Multi-layer stacked inductor; (a) top view (b) 3D geometry [10].
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Figures.
Design of a pair of printed spival coils [8].

J(A/m)

I(:ﬂ
I

50

Je—o—I

-

Alternati\'e:‘\;-—inding Positions

Figure 6.
Alternative-winding coils geometry and its current distribution [6].

3. Resonant inductive coupling WPT

Resonant inductive coupling or magnetic resonance coupling is another form
of the WPT technologies in which power is transferred between two tuned reso-
nant circuits, one in the transmitter and the other tuned circuit in the receiver as
depicted in Figure 7. Each resonant circuit comprises an inductor connected to
a capacitor to resonate and couple the transmitted power at their resonance fre-
quency. This resonance is responsible for emphasizing the quality factor (Q-factor)
for the resonant circuit. Therefore, the coupling and the power transfer efficiency
between the transmitter and receiver increase due to the directly proportional
relationship between them. Magnetic resonance coupling scheme is applied in mid-
range applications such as charging electric vehicles, charging portable devices,
biomedical implants, powering busses, trains, RFID, smartcards.

Several studies have invested the resonant inductive coupling technique for
enhancement the power transfer efficiency of WPT systems [11-13]. In [14], we
proposed dual open-loop spiral resonators (OLSRs) to improve the magnetic field
for WPT system. OLSRs are fed through Metal-Insulator-Metal (MIM) capaci-
tive coupling using a 50 Ohm microstrip transmission line as shown in Figure 8.

A series resonance model is used to achieve resonant inductive as illustrated in

the equivalent circuit model in Figure 9. The open-loop spiral resonator (OLSR)
includes the series combination between the MIM capacitor and the spiral-loop
inductor. Dual OLSRs are used instead of a single OLSR to strengthen the surface
current on the spiral resonators. Therefore, it helps to intensify the electromagnetic
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Figure7.
Resonant inductive coupling WPT structure.
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Figure 8.
OLSR WPT geometry [14].

field in order to get a high transmission distance or higher power transfer efficiency.
Figure 10 displays a comparison between the power transfer efficiency for using a
single and double OLSR. The results show the improvement in PTE in double OLSR.
The OLSRs WPT system operates at 438.5 MHz with a measured PTE of 70.8% at
a transmission distance of 31 mm and a design area of 576 mm?. While PTE for a
single OLSR is 56% at 487 MHz at the same transmission distance.

A printed spiral coil with a planar interdigital capacitor is proposed in [15] as
shown in Figure 11. It studies the misalignment issues between transmitter and
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Figure 9.
Equivalent civcuit model for OLSR [14].
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Figure 10.
PTE versus frequency of a single and double OLSR [14].

Figure 11.
Geometry of a printed spiral coil with planar interdigital capacitor [15].
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Figure 12.
(a) Conformal split-ring loop self-resonator, (b) equivalent circuit [16].

receiver. Under a perfect alignment, WPT offers a maximum measured transfer
efficiency of 71.84%. This research uses the integration between the interdigi-
tal capacitor and the spiral coil to get a magnetic resonant resonator with high
immunity for the misalignment instances. Wang et al. [16] proposed a conformal
split-ring loop self-resonator which has a self-resonant frequency and its equiva-
lent circuit is a series resonant circuit composed of an inductor-capacitor series
connection as displayed in Figure 12. This resonator introduces a high transfer
efficiency of 87.9% at a transfer distance of 22 mm. A resonant inductive link for

Figure 13.
Spiral coil integrated with lumped capacitor design (a) Transmitter’s resonator, (b) Reciever’s resonator [17].
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Figure 14.
Capacitive compensated plates design [18].

via

Figure 15.
Planar view of the transmitter/Reciever [19].

powering pacemakers was presented in [17]. The transmitting resonator consists of
two spirals printed on the top and bottom face of the Arlon substrate as illustrated
in Figure 13. A surface-mounted capacitor is inserted in a shunt with the printed
spiral to tune the resonance frequency at the desired value. On the other hand,

the receiving resonator is a square split-ring resonator. Series—parallel capacitive
plates are employed with a printed spiral resonator [18] to get satisfactory tolerance
toward angular and lateral displacement. Figure 14 shows capacitive compensated
plates, C-shaped and mirrored L-shaped capacitive plates are formed on the top and
bottom layer of the substrate. Figure 15 presents an asymmetric resonant inductive
coupled WPT system [19]. This system has a measured power transfer efficiency of
75% at a transmission distance of 38 mm.

4. Strongly coupled magnetic resonance WPT

Strongly coupled magnetic resonance refers to inserting intermediate resonators
with a high-quality factor (Q) in the transmission path between transmitter and
receiver as revealed in Figure 16, these intermediate resonators are used to emphasize
the transferred magnetic power. This technology is categorized as mid-range WPT.

