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Abstract

Wireless power transfer has become extremely popular over the last decade
because of its relevance in many applications. As future technologies are
going to be autonomous under the umbrella of the Internet of things (1oT)
we can expect WPT is the only way forward for the intelligent devices of
the future. WPT has already found its place in many industrial and medical
applications both in the near-field and far-field domains. The Impact of the
WPT is going to further increase in many other applications. Therefore, this
thesis is also an attempt to design and realize both near-field and far-field

WPT solutions for different application scenarios.

A 27 MHz high frequency inductive wireless power link has been designed
for transportation application. In order to maintain the efficiency
consideration, the Class-E switching inverter has been designed to
compensate for the efficiency loss because of the varying weak coupling
between transmitter and receiver because of the movement of the Tx. A
stepwise approach has been adopted in which only the power transmission
has been considered initially and then a system of three coils was
introduced with the prime focus on WPT. The other two coils are designed
to fulfil the purpose of communication and testing, operating at frequencies
different from the WPT coil. In addition to that, a trapping filter technique
has also been adopted to ensure the EM isolation of the coils. The end
product is a SWIPT system with an additional testing coil to be used in

transportation scenarios.

In addition to this, a split ring resonator-based polarization converter has
been designed. This converter can convert the TM to TE polarization and
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vice versa with good efficiency and also over a wide frequency range. The
SRR configuration has been adopted. The gap or cuts have been introduced
in the adjacent sides of the square ring to make it a dual-polarization
converter. It has been shown that this converter is also stable over a wide
range of incident angles. In the end, a comparison between the performance
of the proposed metasurface with other similar metasurfaces has been

given.

In the far-field WPT link design, the meta element based intelligent surface
has been designed to work in the reflection mode at 5 GHz. Initially, a study
has been done successfully to lay the foundations of efficient beam
steering. Traditionally, the response of each meta element is controlled by
introducing computer-controlled 1Cs between the meta elements to have
local control over the impedance of the surface. However, in this research
activity, a different design methodology has been adopted by introducing
interdigital capacitors (IDCs) instead of ICs and a thin layer of the HfZrO
between substrate and meta elements whose response can be tuned and
controlled with the applied voltage across HfZrO. This would allow
designing an intelligent reflective surface suitable for many applications to

steer the EM waves towards the desired direction.

The research activity provides a blend of near-field and far-field link

analysis and optimization possibilities to be used in WPT applications.
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List of Abbreviations

Abbreviation

Explanation

Al Artificial Intelligence
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GPS Global Positioning System
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ISM Industrial, Scientific and Medical
IMDs Implanted Medical Devices

LOS Line-of-Sight

MCU Microcontroller Unit

MPR Maximum Power Ratio

NLOS Non-Line-of-Sight

PCR Power Conversion Ratio

HEMT High Electron Mobility Transistor
PAE Power Added Efficiency

PA Power Amplifier

PS Phase Shifter

R&D Research and Development

RF Radiofrequency

RFID Radiofrequency Identification
SAR Specific Absorption Rate
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UAVs Unmanned Aerial Vehicles
WBG Wide Band Gap
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CHAPTER 1
Wireless Power Transfer and SWIPT

1.0 Introduction

Wireless power transfer is not a new subject but for a long time it was not
being exploited to its full potential. The concept of the WPT was first given
by the legendary scientist Nikola Tesla. The idea of WPT which was to
become steppingstone for the new industrial revolution in 1906, did not
attract much attention of the scientific community. However, 21st century

Is certainly going the see that revolution being realized.

Things have turned around dramatically since the last decade or so in the
favour of WPT. WPT is increasingly in demand because of the increase in
the use of the number of electronic devices in our daily life. These
electronic devices are not just our mobile phones and tablets but now
because of the commitments of the nations to environment friendly
solutions, the number of electric vehicles (EVs) is also increasing. In
addition to that, implanted medical devices (IMDs) and implanted
identification chips are attracting a lot of scientific research. EVs and all
other electronic devices need to be recharged using WPT techniques. As
the fourth industrial revolution is in the making under the paradigm of 10T,
WPT would play a key part in its realisation.

We can classify WPT in two basic categories depending upon the energy

carrying waves.
1. EM waves

2. Sound waves
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WPT using sound waves is a relatively new research area as compared to
the WPT with EM field and it has found its application in the aviation
industry. However, WPT using EM waves is much developed
comparatively but it is still getting more and more attention especially in
the context of 10T for the future. The last fifteen years have seen a gigantic
leap in terms of number of research articles and number of patents
published on this topic.

We can further classify EM field based WPT into different groups as
shown in the Fig.1

‘ WPT J
|
p— )
‘ Non-Radiative Field Radiative Field
4
|

[ |
. 1 \
Short Distance ntermediate Distance Long Distance ‘

<

Non Resonant |[ Non Resonant | | Resonant Resonant RF, Microwave and
Inductive WPT || Capacitive WPT| | Capacitive WPT Inductive WPT Laser

Figure 1 Classification of WPT systems

WPT systems are possible in both near-field and far-field regions. Both
have their pros and cons associated with them. Near-field WPT is done at
low frequency and with high efficiency while radiative WPT is done at a
higher frequency, but the efficiency of the power transfer is very low in that
case. Similarly, for the high-power considerations, low frequency near field
systems is preferred. Near-field WPT is best suited for the short distances
because of the reactive coupling between the transmitter and receiver while

for the large distances far-field solutions are preferred.
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1.1 WPT Applications

Wireless Power Transfer has been a hot topic for the last decade or so and
it continues to be the topic of interest for many research groups. We can
expect that the research in a large variety of the areas related to WPT will
take place in future as well. It is most likely that we are going to see WPT
systems all around us in the coming decades. Fig 2. Identifies currently

exploited application areas for WPT.

Wirless Power Transfer @/ Transport @“

Q/ IMDS

@/ Electric DEVices
@/ Robotics §§ @ W";Lis‘josir;sm l(( ,).

Figure 2 WPT Application Chart *

Applications

The implanted medical device is one such field which is drawing a lot of
research interest of the scientific community. Theses implanted devices
need power to operate. However, powering these devices with an electric

cord is a dangerous proposition especially because of the infection risks

! Graphic sources are taken from flaticon and freePik.com
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and such a solution cannot be pursued on a long-term basis. Therefore, a

lot of the research is being carried out in that direction.

The resonant WPT systems are among the most popular systems for the
biomedical implantable devices, one such approach is being discussed in
[1] where an omnidirectional inductive WPT has been discussed.

Another omnidirectional approach has been reported by [2] where they
have enforced WPT for IMDs using two different structures of the coils. In
[3] a unified approach has been adopted to power several IMDs with
different power requirements. Similarly, a multi-band low-cost inductive
WPT approach has been proposed by [4] to power the implanted devices at
different frequencies. IPT applications are founding their place as
researchers are trying to cure brain related medical issues through IMDs.
In that direction, a WPT system to provide low frequency electrical pulses
to the nerve cells has been proposed in [5]. The experiment was performed
on a rat. Another WPT link for brain implant has been proposed in [6] and
this implant was made in the head of a pig. We can see that brain implanted
WPT applications are still in their early stages as implants are only done on
the animals so far, but we should expect that it will soon be available to
cure and assist our sensitive brains. Near-field WPT systems are
misalignment sensitive and in medical application this problem becomes

particularly sensitive as the human body remain in motion and at different
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pressures. To compensate for this effect [7] has presented a solution for the
WPT IMDs. In addition to that [8] discusses a circularly polarized radiative
near field solution used in IMDs for WPT purposes. Although the far-field
IMDs solutions are not very common as compared to near-field solutions
but [9] proposes a broadband WPT system which can be integrated with
the pacemaker. There are many other research articles related to biomedical
implants dealing with the endoscopy, Ocular devices and cardiac-related

devices which are summarized in [10].

Electric vehicular WPT is also among the very hot topics these days. WPT
for the EVs is done at the lower frequency as compared to the other
applications. These high power WPT applications must be of good
efficiency and for that, a zero-voltage switching (ZVS) based hybrid
approach has been adopted to power the EVs [11]. An intelligent WPT
system at 40 kHz frequency has been proposed in [12] for a moving vehicle
which can also detect the presence of the vehicle. Localization of the
electric vehicle is also possible by measuring the change of mutual
inductance [13]. Another problem regarding the position of the EV is the
misalignment between Tx and Rx. [14] presents a self-correcting
mechanism to ensure the efficient transfer of power. Effects of
misalignment can also be mitigated by controlling the turn-on point of the

rectifier [15]. High power systems are preferred for their fast charging of
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the EVs, but the power capability is limited by the power handling
capability of the power devices and resonant elements, to overcome such
an issue a four-channel 50kW powering system is proposed in [16] which
Is robust and efficiently handles high power at 85kHz operating frequency,
a similar approach has also been adopted [17]. Another issue in every IPT
application is the efficiency of the link itself. Efficiency of the link plays a
very important role in the overall efficiency of the WPT systems therefore
a new 2-layer coil design is proposed in [18] which improves the magnetic
flux as compared to the unlaminated coils. The efficiency of the WPT
system can also be improved by exploiting compensation topology like
double-sided tuneable lumped elements one such technique has been used
in [19] which provides the load independent and a stable WPT system.
Shielding of the WPT system for EV is another important parameter in
improving the link efficiency and its performance, [20] utilizes ferrite plate
and annular aluminium plate as shielding material to reduce eddy currents
and to improve the efficiency. Research is being carried out to push the
performance of the WPT systems further by introducing new and
unconventional materials like High-Saturation Nanocrystalline Cores and
Carbon Nanotube Fibres (to be used instead of copper wires) [21,22] and
with the availability of the wide bandgap switching devices [23], industry

of WPT for the EVs is going to flourish rapidly.
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Wireless sensor networks (WSNs) have also benefited from WPT. WSNs
are important for monitoring, processing and sending data from one node
to another. In the context of smart cities, they are going to play an important
role. All these sensors have batteries connected which are to be changed
periodically once depleted. In the case of a distant sensor, this is not
feasible. Therefore, to cope with this energy bottleneck, far field WPT is
going to play an important role. So, in the future, a true smart city model
would only be possible only if it has WSNs which are WPT enabled. [24]
proposes a power beacons model which are nothing but RF energy sources
to satisfy the energy needs of WSNs. Another approach can be of a moving
WPT source which, depending upon the priority set according to the
importance of the node in a network, should power WSNs as discussed in
[25]. The mutual powering mechanism is also an important factor for
WSNs, [26] proposes a unique solution of self-energizing WSNs where
each sensor node has been enabled to power other sensor nodes wirelessly.
A more comprehensive approach is being adopted by [27] implementing
both near-field, far-field WPT mechanisms for different power
requirements of the WSNs. [28] reports that instead of a separate WPT
system WSNs can be provided with power, using a SWIPT approach which
uses frequency modulated signal. Moreover, beam scanning technique is

also a solution to cover a specific area of WSNSs, [29] exploits the same idea
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of using a directive leaky-wave antenna operating from 2.4 GHz to 2.5 GHz

for WPT.

Moreover, a lot of industrial and other commercial applications are being
automated and manpower is being replaced by the robots. These robots are
power-hungry entities in any environment and their power requirements
may vary according to the nature of the task. Enabling WPT can provide a
great deal of flexibility to the robots and can avoid potential hazards i.e.,
electric shocks. As is the case in the other fields of applications, robotics is
also benefitting from the WPT technology. [30] proposes an
omnidirectional WPT model for the logistic robot. WPT is particularly
important in the case of robotic swarms and [31] presents one such scenario

where each robot can exchange energy with the other.

1.2 Simultaneous Wireless Power and
Information Transfer

We are stepping closer to the 4"-industrial revolution, whose foundations
are laid by the 10T, where number of smart devices would be working in
harmony. This revolution is pushing from smart-homes to autonomous
smart-cities. With the increase of number of devices, the need will arise to
power these devices smartly and for that an intelligent WPT network is a

prerequisite.
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SWIPT offers a very logical solution to address power issues for the smart
cities.
SWIPT systems can be classified into two broad categories depending upon
the modulation schemes used.

e In band modulation: Where the power carrier signal is modulated to

transmit the information [32]
e Out band modulation: Where the secondary band is used to transmit
information

In band modulation schemes do not offer a large data rate as the later can
provide [33]. An application where a large power and data is to be
transferred out-band solutions are more suitable and possible choices can
be NFC and Bluetooth enabled WPT systems. In the following paragraph
trends followed by the research communities towards the SWIPT are
presented to see the prospects of SWIPT.
In almost all the applications, discussed earlier, SWIPT has its relevance.
A multi-transmitter and multi-receiver SWIPT system is proposed in [34]
exploiting in-band modulation at 6.78 MHz and a relay resonant network
has been adopted to enhance the efficiency of the overall system. [35]
proposes a resonant network assisted with an automatic tuning network
which ensures resonance conditions even if the switching frequency is not
the same as the resonant frequency, making it possible to adopt frequency
shift keying (FSK) for the information transfer without degrading the
power of the system. A slightly different SWIPT technique has been
adopted by [36] where power is transmitted on a large unmodulated signal
and a small signal is being used for communication. A multitone frequency
shift SWIPT system is proposed in [37] where modulation is achieved by
changing the number of tones which makes an overall system more

efficient as the demodulation is done by sensing peak to average power
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ratio. A defected ground structure (DGS) and special planar inductor
geometry have been adopted in [38] for out-band communication-based
SWIPT systems at 50 MHz and 100 MHz. [39] discusses the
interoperability of WPT and NFC networks and presents an equivalent
circuit which can be used to better optimize the SWIPT systems. These
SWIPT systems can also be utilized as wearable devices in health
monitoring scenarios one such application is being discussed for
monitoring the breathing pattern of hospitalized persons in [40]. Similarly,
another far-field SWIPT system is also being exploited in [41] for
biomedical implants working at 915 MHz and 1470 MHz for
communication and WPT respectively. [42] deals with the SWIPT system
with an emphasis on the improvement of the uplink communications by
introducing a passive circuit to produce strong pulsed magnetic field. In
addition to that, SWIPT system meant for the contact lenses to detect
biomarker of the different disease have been proposed where the inductive
WPT in the ISM band is done and data is transferred from the sensor. There
can also be detection SWIPT system as discussed in [43], it represents an
interesting application utilizing NFC /WPT based system which can detect
the freshness of the beverages at 10 MHz frequency. SWIPT systems are
all about the intelligent solutions, [44] adopts an envelope-detector based
low power demodulation scheme to increase the power conversion
efficiency. Similarly, [45] proposes an antenna array to improve SWIPT
systems and deliver benefits when used in a Wireless Sensor Network
(WSN) architecture. The proposed 3D antenna array is made up of eight
5.65 GHz antenna elements.

The quantum of applications discussed above establishes the importance of
WPT systems. There can be numerous other applications as well which are

going to exploit new trends in WPT in the future.
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1.3 Trends and Standards in WPT

With the increase in demand for the WPT systems, many companies both
small and large sprung up to fill up the vacuum to provide reliable WPT
solutions for the charging of all kinds of electronic devices ranging from
home appliances to EVs. When it comes to electronic devices and electric
vehicles near field WPT is more famous than the far-field WPT. Therefore,
the need for some standards and set parameters is natural. However, these
standards are not unified and there can be a difference in that approach

depending upon the region.