In 2007, a group of researchers at the Massachusetts Institute of Technology proposed
an experiment using a strongly coupled magnetic resonance technique [20].
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Strongly coupled magnetic resonance WPT,

-+ < > -

Light-bulb

Figure 17.
Setup of MIT researchers group experiment [20].

They effectively powered a light bulb wirelessly using a power source located 2 m away

from the light bulb. They obtained a power transfer efficiency of about 40%. The
experiment is demonstrated in Figure 17, the intermediate resonators are self-resonant.
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Figure 18.
Conformal strongly coupled magnetic resonance system [26].
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(a) Geometry of a printed spiral coil, (b) two layers using conductive shorting wall, and (c) three layers using
conductive shorting wall [23].

Source (or load) Loop

Port where the source (or load) is connected

‘TX {or RX ) resonator port where the capacitor is connected

TX (or RX) resonator

Figure 20.
3-D strongly coupled magnetic resonance WPT [22].

Recently, several authors [21-27], have utilized from the strongly coupled magnetic
resonance scheme to enhance the transmission properties of WPT systems. Barreto et
al. [26] proposed a conformal strongly coupled magnetic resonance system for range
extension by using U-loop as an intermediate resonator as shown in Figure 18. It pro-
vides a high transfer efficiency reach 70% at a transfer distance equal to the diameter
of the U-loop (48 cm). Also, this WPT system can maintain efficiencies greater than
60% regardless of the angular position of the receiver around the U-loop. A multilayer
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Figure 21.
(a) Conventional four-coil system with the transmitter/veceiver coils outside the resonators. (b) Wideband
Sfour-coil system with the transmitter/receiver coils at the center of resonators [24].
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Figure 22.
S, versus frequency [24].

resonator is discussed in [23], where extra layers of printed spiral coils are inserted

in the transmitter/receiver resonators to enhance the Q factor and power transfer
efficiency. Conductive shorting walls are employed for the connection between the
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Figure 23.
Configuration for a dual-band conformal strongly magnetic coupling [25].

multilayer resonators as illustrated in Figure 19. Liu et al. [22] reduced the misalign-
ment sensitivity of strongly coupled WPT systems by applying two orthogonal coils
together in a 3-D model instead of using planar coils as shown in Figure 20.

Using strongly coupled magnetic resonance WPT systems leads to getting a high
quality factor (Q). Nevertheless, this also results in limiting the system bandwidth.
Therefore, Zhou et al. proposed a wideband strongly coupled magnetic resonance
WPT system [24] to overcome the shifting problems of the resonance frequency
that occurs in some practical applications, this, in turn, alleviates the decline in
the efficiency caused by this shift in the resonant frequency. Figure 21 shows the
proposed technique, the transmitter and receiver coils are fixed at the center of
their corresponding intermediate resonators. In this manner, the leakage of mag-
netic flux can be mitigated, and the bandwidth is broadened as shown in Figure 22.
Broadband and multi-band WPT system using conformal strongly coupled magnetic
resonance technique is introduced in [25]. A multi-band can be obtained by using
multiple pairs of loop resonators with various dimensions to resonate at different
frequencies, for example, in Figure 23, the source loop and load loop are placed
between two resonators (resonator 1 and resonator 2). Each resonator resonates at
a different resonance frequency to give a dual-band WPT. The broadband opera-
tion can also be achieved by merging between the resonance frequencies, this can
be obtained using different values of the capacitance of the loop resonators or use
resonators with size near each other. Many designs for multi-band and wideband
WPT systems are proposed in [28-35].

5. WPT utilizing meta-surface structures

Metasurface structures are also used to boost the PTE by confining the magnetic
field in a narrow channel between transmitter and receiver by combing the evanes-
cent waves from the Transmitter and redirect them into receiver direction due to the
negative relative permeability characteristics of some kinds of the metamaterial
surfaces. Metamaterials are artificial periodic structures that have negative reflective
index characteristics. Metamaterials are classified into three types depending on the
polarity of the relative permeability and relative permittivity of the structure: double
negative (DNG), ¢ negative (ENG), and u negative (MNG), as shown in Figure 24.

The inductive, resonance inductive, and strongly coupled magnetic resonance WPT
systems rely on the magnetic field coupling between the transmitter and receiver.
Thus, the MNG metamaterial category is used with WPT. When the magnetic field
travels from the transmitter coil and incident on a metamaterial with MNG, the
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Metamaterials categories.
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Figure 25.
(a) Metamaterial-based WPT system. (b) equivalent circuit model of applying metamaterial structures with
WPT.

outgoing magnetic fields are bent back toward the receiver coil, this increases the
field strength between the two coils as revealed in Figure 25. Thus, the efficiency is
enhanced, and the EMF leakage is reduced due to applying these metamaterial
surfaces in the path between the transmitter and receiver coils. Table 1 summarizes
different metamaterial structures that are used in WPT systems [36-40].