Predicting the exponential increase of the WPT systems in the coming year,
Wireless Power Consortium (WPC) was established in 2008 to provide a
common platform for the emerging companies which will also help to set
the standards for WPT systems. There are several industry standards set for
WPT. Some of them are already well established, while others are under
consideration. While considering near field WPT, two standards are in the
forefront namely Qi (chee) and Airfuel. Qi standard is the most established
and commercially utilized standard which works at 100 to 300 kHz
frequency range for delivering power between 5W to 15W. Several
companies like Apple, Samsung and Huawei are making Qi enabled
smartphones. Other standards like the one set by Airfuel are operating at
6.78MHz. Both standards are for the near-field WPT but there is a
fundamental difference between these two standards as well. In the Qi
standard, the information is encoded on the power signal itself, while
Airfuel uses a secondary signal (i.e. Bluetooth standards) for that purpose.
There are other frequency bands like around 13.56 MHz and 27.1 MHz
used for inductive WPT in North America (i.e. FCC and Canada).
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In the case of Europe, there is a joint effort being done under Cost Action
IC1301 which will help developing a unified approach. Unlike America
where there are two different approaches to deal with a device being a radio
device, but in Europe under the Radio Equipment Directive (RED 2014)
any device meant for WPT and transmits data is a radio device. There are
a number of documents available at the European Telecommunication
standards institute (ETSI), which govern the standards and frequency
allocation for WPT. EN 300 330 is one such document which allows the
use of 6.78MHZ, 13.5 MHZ and 27 MHz frequencies to be used for the
inductive applications. However, the band of frequencies around 27MHz is
used in the railways-based application systems. Almost all IPT systems fall
under the 30MHz frequency limit in Europe, to be used in generic
applications which are governed by REC 70-03/ EU 2019/1345.

In case of the WPT systems designed for the high-power applications, for
example, charging of the electric vehicles, low frequencies are being
recommended by International Telecommunication Unions. These

frequencies fall into different bands between 20kHz and 90kHz.

As the research will grow the standards and protocols are going to be more
generalized and homogenized, but we can expect that, with the field of
WPT reaching maturity by small endeavours undertaken by the scientific

and research community worldwide.
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CHAPTER 2
Inductive WPT: The Way Forward

2.0 Introduction

Inductive WPT is by far the most exploited method largely because of the
better efficiency and capabilities of this method to transfer high power. In
many applications where power transfer is needed for the short ranges, IPT
becomes the default choice, for example, charging of the electronic devices,
home appliances and charging of electric vehicles, etc. As power transfer
in IPT is because of the magnetic fields IMDs opt this technology because
of the polar nature of the water molecules in the human body and presence
of strong electric field can cause some unwanted problems.

However, WPT through inductive coils is not a straightforward problem.
There are a number of issues to be considered for an efficient IPT system.
In the following sections, a detailed overview of different aspects of IPT

will be discussed.

2.1 Efficiency of Inductive WPT

In every WPT system efficiency is the most important parameter to be taken
care of. A simplified perspective of the overall efficiency of the IPT is
presented in Fig 3. In the following sections, a detailed overview of
different aspects of IPT will be discussed. We can divide it into three

broader categories.

e Link Efficiency or RF to RF Efficiency
e The efficiency of the Amplifier or DC to RF Efficiency
e Rectification Efficiency or RF to DC
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Figure 3 Efficiency Description of a WPT System

2.2 Link Efficiency

The link efficiency depends upon various factors. It depends upon the size
of the coil, inter coils distance and alignment between Tx and Rx. The basic
principle of the inductive link is based on Amperes law and Faraday’s law.
According to which a time-varying current in a primary coil produces a
time-varying magnetic field and when present in the proximity of
secondary coil, change of magnetic flux induces an emf in the secondary
coil. Basically, the IPT link works on the same principle as a transformer
but in the case of transformer, we use a metallic core to link the flux of a
primary coil to the secondary coil. Because of the presence of the core, the
coupling between the coils is very strong. However, we must remove the
core in WPT scenarios to achieve flexibility as in many IPT applications
Tx and Rx cannot be fixed. An IPT link without the core is known as the
weakly coupled transformer. Weak coupling leads to the reduction in the

magnetic flux. However, loose coupling does not mean that IPT is not
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efficient. There are many design parameters and technique which can
improve the IPT efficiency.

The presence of the mutual coupling between the coils makes the
mathematical analysis of the link complicated. Therefore, to better
understand this discussion there are many models present in the literature

to derive the overall efficiency of the link [46].

a) equivalent T-model b) equivalent ideal transformer model
I ideal transfo ‘;2
+w s @ e,
. Ly(1-k) ,
2 Vi L v
. k:n
¢) equivalent  model  with current- d) equivalent  model  with  voltage-
controlled current sources controlled voltage sources
17l ‘iZ 1}
I + +w
1 (1-k
WL Cr, el B0 :
/) i I lg 2 k 2
k.n.i e Vs

Figure 4 Equivalent Circuit Models for the coupled link [46]

The equivalent T-model separates the noncoupled part of the inductances
from the mutual inductance. These noncoupled inductances are present as
leakage inductance. It models the mutual inductance M as a self-
inductance, with the same value. The ideal transformer method works on
the same method of splitting inductance to reduce the link for the circuital
analysis. Similarly, there are other two circuit level descriptions of the link
which use voltage and current sources to model the effect of mutual

inductance of the link as shown in Fig4.
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Similarly, there are other methods which model the inductive link as a two-

port network and can evaluate the efficiency [47].

I >

v [211 712
721 722

" J

Figure 5 Two port network representation of the link

Two port voltage equations can be written as
Vi=Znl +Zpl (1)

Vo =271 + Zpl, (2)

and V1 and V2 are under the following assumptions.

V,=-71, (3)

Vi =27Z], (4)
—Zy 1

[, =————r 5

Putting Eq.5 in Eq.1, input impedance of the 2 port-network can be
calculated as

VLSWAY
4. =714 —— (6)
Similarly, .
21 £12
S
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From the above equations, we can calculate link efficiency as a ratio of

output power to the input power of the network as,

P,
Neink = P, (8)

COI’]Sidel’ing, le = ZZl = ](DM

2 RL

w*M,*(Ry + Ry)
PU (R + Ry + (X, +X3)2,

€)

Where R, R; and R; are the real part of the impedances associated with
load, primary coil or transmitter, and receiver respectively. In order to see
the dependence of efficiency on the coupling, the Eq.9 is often presented in

terms of Q-factor and coupling coefficient. Q-factor of a coil is defined as,

Q. = (10)

The maximum efficiency of the system is dependent on the optimum load.
The optimum load condition can be achieved by differentiating Eg.9 with

respect to R_ and X,.

In [47] the Z o, cOMes out to be

Ziopt = Ry1+k2Q1Q; — jwl, (11)

Substituting Eq. 10 and Eq.11 in Eq. 9 gives the max efficiency.

KZ
N, = Q1Q; : 12)

1+ \/ 1+ K2Q1Q2)
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Eqg.12 shows that the efficiency of the link does not depend solely on the
coupling between the coils. The efficiency of the coil also depends upon
the Q-factors of the coil. However, there are techniques available in the
literature to further increase the efficiency under resonance. These

techniques are known as compensation technique.

2.2.1 Compensation Techniques

The compensation technique is utilized to eliminate the leakage inductance
effect and to ensure the resonance. In case of inductive WPT, capacitive
compensation is very common. There can be four possible combinations
for capacitive compensation on transmitter and receiver, e.g., SS
compensation means series capacitor on both Tx and Rx side. [48] provides

a comparison of these compensation techniques.

The efficiency of the compensated link increases significantly as can be

seen in Fig.6, where the effect of compensation of the secondary coil can

be seen.
100%
80%
series-resonant secondary |
60%
Hinke.
T] mar 40%
20% 57102050100
//QL;;/] non-resonant secondary |
0% | : .
0.01 0.1 1 10 100 1000
)
PQiQs

Figure 6 Graphical representation of the efficiency of compensated and
uncompensated coils [46]
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In summary, we can design a good inductive link by ensuring good quality
factor. One of the ways is to increase the number of turns which increases
the Q. In addition to this, we can move towards higher operating frequency

which in turn increases the Q.

2.3.0 Inverter Efficiency

The second most important part in the design of IPT system is the RF power
amplifier. While talking about the power amplifier there are two most
important parameters for the choice of an amplifier. As we move from a
linear to nonlinear amplifier, efficiency of the power unit increases, but the

voltages and currents at the output stages are no more sinusoids.

Based on the operation of the transistor we can classify them into two

categories.

e Transistor working in active or pinch off region

e Transistor, working as a switch

In the following table, a comparison of the performances of different power

amplifiers has been presented.
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Table 1 Comparison of the efficiency and Conduction angle of PAs

PA EFFICIENCY CONDUCTION ANGLE
CLASS A 50% 360

CLASS B 78.5% 180

CLASS AB 50-78% 180<6 <360

CLASSC 90% 0 <90

CLASS D 90% Switching

CLASSE 90% Switching

CLASS F >90% [49] Switching

Depending upon the application, the choice of the PA may vary. In any PA,
the most important role is played by the switching losses and in case of IPT,
which is already suffering from the weak coupling of the coils, the choice
of PA becomes even more important. Therefore, all PAs which are based
on the conduction of the transistor are not suitable. Which leads us to the

choice of switching PA.