6. Capacitive coupling WPT

Capacitive coupling is a kind of coupling that depends on the electric field cou-
pling between two plates, so it is also named electric coupling. Capacitive coupling
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Reference Geometry
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[36] a)

:
unit: cm

¢ A thin metamaterial

slabs

Study of three types

of metamaterials is
presented: the double
negative material (DNG),
the isotropic p-negative
material (MNG), and
indefinite material

(IM).

[37]

An efficient wireless
power transfer system
integrating with negative
permeability (MNG)
metasurface is proposed
for biological applications.

By using metasurface
structure, a coupling
enhancement of 15.7 dB is
obtained.

[38] : 18.6 cm
P 15.0 cm ;

Metamaterials using

a dual-layer printed
circuit board (PCB) with
a high dielectric constant
substrate is proposed for
enhancing system effi-
ciency and reduced emf
leakage in WPT systems

44.2% improvement in
the PTE and 3.49 dBm
reduction in the electro-
magnetic field leakage at
6.78 MHz and separation
distance of 20 cm is
obtained.

[39]

A study of using
metamaterial structure
to compensate the
degradation in the power
transfer efficiency due to
the misalignment issues
between the Tx and Rx.

137



Wireless Power Transfer — Recent Development, Applications and New Perspectives

Reference Geometry Notes

[40] ¢ A closed-form and
analytical expressions are
obtained for efficiency
improvement with

metasurface.

Table 1.
Diffevent metamaterial structuves used in WPT systems.

A

Power Rectifying

circuit

N\ L

source

\
\

Figure 26.
capacitive wireless power systems.

acts as a capacitor where its metal plates one is in the transmitter and the other in the
receiver and the medium in between represents the dielectric. The power can transfer
between the two plates in form of a displacement current. Figure 26 shows the WPT
system for the capacitive coupling technique. As a result of electric field interacts with
many different materials as well as capacitive coupling method needs very high volt-
ages. Hence, capacitive coupling has only a few practical applications. Capacitive cou-
pling has some special privileges over inductive coupling. The magnetic field is largely
confined between the capacitor plates, reducing interference, and higher immunity
for the misalignment issues between the transmitter and receiver. Therefore, capaci-
tive coupling can be used in charging portable devices, smartcards, and transferring
power between the layers of a substrate in RF integrated circuits. Figure 27 illustrates
an experiment for capacitive coupling that is executed by Nikola Tesla in 1891 [42]. He
performed this experiment before his induction WPT demonstration.

In [43], a high-frequency capacitive coupling WPT using dielectric glass lay-
ers is introduced to reduce the coupling impedance and increase the coupling
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Figure 27.
Tesla demonstrating wiveless power transmission using capacitive coupling, New York, in 1891 [41].

capacitance. Thus, it transfers power easily with high efficiency. Regensburger

et al. introduced a high-performance capacitive WPT system for electric vehicles
charging by using interleaved-foil coupled inductors [44]. This system used a
kilowatt-scale large air-gap to achieve high power transfer density and high transfer
efficiency at the operating frequency (13.56 MHz). Interleaved-foil air-core induc-
tors provide a better quality factor; this makes them are useful at kilowatt-scale
power at high frequencies. In [45], multi-loop control that is used to regulate

the power transfer in capacitive wireless systems by applying variable matching
networks is discussed. An adaptive multi-loop controller combines continuous
frequency tracking and matching networks tuning to regulate a current/power

to the receiving side at the optimal power transfer conditions. In [46-50], hybrid
structures that combine inductive coupling and capacitive coupling WPT in the
same system were proposed.

7. Microwave power transfer (MPT)

Microwave power transmission refers to far-field directive powering, where the
power transmission occurs in the far-field using a well-defined directional transmit-
ter. Microwave power transmission depends on the propagation of electromagnetic
radiative fields where it is preferred in long-range WPT applications. This sort of WPT
is useful for space-based solar power satellites (SPS) applications or with intentional
powering such as using a dedicating source with a well-known direction to power
a network of wireless sensors, each sensor has its built-in rectenna. One of the first
applicable trails of MPT was conducted by William Brown et al. in 1965 by powering
an aircraft using a MPT at an altitude of fifty feet for ten continuous hours [51].

There are many challenges regarding RF-to-DC power conversion efficiency,
matching circuit design, the dependence of the DC output voltage as well as the
conversion efficiency on the input power, load impedance, and operating frequency.
In order to solve these issues, many rectennas have been introduced [52, 53]. Several
single frequency band rectennas were used for energy harvesting [54, 55], and dual
and multiband rectennas were discussed in [56-58]. In [59, 60] we proposed a dual-
band rectenna using voltage doubler rectifier and four-section matching network.
An enhanced-gain antenna with Defected Reflector Structure (DRS) is integrated
with the rectifying circuit for increasing the rectenna capability for scavenging.

A voltage doubler circuit is used for the rectification. Moreover, a four-section
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Figure 28.
Dual-band rectenna using four-section matching network, (a) high-gain received antenna, and (b) integration
between the receiving antenna and the rectifying circuit [59, 60].

matching network is employed for the matching between the antenna and the
rectifier circuit. This matching scheme is used to match between a complex and
frequency dependent rectifier input impedance and a real impedance of the antenna
(Zant) by using different sections (Sec.#1, Sec.#2, Sec.#3, and Sec.#4) as shown in
Figure 28.

Also in 2020 [61], we proposed a dual-band rectenna for low power applica-
tions. The rectenna is comprised of a co-planar (cpw) rectifier integrated with
arectangular split ring antenna loaded by a meandered strip line. A single diode
series connection topology is used to miniaturize the losses at low input power
operation. For maximum power transfer between the antenna and the rectifying
circuit, the matching circuit that consists of a spiral coil in addition to two short
circuit stubs is used as shown in Figure 29. The proposed rectenna operates at low
input power with relatively high measured RF-DC conversion efficiency up to 74%
at an input power of —6.5 dBm at the first resonant frequency f; = 700 MHz and
70% at —4.5 dBm at the second operating frequency f, = 1.4GHz with a resistive
load of 1.9 K.
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Potentiometer

Horn Antenna

Figure 29.
Low power rectenna, (a) rectifier geometry, and (b) measurement setup [61].

8. Conclusion

This chapter presents a study of wireless power transfer technologies. A survey
of employing several techniques such as inductive coupling, resonant induc-
tive coupling, strongly coupled magnetic resonance, and capacitive coupling for
increasing the power transfer efficiency for WPT systems. Metasurface-based WPT
systems are also discussed. Many recently published WPT designs are listed with
a highlight for the used techniques. Microwave Power Transfer (MPT) also intro-
duced, and two rectenna designs are described.
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Abstract

The potential of wireless power transfer (WPT) has attracted considerable
interest for various research and commercial applications for home and industry.
Two important topics including transfer efficiency and electromotive force (EMF)
leakage are concerned with modern WPT systems. This work presents the defected
metasurface for localized WPT to prevent the transfer efficiency degraded by
tuning the resonance of only one-unit cell at the certain metasurface (MTS).
Localization cavities on the metasurface can be formed in a defected metasurface,
thus fields can be confined to the region around a small receiver, which enhances
the transfer efficiency and reduces leakage of electromagnetic fields. To create a
cavity in MTS, a defected unit cell at the receiving coils’ positions for enhancing the
efficiency will be designed, aiming to confine the magnetic field. Results show that
the peak efficiency of 1.9% for the case of the free space is improved to 60% when
the proposed defected metasurface is applied, which corresponds to 31.2 times
enhancements. Therefore, the defected MTS can control the wave propagation in
two-dimensional of WPT system.

Keywords: localization, wireless power transfer, metasurface, magneto inductive
wave, reduced EMF

1. Introduction

Nowadays, wireless technologies are important on our life societies. It is not
only on emerging wireless communication systems e.g., 5G, WiFi6, but also on
wireless power transfer (WPT) systems. A WPT system can deliver the electrical
energy from one to another across the air gap without the need for wires or exposed
contacts. An example of the most commonly used WPT is the charging systems of
mobile phones and electronics gadget devices. Recently, iPhonel2 has been released
and all models feature wireless charging [1]. Its power is up to 15 W with the most
up-to-date Qi- standard [2]. However, most of the mobile wireless charging is not
truly wireless because a phone needs to touch a charging station. Another applica-
tion of WPT technology is an electric vehicle (EV) charging station [3-5], which
requires high power and without touching the charging station. The required power
is up to a few kilowatts. Although the two systems seem different, both share the
same technique, which are used in a near-field WPT. The near-field WPT can be
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categorized into two types: inductive coupling and magnetic resonance coupling
[6]. Usually, the inductive coupling technique is lowering efficiency and shorter
distance compared to the magnetic resonance method. The magnetic resonance
method is based on the resonant coupling with two-same frequency resonant
circuits while it is interacting weakly with other off-resonant frequency. Therefore,
many studies have been proposed the techniques to improve efficiency and operat-
ing distance [7-10]. Moreover, a near-field WPT system is using magnetic field
coupling and uses in high power applications, so electromagnetic fields (EMFs)
accordingly increase. Hence, leakage EMF emitted from WPT system should follow
the feasible guideline of ICNIRP (International Commission on Non-Ionizing
Radiation Protection (ICNIRP) [11]. It can be damaging human bodies and sur-
roundings. To meet safety requirements below a certain standard level, most of