Class D amplifiers are working in the bridge configuration which means
more losses as compared to single transistor configurations. Therefore,
most IPT opt for Class E, Class F or other similar hybrid switching power

amplifiers.

Class E and Class F inverters are based on the principle of waveform
engineering done using an impedance network connected at the output

stage of the switch.

These inverters can provide very high efficiency because of the zero
voltage and zero derivative switching conditions imposed by the careful
selection and optimization of the impedance network.
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2.3.1 Soft-Switching

Zero voltage, and zero derivative switching is also known as soft switching.
Which means that the switch turns on at 0 voltage making the product of

current and voltage zero to ensure a zero-power loss in the switch.

Vs

D,

Figure 7 Switching Waveform at gate and Drain Voltage

Mathematically, we can represent it as

V.(wt) = 0. VS
HRe) 0 ZDS
dewt

To impose these conditions, the careful selections of the impedance must

be insured.

2.3.2 Class E inverter

Class E invertor can provide high efficiency at high frequencies as well.

The best performance of the class E can only be achieved at optimum load.

Fig.8 presents the basic topology of the Class E inverter.
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Figure 8 Class E Inverter

Choke inductor provides DC and blocks the AC ripples. The value of the
Choke inductance is usually kept high. Capacitor placed in parallel with
switch provides a short circuit path for the higher harmonics generated by
the switching of the transistor. C, and L, are at resonance to provide a
sinusoidal current through the load. The resonance frequency is kept the

same as the switching frequency.

If biased properly, the switching losses can be reduced significantly as

show in the Fig. 9 where ZVS and ZDS properties are being observed.
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Figure 9 Switch voltage and current waveform
Class E invertor is known for its load independent quality as well [50].
Which makes it suitable for IPT applications where coupling is not

constant.
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2.3.3 Choice of the Switch

Losses in the switch are directly proportional to the switching frequency.
Therefore, it is extremely important to choose a device which can perform

efficient switching at higher frequency.

The wide bandgap (WBG) devices are very efficient at high frequency.
There are two devices: Gallium Nitride (GaN) [51] and Silicon Carbide
(SiC) [52] which have WBG property.

GaN can tolerate relatively high voltages and high maximum current due
to high carrier density and high electron mobility. which makes it an ideal
candidate for the high frequency high power application. GaN devices can

also withstand higher temperatures.

Its ability to withstand high voltages is particularly suitable for the
switching amplifiers to provide a constant power by reducing the current
flowing through the impedance network. Which is because in such
amplifiers we can control current by scaling impedances without changing

the voltage across switch.

In the next chapter design of a SWIPT system will be presented based on
the near field IPT based on the design and theoretical discussion done in

this chapter.
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CHAPTER 3
SWIPT for Transport System

This chapter is based on the following articles:

G. Murtaza, M. Shanawani, D. Masotti and A. Costanzo, "Optimization of a 27 MHz Wireless
Power Transmitter for Unknown Receiver," 2020 XXXllIrd General Assembly and Scientific
Symposium of the International Union of Radio Science, 2020, pp. 1-4, doi:
10.23919/URSIGASS49373.2020.9232315.

G. Murtaza, M. SHANAWANI, D. MASOTTI, A. COSTANZO “Design of a SWIPT system with
special consideration to the near-field WPT at 27MHz” in URSI radio science journal, vol. 2
,2020

D. MASOTTI, M. SHANAWANI, G. MURTAZA, G. PAOLINI and A. COSTANZO, "RF Systems Design
for Simultaneous Wireless Information and Power Transfer (SWIPT) in Automation and
Transportation," in IEEE Journal of Microwaves, vol. 1, no. 1, pp. 164-175, Jan. 2021, doi:
10.1109/JIMW.2020.3034661.

3.0 Introduction
This chapter will include the design of a SWIPT system for transportation

applications. A 27MHz transmitter has been under consideration for the
power transfer purposes, to include the transfer of the information for out-
band modulation scheme, two independent transmitters working at 4MHz
and 6MHz are introduced. 4 MHz transmitter is for the communication
purposes and 6MHz coil is to transfer string of zeros to test the presence of
Tx and Rx. A stepwise approach has been adopted to build the SWIPT
system with the power amplifying section. The focus of the transmitter
would be to design an efficient near field SWIPT system with more
consideration to the power transferring section. Various aspects, as
discussed in the previous chapters, regarding IPT, like the design of the
coil, inverter design and mutual interference of the coils, have been

considered and addressed.
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3.1 Design of the Caoil

As discussed previously, near-field inductive link for WPT works on the
principle of weakly coupled transformer without a core. Hence reduction
in the coupling can reduce the power coupling ability of the link. In that
regards to improve the coupling, the improvement in the Q-factor of the

coils is necessary. Eg.12 can also be written as

Nope = (kQ)2/(1 + T+ (kQ)2) (3.1)

Where K is the coupling coefficient and Q = 2nfL/R

Quality of the Coils

100 A

80 A

60 -

40

Efficiency (%)

20

i T oo
Figure 10 Efficiency Vs product of kQ
As it can be noted from Fig.10 that efficiency of the two-coil link is more
than 80% when product of kQ is greater than 40.
Coupling factor of the coil is dependent on the distance and alignment of
the Tx and Rx coil and in many applications, we don’t have much control

over k. Therefore, to increase the quality factor of the coil, we must increase

38



the inductance of the coil or must reduce the losses in the coil. However,
these two parameters are inversely related which leaves one last option of
increasing the operational frequency. Therefore, 27MHz operating
frequency has been adopted to ensure the higher kQ, for the purpose of
power transfer.

Initially, only power coil has been introduced on the Tx side and a link has
been established by creating a generic Rx. Dimension of the coil is given
in Fig.11.

O A
-
05 cm =
v
b=
Y
< 22cm )

Figure 11 Power Transmitter Coil

3.2 Optimization of Class E Inverter

The Class E inverter has been adopted to power the Tx coil. Efficiency of
the Class E can be maximized for an optimum load [53]. One can adopt
matching techniques to achieve optimum load condition. Therefore, to
ensure that power transfer is efficient, a matchimg circuit has been

introduced before the Tx coil as shown in Fig.12.
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Figure 12 IPT with Class E

The shunt capacitor C; is responsible for the shaping of the switch voltage,
and it also filters out the higher harmonics. Capacitor C; is also important
to take into account the drain to source capacitance value of the Switch.
The inverter output matching network consists of a shunt capacitance (C,)
and a series inductance (L) to drive the inverter under optimum condition
for 120 Q load at the receiver side. L; is an 80uH choke used to provide
constant current and stop any ac ripples going to the 8.5V voltage source
connected at the drain.

50 % duty cycle of the switching waveform, driving the gate of the GaN
device (GS66508Db), has been chosen and the switching frequency is kept
27MHz with amplitude of the driving pulses varying between 0V-5V. The
duty cycle plays an important role and impacts output volatge of the switch.
Therefore, this becomes an additional design parameter to be considered at
the input. The 50% duty cycle here adopted is suggested in [53], because
of the higher power output capability.

As a first trial to test the GaN device, a theoretically proposed T network
has been chosen to represent the inductive link between transmitter and

receiver as shown in the Fig.13.
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Figure 13 T model representation of the link

L1« represents the inductance of the transmitting coil and is chosen equal to
1 uH, whereas Lgx IS the unknown inductance of the receiving coil,
considered equal to 500 nH. M equal to 70 nH is the mutual inductance,

evaluated in order to have a 0.1 coupling coefficient (k).

A nonlinear optimization with C,, C, and L, as design parameters is carried
out.
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Figure 14 Comparison of the Gate Voltage and Drain Voltage

Fig. 14 shows the output drain voltage of the switch obtained for optimized
Values C1~=180 pF, C2 =20 pF, L2=10 nH: it can be seen that the voltage
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across the switch is in the optimum operating conditions providing zero
voltage and zero derivative conditions. Similarly, Fig.15 shows the current

through the load connected at Rx side of the T-network.
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Figure 15 Current through R.