the previous works have been proposed using ferrite and metallic shields [12-14].
The ferrite-based shielding is moderately effective, but it is very heavy weight and
normally used in low-frequency. While the metallic-based shielding is flatter and
more lightweight, the reflected wave can degrade the overall efficiency of the WPT
system. Both transfer efficiency and EMF leakage are concerned in modern WPT.
Unfortunately, each proposed technique can solve only one by one. Recently, the
use of electromagnetic metamaterials (MTM)/metasurface (MTS) for WPT systems
have been proposed [15-19]. Metamaterials are engineered composites that exhibit
unusual electromagnetics properties, which are not found in natural materials.
Usually, implemented MTMs/MTSs are always used a uniform, which all unit cell is
identical. Unfortunately, the most property of the uniform MTM/MTS is negative
permeability, which can enhance only the transfer efficiency with evanescent wave
amplification, hence increasing transfer efficiency. Consequently, many research
efforts have been improved the transfer efficiency and decreased leakage electro-
magnetic fields (EMF) simultaneously. Recently, MTM/MTS have been proposed
for enhancing the transfer efficiency and decreasing EMF leakage [20-25]. To solve
both efficiency and safety problems, the non-uniform [18] and hybrid MTM/MTS
techniques [22] have been proposed, however, these are suitable for the size of
transmitting and receiving coils are comparable. Another method is using magneto-
inductive wave (MIW), which is supported by MTM/MTS composed of inductively
coupled electrically small resonators and created by inter-element couplings
[26-29]. The MIWs can be constructed in one, two and three dimensions. Usually,
however, the efficiency is fluctuation due to the standing MIW, which depends on
the receiver position [27]. Moreover, the two-dimension MIWs have more complex
dispersion [27, 29].

In practical various applications, a receiving side such as charging portable or
implantable devices is usually smaller than a transmitting side. Moreover, users
prefer to be able to freely location the receiving devices. When the receiver size is
reduced to the transmitter, the efficiency rapidly decreases either with or without
the MTM/MTS. This is because power distribution is spread out and unrefined
above the charging surface; that is the transfer efficiency is variation when a
receiving device position is misaligned, which is deviated from the concentric
position with respect to a transmitter [19]. To refine and control the magnetic field
by focusing the fields into the small regions, the non-uniform and defected MTSs
with modified field localization technique have been proposed [20, 25, 30, 31].

The defected MTS is formed by the cavities on MTS. To create a cavity, a defected
unit cell at the small receiving coils’ positions can be designed and controlled by
tunning the resonant frequency using external capacitor. The defected unit cell can
be locally modified for magnetic field control at subwavelength scale. In addition,

it does not change the macroscopic parameters including negative permeability.
Unlike the previous approach [20, 25, 30], the receiver location is placed at center of
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the MTS. There are different mechanisms to create the cavity on the MTS. In [30],
the cavity is created by Fano-type interference, while the hybridization bandgap

is used in [20] and MIW is applied in [25]. Motivated by these observations, we
modify the cavity mode concept to create a new defected metasurface (MTS) for
enhancing transferred efficiency and reducing the electromotive force (EMF). The
MTS is based on a defected unit cell at the desired receiving position formed a two-
dimensional cavity with configuration of the conventional WPT system. Besides, a
free space case, a conventional uniform MTS and the proposed defected MTS have
been studied and compared.

2. System configuration and metasurface characteristics
2.1 System configuration

A common WPT system consists of a transmitting coil and a receiving coil.
Firstly, we investigate four configurations of the conventional WPT systems with
and without uniform metasurface: (i) large Tx and large Rx coils (LTLR) without
metasurface, (ii) large Tx coil and small Rx coil (LTSR) without metasurface,

(iii) LTLR with uniform metasurface, and (iv) LTSR with uniform metasurface as
shown in Figure 1(a) to Figure 1(d), respectively. These four configurations are
the reference configurations to compare with the proposed defected metasurface.
The large size of coils is compared with the unit cell size of an MTS. For uniform
MTS, all unit cells are identical, and its property is the negative effective perme-
ability. The transmitting and receiving coils are used planar four-coils WPT system
configuration and the operating frequency is 13.56 MHz band, which is an ISM
(Industrial, Scientific and Medical) band. The large transmitting coil composes of
the feed/load coil and three-turns planar resonator coil with a trace width of 3 mm
and 17 mm. The gap between the adjacent loop of the resonator coil is 5 mm with
the largest diameter of 240 mm. The radius of the feed/load coil is 48.5 mm. Due
to the requirement of ISM bands; it is vital to fix the resonant frequency of WPT
system. To resonate at a desired frequency of 13.56 MHz, a 68 pF chip capacitor

is connected in series. The details are shown in Figure 1(a). For the purposes of
comparison, two different sizes of the receiving coil are examined. The first size
of the receiving coil is identical to the large transmitting coil and the second one

is smaller than the transmitting coil about five times, which the largest diameter is
60 mm. It is a two-turn planar coil and loaded with two capacitors at the driving
loop coil and resonant loop coil. The detailed design of the two-turn planar coil is
similar to our proposed in [32]. To enhance the efficiency and focus the magnetic

(@) (b) (© (d)

Figure 1.