Fig.15 validates the higher harmonic suppression and overall power

added efficiency of the system, in this case, is 78 %.

3.3 Analysis of the Losses
There are many parameters to be considered for the efficient IPT including

coil design, switching losses and variation of the loading conditions. To
have an Idea of these losses and their effects, different losses have been

introduced in the simulation.

A comparison between the ideal switch and GaN (GS66508b) switch has
been made. When an ideal switch is considered, the class E switching
amplifier has the ability to deliver power with more than 90% of efficiency.
Fig.16 gives us a good idea of the losses because of the GaN switch and its
comparison with the Ideal switch.
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Figure 16 Comparison of the ideal and GaN switch

In Fig. 16, where the current and voltage waveforms of an ideal switch are
reported, it can be seen that the product of current through the ideal switch
and the voltage across it, is almost zero at every instant, thus leading to very
low power losses in this case.
However, in the case of the GaN (GS66508b) switch, it can be observed
that the product of current and voltage is not always zero and, as a

consequence, the efficiency is reduced to 78%, in our case.

Secondly, the losses introduced by the transmitter coil itself paly a very
important role in determining Q-factor of the coil as well as in determining

the efficiency of the coil.
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Figure 17 Switch Voltage in case of lossy Transmitter
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When losses of coil are introduced in a tightly coupled conditions the
efficiency of the system reduced to 61% which was a significant loss. This
loss is because of the unsatisfied soft-switching conditions as shown in the
Fig 17.

Similarly, variation of the load between 100 Q to 140 € has been done as
shown in Fig 18. We can see that, as the load varies, there is a small
degradation in the shape of the switch voltage and the variation in current
is very small as well: the corresponding efficiency values ranges from 75%
to 80%.
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Figure 18 Effect of load variation on switch voltage and load current

3.4 Realistic Wireless Link Design

A realistic link between the transmitter coil and a generic receiver has been
designed and electromagnetically simulated. Fig. 19 shows the link under
examination, where both the coils have a protective aluminum plate behind
them. The distance between the transmitter and the receiver is 22cm.

CST Microwave Studio is used for the full-wave simulation. Frequency
domain solver is used as it is best suited for the narrowband resonant

structures.
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Figure 19 IPT link description

A generic receiver has been used to establish a wireless link between Tx
and Rx. Fig.19 makes a two-port network schematic where the link can
effectively be represented by its S-parameters. Therefore, in order to
introduce the effect of real links S parameters, generated by the full-wave
simulations, have been used to account for the wireless link instead of the
T model which does not include the parasitic effect. As the distance is very
large the mutual coupling is weak which will result in less power delivered
to the load. Zero voltage switching is slightly disturbed but 2W of power is
being received in this case. Current through load and switch voltage have
been shown in Fig.20, indicating that with the introduction of the real link

parameter, the proposed optimized topology is still able to function
properly.
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Figure 20 ZVS and Current through load in the presence of real link

The above study gives us the basic foundation to understand the IPT related
shortcomings to be avoided in forthcoming SWIPT system, which will be

discussed in the next section.

3.5.0 Moving Towards SWIPT

SWIPT is an integrated system where the transmission of the power and
information are considered simultaneously. One such SWIPT system is
under consideration for the transport application. The proposed SWIPT
system is to be integrated on vehicles. Such applications demand a robust
system which should be able to provide power and transmit information
signal under harsh weather environment as well. One such example can be
of a railway system where SWIPT systems are installed on board to
communicate with a receiver present in the railway tracks. Hence, an
efficient and robust system is the only solution which should be able to

withstand such conditions.

IPT enabled SWIPT systems are near field systems which usually use two
coils dedicated for power and information, other solution is [54] where

coils working at low frequencies are used to transfer power and, for the
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communication purposes, it adopted Bluetooth technology to avoid
interference. Interference is avoided because of the large isolation between

the working frequencies.

However, the current study proposes a three-coil based transmitter for the
near field SWIPT applications. Where one coil is being utilised for power
transfer and the two other coils are used for the information at two different
frequencies. These two coils, working at two different frequencies, are

called communication and test coil.

3.5.1 Design of the Transmitter front-end (Printed Coil
Antenna)

Design and dimensions of the coils have been given in the figure below.

Reflector

Power Ceil

A

Communicatio
Coll

Test Coil

Figure 21 SWIPT Transmitter

These coils are designed on 3.5 mm thick FR-4 substrate. Copper is used
for each coil having thickness of 70 um and 7 mm trace width. Trace width
and the thickness of the coil play an important role to optimize the losses.

As increasing the thickness and width of the coil would reduce the losses
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of the coils but at the same time it can be costly as well. Therefore, a trade-

off has to be made between the cost and quality of the coils.

Red dots shown in Fig 21 are the indication of the feeding ports. These
feeding points are placed on opposite side of the adjacent coils to have EM
isolation of the coil. Similarly, inter coil distance and dimensions are also
optimized.

Each coil is a single turn coil. Initially, the multiturn coil topologies have
also been considered. Although multiturn coil ensures a greater flux
however, they also lead to a lossy coil because of the additional resonance
introduced by the multiturn. Increased losses in the coil lead to the loss of
the efficiency as discussed earlier. Additionally, the power transmitter is
not isolated in this case, rather it is colocated with two subsystems therefore

single turn coil has been preferred over the other options.

Three different coils are working at different frequencies. The outer most
coil represents the power transmitting one, working at 27MHz: it has to
send the power to wake-up the inductively coupled receiving coil. It has
inductance of 896 nH with a lumped series resonant capacitor of 38.5 pF.
The inner two coils represent two co-located and independent subsystems
working at 4MHz and at 6MHz, respectively: the first one is the
communication coil, responsible for the reception of telegrams from the
woken coil on the other side of the link. It is providing 398 nH of
inductance, and 3.5 nF is the lumped series resonant capacitor. The smallest
coil is placed for test purposes and does not need for high efficiencies.

To isolate the system from the surrounding, Aluminum reflector has been
placed at a distance of 50 mm from the transmitter. These reflectors also
help to reinforce magnetic flux between the coils and have positive impact
on the link efficiency. The choices of the coils at 27MHz and 4MHz have

been done according to the European rail traffic management system
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ERTMS [55]. The Choice of the test coil is more of an auxiliary nature. It
has been made sure that over all nature of the proposed work is inclined

towards the existing practical application-based scenarios.

3.5.2 Description of the Problem

In real application based scenarios of IPT, most of the time we encounter a
non-stationary scenario where transmitter or receiver might change their
location with respect to each other. This movement compromises the
efficiency of the system. The problem at hand is also one such case where
a SWIPT system has to be optimized for the misalignment between the
transmitter and receiver to provide the stable power transfer at a distance
of 200 mm as shown in Fig. 22.

Changing the alignment of Tx and Rx results in changing coupling between

them, which can reduce the efficiency of the system.

X RX
Alu eld

Direction of misalignments

Al m shield

Figure 22 Misalignment of Transmitter at a constant d

Therefore, a wholistic approach has been adopted to optimize the entire
WPT unit starting from choosing class E inverter, coil design and a genric
receiver design.

Transmitter’s dimensions are kept bigger than receiver which also helps to

mitigate the effect of misalignment to some extent.
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The other aspect of the proposed design is to take care of the efficient
performance of the other sub-systems while primarily focussing on the
WPT.

3.5.3 Design of the Amplifier

A similar Class E topology has been adopted as shown in Fig 23.

Figure 23 Entire IPT section with highlighted observation points
Where the matching network, used before the resonant Tx, plays an
important role to compensate the effect of the changing distances between

Tx and Rx and provide a matching condition for the load.

A 50%-duty-cycle-27MHz pulse is used to drive the gate terminal of the
GaN-HEMT (GS66508b). The amplifier circuit is fed with a9 V DC source
and 50 Q resistive load is connected at the receiver side.

Inverter has been optimized using harmonic balance analysis. Compared
to time domain transient analysis, HB technique can provide a deep inside
into the steady-state behavior of the nonlinear circuit over the simulated
harmonics. By knowing and controlling the frequency response of the
circuit’s linear part, HB technique allows to manipulate the steady-state

50



values of harmonic components of current and voltages: this is an added
advantage for the designer to tailor different harmonics according to the
requirement. After optimization, the pi matching network values are given
as C1=27.6pf, C2 20pf, L2=8.7 nH .

3.5.4 Results and discussion for different misalignments
at d=200mm

When the distance d as shown in the Fig. 22 is 200mm. WPT for different
misalignments have been considered. The designed inverter has been able

to provide a stable power, despite the misalignment between Tx and Rx.

Results for three cases with zero to 200 mm misalignments will be

presented here at the observation points A, B and C as highlighted in Fig.23.

misalignment 000 mm
—— misalignment 100 mm
40 —— misalignment 200 mm

Switch Voltage (V)

I i |
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0 10 20 30 40 50 60 70 80
Time (n Sec) 18

Figure 24 Point A: Switch Voltage for different positions of the Tx

As shown in the Fig.24 ZVS condition is satisfied for all three positions of
the Tx. It is interesting to see that not only that the ZVS condition is
satisfied at different misalignments of Tx and Rx but also one can see that

over all response shows minimum deviation for different misalignments.
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Similarly, the voltage and current

transmitter are given as below.

Transmitter Voltage (V)
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Figure 25. Voltage and Current Waveforms at point B

Voltage at the transmitter is composed of higher harmonics as can be seen

from Fig.25. These higher harmonics are the result of nonlinear behaviour

of the transistor working as as witch. These harmonics are filtered out by

the resonance. However, Introduction of the resonance leads to high

sinusoidal current amplitudes which create a strain on the transmitter. To

distribute these high values current one can adopt a parallel combination

of the resonant capacitor.

Point C as highlighted in Fig. 23 is at the receiver side. Corresponding

Voltage and current values are shown as below.
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The results shown in Fig. 26 represent the sinusoidal voltage and current
waveforms. One can see that as the misalignment increases both current
and voltage amplitude reduces which is the consequence of the reduced
flux between the transmitter and receiver. Both Current and Voltage are in

phase as well, which is the consequence of the choice of the real load.

3.5.5 Isolation of the Power Coil from the Co-located
Subsystems

The presence of many subsystems gives rise to unwanted coupling among
them. Without any precautions, most of the power at 27 MHz is coupled to
other two coils present on the transmitter side; in particular with the
communication one because of its proximity with the power coil. A
strategic electromagnetic decoupling of the communication and the test
coils from the power coil can be obtained through the placement of two
trapping filters. These filters are parallel branches as shown in Fig. 27
(resonant at 27 MHz) connected in series with the communication and test
coil in such a way that they present a very high impedance (=1.5 KQ) at
27MHz signal and a very small one (=200 mQ) at 6MHz and 4MHz, which

are the operating frequencies for the two inner coils.

L, L.

I 134F 100V (GRMI195C2A133J4010) 6.BnF 250V (CANI3ZXEB2JAGACTU)
c10

L3

%1'00 nH &00mA (LOW1BASR10JOCD)

GND

L&
100 nH 400mA [LOW1BASRLOJOCD)

GND

0.33pF 50 v (GCQ1555CIHAIIWAO1D)

0.33pF 50 v (GCQISSSCIHRISWROLD)
]

Figure 27 Trapping Filters for EM Isolation
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Introduction of the trapping filters has improved the performance of the

system. Table 2 shows the improvement achieved due to the trapping filter.

Communication Coil Test Coil

Before Trapping Filters

After Trapping Filter 1w 0.003

TABLE 2 Coupled power for communication and test coils for different spacings

3.5.6 Efficiency of the System

The efficiency of the proposed system is divided into two parts as shown
in Fig. 28.

V+

G
S Transmitter Reciever

Npc-RF NRF-RF

A
v
A

v

Figure 28 Efficiency of the IPT system

Efficiency of the system can be calculated from the power table 3 shown

below. Power at different nodes as per Fig. 23 has been shown in the table.
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Misalignment DC Power(W) Power at Tx (W) Power at Rx (W)

At node A At node B At node C
0 41 30 21
100 mm 46.2 33.9 1.3
200 mm 46.8 34 0.15

Table 3 Power Table for different misalignments at d=200 mm

Conversion Efficiency of the Amplifier:

Conversion efficiency of the PA is the ability of the amplifier to convert
the input DC power to the output RF power. This efficiency is represented
in Fig. 28 as npc—_gr,

nC - PA (3'2)

N, isaround 73% .
Power Added efficiency:

PAE is another important aspect in the design of power amplifiers. It is
defined as

P,_P,
Mpag =5 (3.3)
A

Where Pj, is the input RF power which is ~0.22W in this case S0 np4p IS
around 72%

and Ire-rr is dependent upon the links coupling condition and varies
between 3% to 5%.

3.6 Driving Circuit

Driving of the GaN transistor is also important. Choice of GaN driver IC
and the oscillator has been made depending upon their suitability to the
current application under consideration. Driving Circuit is shown in Fig 29.
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Figure 29. GaN driving schematic

3.7 Realization and Testing

The realization of the GaN driver together with the transmitter has been
done and the performance evaluation of the proposed IPT is under

observations as shown in the Fig.30.

28000000

Figure 30 Inverter Performance Testing

Fig. 31 show the performance testing of the proposed SWIPT system.
Oscilloscope screen shots are showing waveforms of the proposed

transmitter.
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Initially, the performance of the driving circuits has been verified to ensure
the proper switching condition of GaN device. Then the performance of the

switch has been analyzed under different load conditions.

D50 30244, MY52010831: Tue Nov 16 16:1240 2021
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Figure 31 Testing Waveforms for the inverter

3.8 Conclusion and Future Prospect

This chapter aims at building the SWIPT systems for transport based
applications. A systematic approach has been adopted for the SWIPT
realization. Initially, to lay the foundation of IPT, a single coil Tx and Rx
were considered. Then the design of three coil SWIPT and its different
performance related aspects were discussed.

Three coils at the transmitter side have been designed and optimized to
establish a link between Tx and Rx at distance 200 mm and for different
misalignments.

Class E inverter has been adopted to power up the Tx-Rx link. Design of
the inverter has been done so to take into account the misalignments
between Tx and Rx and provide a stable power around 30W at the
transmitter.

A trapping filter approach has been introduced to decouple the three coils
present at the Tx side and to ensure the overall improvement of the SWIPT

system.

57



This research activity can be further exploited in future to make it adoptable
for the other applications which require the constant power at the receiver
side for a moving transmitter. One way to could be to optimize the wireless
link with the help of the additional coil to ensure the constant flux between
the Tx and Rx.
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CHAPTER 4

Intelligent Reflective Surfaces

4.0 Introduction

The concept and foundation of metamaterials were first time introduced by
sir J.Pendry in 1999 [56] where he was able to explain that by just playing
with the structural properties of the material, it is possible to manipulate
electromagnetic waves. His idea revitalized the research in the area of
electromagnetism and opened new horizons for the future research trends.
The first experimental verification of the metamaterials came in 2001 when
David Smith and the group were able to verify negative refraction of the
EM waves by utilizing split ring resonators based 3D structure shown in

Fig. 32. This was the earliest metamaterial.

Figure 32 First metamaterial structure by [57]

Metamaterials have been around for more than two decades or so but recent
years have seen a rising interest of the research community in this field
because of its wide range of applicability. Metasurfaces are 2D conceptual
realisation of metamaterials [58]. These surfaces are composed of meta-
atoms or the unit cells which are of subwavelength size. These

metasurfaces have the ability to manipulate the EM wave to achieve
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fascinating results in terms of their functionality. Intelligent Reflective
Surface (IRS) are also metasurfaces which can be used to manipulate EM
waves to achieve non-specular reflection. An intelligent reflective surface
is the one which can be reconfigured according to the needs.
Reconfigurations of the such surfaces is achieved by controlling the
response of each meta atom towards the impinging wave. Tuning the
response of these metasurfaces can give rise to multifunctional
metasurfaces which can be an absorber and/or a reflector [59,60] .
Reconfigurability of any metasurface can be divided into two categories
[61].