Configuration of the conventional WPT system. (a) large Tx and large Rx coils (LTLR) without metasurface,
(b) large Tx coil and small Rx coil (LTSR) without metasurface, (c) LTLR with uniform metasurface, and
(d) LTSR with uniform metasurface.
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field, the uniform MTS is placed between the transmitting and receiving coils as
shown in Figure 1(c) and Figure 1(d). All transmitting coil, receiving coil and unit
cell are designed on FR-4 material with a dielectric constant (e,) of 4.3 and loss
tangent (tan 8) of 0.025.

Then, to study the performance of the proposed defected metasurface on the
WPT system, a system configuration is shown in Figure 2. It is composed of three
parts including a transmitting coil, a defected MTS and a receiving coil. For the
LTLR cases, the separation between the transmitting-to-metasurface and receiving-
to-metasurface is the equal to 240 mm, so the distance from the transmitting to
receiving coils is the total 480 mm as shown in Figure 2(a). As we mentioned previ-
ous section, users prefer to able to freely location the receiver. A model of freely
multiple receiver locations shows in Figure 2(b). This configuration is not only
freely movement the receiver, but also like misalignment between transmitter and
receiver when the location is positioned on No. 2 to No. 6, so the efficiency deviates
from the center (No. 1). Then, the effects of localization field have been extensively
studied when the small receiving coil is placed closer to the defected MTS as shown
in Figure 2(b). The distance between the small receiving coil and the defected MTS
is 40 mm, whereas the transmitting side is keeping the same. Numbers (No. 1 to
No. 6) on unit cells are positioned of the cavities or hotspots formed in the defected
MTS. The defected unit cell formed cavity is designed with different resonant fre-
quencies from the uniform MTS. The resonant frequency of the defected unit cell is
higher than the uniform one, which can be tuned by using the series chip capacitors.
We examine the effects of the positions on the defected MTS using an EM simulator
and measurement. The results will show and discuss in the following sections.

2.2 Metasurface characteristics

The metasurface is usually constructed using locally resonant unit cells in the
deep subwavelength scale. For realized a compact metasurface and compromise
between magnetic field enhancement, an array of 5 x 5-unit cells is chosen in this
work. Each unit cell is a single-side planar 5-turn spiral with loaded a capacitor
in order to resonate at the desired frequency as shown in Figure 3(a). A loading
capacitor of 117 pF is used to resonate at 11.88 MHz. It can be seen in Figure 3(a)

LTSR Case

60 mm

[T T

ot 280 mm di DAL
240 mm 480 mmdistance | 290mm SEe = mmdigance | "=
diameter diameter H %
Transmitter 240 mm 240 mm Racahoir diameter ~ ol o Receiver
distance distance Transmitter) 240 mm 40 mm

distance distance

5x5 Metasurface 5x5 Metasurface

(a) (b)

Figure 2.
Configuration of the proposed defected metasurface. (a) LTLR and (b) LTSR. The defected positions are
numbering from No. 1 (center) to No. 6.
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Figure 3.

Metasurface chavacteristics (a) resonant frequency and (b) effective permeability.

that the resonant frequencies of 117 pF and 98 pF loadings are 11.88 MHz and

12.95 MHz, respectively. The frequency response of the 98 pF loading is also shown
and compared because this configuration is designed for the selective created
cavity. The resonant frequency of the cavity is slightly higher than the uniform unit
cell. Then, the effective permeability of the proposed MTS can be obtained by using
the CST simulation [33] with extracting the S-parameters of the proposed unit-cell
as shown in Figure 3(b). Since the WPT system is based on magnetic field coupling
when an incident EM wave with a magnetic field is perpendicular to the plane of
the MTS, the MTS obeys the frequency dispersive Lorentz model to produce an
effective negative permeability. At 13.56 MHz, the effective permeability of both
capacitor-loading achieves the negative permeability. To adjust the resonant fre-
quency, it can be changed to the series capacitor [18].

3. Results and discussion

To compare the transfer efficiency (1) of all configurations, we use the magni-
tude of |S,4|, which can be easily measured using a vector network analyzer (VNA)
in experiments. By using the |S,;| and |S;4|, the function of the transfer efficiency
onn = |Szl|2/ (1-|S11|2), however, when the network is matching at both ports, the
transfer efficiency equals |Sy|> A comparison of simulated |Sy| for the four refer-
ence cases and the LTLR with the defected MTS (Figure 2(a)) is shown in Figure 4.
Compared with the free space, the magnitude of S,; is increased when a uniform or
a defected MTS is used. At 13.56 MHz, the uniform MTS case has a maximum power
transfer. It can be observed that a case of free-space case (without MTS) and the
uniform MTS have only a single peak. The magnitude of S,; for the free-space case
(|S21| = 0.24) is remarkable to lower compared with the case of the uniform MTS
(|S21] = 0.69). When the defected unit cell is placed in each position, the magnitudes
of |Sy| are separated into two or more peaks, called frequency splitting, which its
mechanism is totally different from the two-coil system as a function of separation
distance between coils. In a two-coil system, generally, when the distance between
transmitting and receiving coils is closer and smaller than a threshold value, it
creates two frequency splitting due to the magnetic over-couplings. Hence, many
research efforts have been developed the system performance against frequency
splitting using optimizing and compensation methods such as non-identical
resonant coil [34]. The frequency splitting phenomenon of the defected MTS
occurs when non-identical resonant unit cells. It can be explained in terms of Fano
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Figure 4.
Comparison of simulated [S,,| for LTLR depending on the frequency.