1. Globally tuned MS

2. Locally tuned MS

4.1 Globally Tuned Metasurfaces

Globally tuned meta-surfaces (MSs) are responsive to external conditions
and the entire metasurface changes its behaviour and achieves tunability.
These external influencing factors can be of optical, electrical or
mechanical nature. There are many research articles which have adopted
this technique to achieve tunability of the MSs. [62] has realized a MS
which consists of an array of unit cells connected with the pin diodes to
achieve a two state tunability of the surface, which can perform as
polarization converter working around 5GHz. [63] proposes metasurface
which can perform as polarization converter and a simple reflector by
introduction of pin diodes which can change the impedance and phase
condition of the metasurface depending upon their on and off state. A
transistor based tunability of the metasurface is reported in the [64] where
metasurface works as an absorber and its absorption rates can be controlled

through different biasing conditions of the active elements.
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The response of the metasurface can also be changed by introducing
materials as substrate which can change their properties under various
applied conditions. [65] utilizes the semiconductor which changes its
conductivity to change the response of metasurface at THz frequency
ranges.

Similarly, there are other materials like Graphene liquid crystals and
polymers used for the metasurfaces tunability for various frequency ranges
[66,67,68].

4.2 Locally Tuned Metasurfaces

To achieve the beam scanning and effects like hologram, independent
control of the each unit is important. Such metasurfaces are very complex
structures which use impedance modulation over the entire metasurface to
achieve exotic effects on the EM wave.

[69] presents a tunable wide band microwave metasurface which works as
specular reflector with high efficiency between 2GHz to 7GHz frequency
range. The author has used the diodes to control and optimize the response
of the metasurface.

A similar concept has been used by [94] where the computer controlled ICs
have been deployed between the meta-atoms which can provide a variable
capacitance to make the MS act as an anomalous reflector. [70] presents a
genetic algorithm-based metasurface which utilizes pin diode configuration
to control the response of the individual meta-atom to achieve polarization
conversion and beam steering functionalities. [71] has proposed a meta-
surface capable of generating holograms by carefully controlling the unit
cells which are connected with the diodes. [72] utilizes an IC based
approach for the metasurfaces which functions as an absorber for both TE

and TM polarizations.
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Many researchers are also focusing on the digital coded metasurfaces. The
idea of the digital coding comes from the requirement of more than two
states being available for the metasurface. Hence, instead of on-off states
more states can be achieved using this methodology [73]. An FPGA based
approach has been adopted by [74] to steer the scattered wave utilizing

metasurface.

4.3 Applications of the Metasurfaces

Metasurfaces have provided an unparalleled control over the EM waves
and over a large spectrum of the frequencies and both in linear and
nonlinear functionality domains. Such a control is bound to have an impact
over many next generation technologies in various fields.

Applications of the metasurfaces are many-fold, some major areas are

highlighted under this section.

Image Processin O
, and Computing ®
n APPLICATIONS
, Focussing . of & Nonlinear Devices( (
Beamforming Metasurfaces

Wireless
| ] ® Communication ‘

Figure 33 Application Highlights *2

2 The graphic was taken from freepik.com and edited
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The wireless communication field is going to benefit a lot from
metasurfaces under the concept of smart radio environments. Such an
environment is assisted by intelligent reconfigurable arrays of MS.
Inclusion of the IRS in beyond 5G structures have been discussed and
evaluated by many research groups [75,76] as a solution to enhance the
coverage area. Inclusion of the RIS will make the control of the
communication channel possible. [77] discusses the impact of IRS and

channel models suitable to incorporate such metasurfaces.

Another important aspect of the IRS is beam steering and beam splitting
[78]. Such properties of MSs are utilized to assist the localization as well
as multi-user coverage [79].

The road to the smart cities of the future goes through the intelligent
handling of the EM waves and, for that, metasurfaces are going to play an
important part. Several application scenarios of the IRS assisted smart cities
has been discussed in [80].

Metasurfaces are going to contribute in SWIPT systems as well. One such
SWIPT system has been proposed for the unmanned aerial vehicles
(UAVSs) where IRS has been mounted on the UAVs and also around the
surrounding infrastructure to enable efficient SWIPT [81]. We can expect
that the future surveillance systems can benefit a lot from such technology.
[82] also discusses the role of IRS to improve SWIPT systems.
Metasurfaces can also be designed to radiate the EM waves with good
radiation efficiency. Highly directive leaky wave antennas are designed for
controlling the surface wave by the modulated metasurface [83]. Such
antennas find their applications in radars [84]. Use of the metasurface in

guiding structures can help them reduce their sizes [85].
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Metasurfaces have found their application in the field of image processing
as well. The hologram is a technique to reproduce the image of an object
by amplitude and phase information of EM wave [86].

Information of the polarisation is an important factor in many
communication systems. Therefore, manipulation of the polarisation is an
important ability to achieve. This capability has been reported quite
extensively by the use of polarization sensitive metasurfaces [87,88,89].
Making an object optically invisible has long been a fictional idea.
However, in 2006 J Pendry proposed the idea of cloaking by controlling
the EM waves [90]. Since then a lot of research has been done in that
direction to achieve cloaking from microwave to optical regime [91,92].
Metasurfaces can also be utilized for non-linear functionality for example
generation of higher harmonics [93].

The metasurfaces with their unique properties have many other applications
as well. In future one can expect that these applications are going to

increase because of the special nature of the metasurfaces.

4.4 Intelligent Anomalous Reflector

A reflector which can reflect the incident EM wave to a non-specular
direction is called as anomalous reflector. Such a reflector is made by the
deployment of the metasurfaces. As established in the earlier section, to
achieve more functionalities from the metasurfaces the trend is to make
them reconfigurable. Such a metasurface is known as the intelligent
metasurface.

Here we are going to discuss a case study of an intelligent anomalous
reflector [94] to lay the foundation and understanding of our work in the
coming chapter. It isworth mentioning that results of the [94] that are being
shown in Fig. 34, Fig. 35, Fig. 38 are reproduced in order to have the
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understanding of the proposed technique and to lay a foundation for the
proposed work in Chapter 5.

A simple square patch topology has been adopted to make a reflector which
Is working in the microwave region. Dimensions of the unit cell are being

shown in Fig. 34,

E S

L2

.
<

A 4

L=18.24mm

Figure 34 Unit cell design

Copper is used for both patches and ground and RT5880 is used as the
substrate with height of 1.016 mm for the unit cell. It is important to have
a local control of the unit cell which is also known as the meta-atom. To
have a fully local control of the metasurface, it is important to have the
control over the impedance of the meta-atoms. Therefore, variable
capacitances and variable resistances are connected to tune the performance
of the meta surface.

The proposed meta-surface works as a tunable perfect absorber (TPA) as

well as tunable anomalous reflector.
4.5 Working Principle

Performance of the metasurface depends upon resonance due to the
impedance control of the unit cell which in this case is the control of the

capacitance and resistor values connected in series with the patches. The
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variation of the capacitance can provide the control over the resonant
frequency and changing the values of the variable resistor provide us the

control over the magnitude of reflection and absorption as shown in Fig.35.
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Figure 35 Reproduced results for the Variation of C (a) and R (b) values and their
impact on Reflection coefficient.

The realization of the absorber is straightforward, but for the realization of
the anomalous reflector there are other aspects to be taken care off. First of
all, we need to keep the size of the unit cell much less than the wavelength
and there should be phase span of the wave reflected by the surface as wide
as possible. These two parameters (i.e., size and phase) play a fundamental
role in the realization of the anomalous reflector.

Fig. 36 shows the reflection phase and the amplitude of the wave reflected
by the uniform metasurface as function of the tunable capacitance.
Variation of the capacitance values from 1 pF to 5 pF provides wide phase
change and the reflection coefficient remains very high throughout. Here,

operating frequency of the surface is considered to be 5 GHz.
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Figure 36 Phase and magnitude of reflection coefficient [94]

The efficiency of the reflector can be further increased by adopting the
super cell approach. Super cell is composed of more than one sub
wavelength unit cells. Increasing the number of unit cells reduces the

parasitic reflections and increases the efficiency of the anomalous reflector.
D=72.9 mm

< >
Variable Rand C = = = E = =

Figure 37 Super Cell dimensions [94]

Super cell shown in the Fig. 37 consists of 8 unit cells. Each unit cell has
same dimensions as shown in the Fig.34. While the capacitances connected
in series with the patches are varied in linear fashion.