interference [30, 35], which is much more sensitive to the defected position in

its periodicity. It is observed that there are two peaks and the first one is smaller
than the second one except two positions of No. 5 and No. 6. The first peak of the
separating frequency is shifted to close the resonant frequency (13.56 MHz) when
the defected position moves away from the center. As the defected position moves
outward to the center of the MTS, the |Sy| and the frequency of the first peak also
slowly increased accordingly. At the defected position of No. 4, the magnitude of
|S21] gets the minimum of 0.106 at 13.56 MHz. From the results, thus, the defected
MTS for the cases of the large transmitting and receiving coils has not improved the
efficiency due to the magnetic field confinement on the defected cell, as shown in
Figure 5(c).

In practice, a transmitting side with a larger coil size than a receiving side for
charging portable and implantable devices is used. The typical relative size ratio
between transmitting and receiving coils is large, so the efficiency results low. The
configurations for a large transmitting side and a small receiving side with uniform
and defected MTSs are shown in Figure 1(d) and Figure 2(b), respectively. A
comparison of the |Sy| at six positions for uniform and defected MTSs is shown in
Figure 6. It can be seen in Figure 6(a) for uniform MTS that the |S,;| has a sig-
nificant deterioration when the receiving coil move outward from the center. The
difference |Sy| at 13.56 MHz between position No. 1 (center) and No. 6 is about 0.42
or 10 dB down, when the maximum is 0.61 at the receiving position in the center.
Figure 6(c) shows the |S,;| of both uniform and defected MTSs at each receiving
position. For the uniform MTS, the magnitude gradually decreases from 0.61 to
0.19 when the receiving coil moves from the center (No. 1) to the edge (No. 6) of
the MTS.

Meanwhile, the defected MTS shows a |Sy| from 0.64 to 0.57. This is confirmed
that the proposed defected MTS provides a relatively constant transfer efficiency in
all the areas of the MTS. In addition, the defected MTS provides increased transfer
efficiency compared with the cases of the free space and uniform one. This pro-
posed configuration is in contrast of the [20, 24], which is constructed in the
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Magnetic field intensity distribution for LTLR (a) free space, (b) uniform MTS when the receiver at the center
and (c) defected MTS when the receiver located at No. 4.
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Comparison of the [S,,| for LTSR with different positions of the receiving coil on (a) the uniform MTS, (b) the
defected MTS when the defected unit cell is the same position with the receiving coil and (c) both uniform and
defected MTSs.

cavity using an array of the defected unit cells. So, the proposed defected MTS can
enhance the transfer efficiency, even with its own loss.

The magnitudes of the magnetic field distribution are also used to compare
between the WPT systems as shown in Figure 5. When whether the uniform or
defected MTSs are inserted in the system, strong surface waves existing on both
sides of the MTS are observed, which are responsible for the increased magnetic
coupling. Obviously, the magnetic field intensity of free space is relatively weak
in comparison with the metasurface cases. In case of free-space and the uniform
MTS with the LTLR, the receiving coil is placed at the center. The intensity for both
cases at the center is more concentrated than at the edge and the uniform MTS has
a higher since the magnetic field is enhanced and focused by the negative perme-
ability of the uniform MTS. In the case of the uniform MTS in Figure 5(b), it is
showed that the focusing effect of the magnetic field is present due to the negative
refractive lens, which the field gradually decays from the center to the edge so, lead
to better efficiencies. When the defected unit cell is selected at No. 4 as shown in
Figure 5(c), the focusing effect of the magnetic field is presented at position No.

4. However, For the other unit cell of the defected metasurface, the magnetic field
intensity is significantly dropped compared with the case of the uniform MTS.
According to the magnetic field distribution, the magnitude S,; value of the case of
the defected metasurface is not too high, as the case of the uniform metasurface ata
frequency of 13.56 MHz, as shown in Figure 4 because the magnetic field intensity
is confined only specific position.
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Figure 7 shows the magnetic field intensity distributions of LTSR with the
uniform and defected MTSs at 13.56 MHz, respectively. On the uniform MTS in
Figure 7(a), the magnetic field spreads over a relative area, while the defected MTS
shows that the focusing effect of the magnetic field from the cavity is presented,
which can suppress the filed elsewhere. It is observed in Figure 7(b) that the strong
magnetic field confinement is realized on the defected MTS at the receiving posi-
tion and the field is relatively low with uniform outside the cavity. It means that the
defected MTS creates the field localization, hence, it can enhance transfer efficiency
for a small receiver and reduce leakage EMF. It is because the unit cell forming the
cavity resonance while the surrounding cells resonance at lower frequency. When
the resonant frequency of surrounding cells falls into the hybridization bandgap,
the negative permeability of metasurface forms a stopband for the cavity. Thus, the
magnetic fields are prohibited from propagation in an outside area than the cavity.
For the uniform MTS, the magnitude of the magnetic field is distributed relatively
evenly about 14-22 dB along the surface of the MTS whereas the defected MTS
is below 6 dB. Therefore, the defected MTS can enhance not only the field at the
receiving coil, but also suppress the field elsewhere without additional shielding
box or ferrite.

To experimentally validate the performance of the uniform and defected MTSs,
several experimental studies are conducted. Figure 8 shows the prototype of the
proposed metasurface and experimental setup by using the VNA (Rohde & Schwarz
model ZVB20). The fabricated MTS consists of 5 x 5 arrays of unit cells that are

(a) (b)

Figure7.
Magnetic field intensity distribution for LTSR when the receiver located at No. 4 (a) uniform MTS and
(b) defected MTS.
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Figure 8.
Photograph of prototype of the proposed metasurface (a) and the system experimental setup for measurement:
(b) LTLR and (c) LTSR.

controlled individually using a chip capacitor as shown in Figure 8(a). Figure 8(b)
depicts the LTLR with the metasurfaces. In case of LTLR (Figure 8(b)), the large
receiving is not fixed at the center, but it is moved and located following the defected
unit cell. Figure 8(c) shows the case of the LTSR with the metasurfaces when the
receiving coil can move all the unit cell locations. The distance between the receiving
coil and MTS is fixed and kept by using the plastic pipe. It is a thin and non-magnetic
material; its effect is negligible. The connection is accomplished using standard SMAs
through two identical low-loss cables. The standard SOLT (short-open-line-trough)
calibration has been performed at the desired frequency range before measurement,
so the end of the cables has been considered as a reference plane for S-parameters.
Figure 9 shows the measured results of LTLR and LTSR cases with the uniform

and defected MTSs, respectively. Figure 9(a) shows variation of the measured
efficiency depending on the defected positions and the defected cell at position No.

0 is a uniform MTS case. As seen, the efficiency shows a significant dependence

on the receiving positions. The WPT system is directly measured at the operating
frequency of 13.56 MHz and using two-port method with VNA. It is clearly seen in
Figure 9(b) that the transfer efficiency of the defected MTS is quite flat; it means the
defected MTS can enhance the efficiency regardless of the positions of the receiv-
ing coil with various distances. Figure 9(b) shows the simulated and measured
power transfer efficiency of LTLR and LTSR cases with the uniform and defected
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Measured and simulated results of the transfer efficiency with the uniform or defected metasurface (a) LTLR
and (b) LTSR.

MTSs. We obtained the measured transfer efficiency of LTSR case of 51,5%, 50.1%,
48.3%,43.2%, 39.5% and 26.6% at the receiver positions of No. 1 to No. 6, respec-
tively. Contrastingly, for the uniform MTS, the efficiency decreases obviously, when
the receiving positions are moved far away from the center since the intensity of
magnetic field at the edge is lower than at the center for the uniform MTS.

4, Conclusions

In this chapter, we propose the defected MTS for enhancing transferred effi-
ciency and reducing the EMF. The MTS is based on a defected unit cell at the desired
receiving position formed two-dimensional cavity. It can improve the localization
of the magnetic field; thus, the strong confinement of the receiving location can be
realized. Compared to previous defected MTSs especially in case of the small trans-
mitter, using this proposed method, it is a simple way to create the cavity of two-
dimension area because the single unit cell is only used and controlled in contrast of
the series of an array of the defected unit cells via hopping or MIW route. The power
transfer efficiency of the proposed defected MTS increases significantly from 1.9%
(free space case) and 38% (uniform MTS) to 60% with the size ratio between trans-
mitter and receiver is 4:1. Moreover, the confinement can reduce the leakage EMF
around the surrounding system without additional shielding box. It can reduce EMF
leakage about 10 to 15 dB at 13.56 MHz with the defected MTS. When the defected
MTS is integrated in the WPT system, however, the size of the receivers is affected
of the overall efficiency. If the size of the receiver is comparable compared with the
unit cell size, it gets better efficiency than the larger receivers. Consequently, the
defected MTS is not suitable for the case of the large transmitting and receiving coils
due to splitting frequency effect. We hope that thought the proposed defected MTS
operates in low frequency, the proposed structure can be easily scaled and tuned by
adjusting the geometry of the coil and changing the capacitor value.
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