When a plane wave is excited at normal incidence at the supercell, number
of diffraction waves of different order are scattered from the surface.

Number of diffraction orders depends upon the size of the super cell.
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Incident Wave

Diffracted orders

Figure 38 Three diffraction orders for 8 element-based super cell

Angle of diffraction orders for the normal incidence can be calculated from

the following equation.

Above equation indicates that to achieve wider reflection angle range we
need to increase the size D of the supercell. Reflection angle of diffraction
orders m=+1 is +55.3" in the case of the supercell of Fig. 37.

As incident power is coupled to more than one diffracting order, hence, to
improve the efficiency of the anomalous reflector we need to suppress the
power coupled to the unwanted directions. Therefore, we need to optimize
the impedance of the supercell by optimizing the variable capacitance
values. A linear variation of the capacitance values has been selected in the
current case of supercell [94].

Floguet port analysis of the supercell has been done by adopting the
electromagnetic software HFSS. Floquet port analysis is used for the
periodic planar structure where a high number of modes can be excited (one
Floquet port per mode is selected.). TE polarized wave has been selected
as the normal incident wave.

Values of the capacitors are optimized in [94] such that the reflection
coefficient associated with m=1 is maximized.

S-parameter results of the optimized structure are shown below.
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Figure 39 Optimized reflection magnitudes of 3 diffraction orders

Fig. 39 shows the reflection of the diffraction orders where S;; represents
the standard reflection at m=0, and S;, and S;3 are representing m=-1 and
m=+1, respectively. Fig. 38 shows that at 5 GHz maximum power is being
coupled to the diffracted order with m=1 by suppressing other unwanted
reflection amplitudes. Efficiency of the system is given by the following

equation.

n = |513|2/ Z?=1|Si1|2 ...................... (4‘.2)
Efficiency of the anomalous reflector under consideration is 95% [94].

4.6 Conclusion

In this chapter a brief introduction to the metasurface has been given. The
importance of the metasurfaces under the light of current research
advancement and trends has been established. Then an example of the an
anomalous reflector has been verified to lay the foundation and working
principle for the reconfigurable anomalous reflector to be designed in the

next chapter.
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CHAPTER 5

Design of Metasurface Based
Polarization Converter and IRS

This chapter is based on the following article

[106] S. Agarwal, G. Murtaza, A. Costanzo and D. Masotti, "A Super Wideband Angularly
Stable Metasurface for Cross Polarization Conversion Applications," 2021 International
Microwave and RF Conference (IMaRC), 2021.

5.0 Introduction

Polarization of the EM waves provides additional information on the
channel for many communication scenarios. Therefore, it is important to
have the control over polarization of the EM waves. As discussed in the
previous chapter, metamaterials provide us also the flexibility of the
manipulation of the polarization of the EM wave. Metamaterial-based
polarization converters have been discussed extensively in the literature, in
broader frequency spectrum, ranging from microwave to the optical

frequencies.

5.1 Working Principle

From the Faraday’s law, we know that when the time-varying magnetic
field passes through a loop of the conductor wire, it produces the current in
the loop itself. Pendry in 1999 showed that when we introduced a cut to
break the symmetry of the loop that structure behaves as a resonant
structure.

When we excite an EM wave on such a structure at its natural frequency

such a resonance produces negative magnetic response, which means that
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although the proposed resonant ring is not made of materials with negative
permeability but the effective permeability of the structure was able to
achieve negative values [95]. Such a response is not found in the natural
materials. In addition to that, this resonance is the function of the
geometrical parameters of the structure which we can be controlled to our
advantage. Such a structure is known as the split ring resonator which is
the basic building block of many metastructures. Fig.40 shows a circular

split ring resonator.

Figure 40 Split Ring Resonator

Until 2004 it was believed that EM wave can only produce resonance when
H is perpendicular to the SRR. However [95] showed that it is also possible
when incident electric field is aligned along the gap bearing side of the
SRR. Fig 41 shows that the electric field along the broken mirror symmetry
of the SRR produces the current circulation even if H field is not
perpendicular to the SRR. Therefore, we can use this principle to our

advantage in the design of metasurfaces.
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Figure 41 Representation of the Electric Field along gap bearing side of SRR

5.2 Proposed Design of the Polarization Converter

A low-loss dielectric substrate Rogers/RT 5880 with dielectric constant
g—=2.2, height h=2.4mm, and tan6=0.0009 is used to design the proposed
metasurface: aim of this activity is to reach a super-wideband polarization
converter deploying a metasurface. Impact of the SRR on the co-polarized
and cross-polarized incident field has been first verified as shown in the
Fig.42.

Co-polarised reflection coefficient (Rx), is the ratio of the amplitude of
electric field of the X-polarized reflected wave to the X-polarized incident
wave and Cross-polarized reflection coefficient (Ryx) represents the ratio of
amplitude of E (electric field) of Y-polarized reflected wave to the X-

polarized incident wave.
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Figure 42 Co-polarized and cross-polarized reflection coefficient for single split cell
(a) X-polarized wave (b) Y-polarized wave [106]

As it can be seen in Fig. 42, that for X polarized incident wave along the

gap bearing side cross polarization is suppressed and vice-versa.

Using this known technique, two gaps are introduced in the adjacent sides

of the proposed design of square SRR, one for each linearly polarized

impinging field, thus achieving a dual-polarization converter. An additional

new idea, a circular ring resonator has been placed inside the square one.

This additional smaller resonator allows to have resonance also at higher

frequency which leads to widen the bandwidth of the proposed polarization

converter. Fig . 43 shows the dimension and other geometrical parameters

of the proposed design.
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Figure 43 proposed metasurface [106] (a)Perspective View (b) Front view.
The other side of the substrate is backed by full ground plane. A standard
copper of 35 microns is used to design the SRRs and the ground plane.
The structure has been optimized and simulated by adopting the
electromagnetic software simulator CST Microwave Studio, using the
Floquet port as excitation along the +Z axis and applying the proper
periodic boundary conditions along X and Y axis. In CST unit Cell
boundary conditions are established along X and Y axis. Unit Cell
boundary condition are used for periodic structures, to mimic infinite
periodic structures.

Optimized values of the metasurface are shown in the following table 4.
Table 4

OPTIMIZED DIMENSIONS OF THE PROPOSED METASURFACE

Parameters Value (mm) Parameters Value (mm)
4 dz 0.2
3.5 g1 0.8
0.6 92 0.4
0.55 - -
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5.3 Results and Discussion

When an X-polarized wave is made incident on the metasurface, co-
polarized and cross-polarized components are produced.

Mathematically, co-polarized and cross-polarized components are defined

as
Erx
R, =-Z% 5.1
XX Elx ( )
and
E,y
R, =—2 5.2
ye TR (5.2)

where the subscripts i and r stay for incident and reflected, respectively.
Similar equations are defined for the Y-polarized incident wave. Two
corresponding ratios are defined as Ry, (co-polarized) and Ry, (cross-
polarized).

The efficiency of the polarization conversion is measured with the
Polarization Conversion Ratio (PCR) which is defined as

Ry

PCR = 5
IRxx|? + |Ryx|

(5.3)

The simulation results for the proposed metasurface for X- and Y-polarized

waves are shown in Fig. 44 (a) and (b), respectively.
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Figure 44 Reflection coefficient of X (a) and Y (b) polarized incident waves
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It can be observed from Fig. 44 (a) that the proposed metasurface is
operating from 11GHz - 35GHz with three resonances at 12.24, 16.95, and
30.22GHz respectively. At these frequencies, the metasurface is behaving
as an almost perfect polarization converter. Similarly, for a Y-polarized
wave, Fig. 44(b) displays the co-polarized and cross-polarized components.
The proposed metasurface works perfectly for the entire range of
frequencies of vertically polarized wave, as illustrated in the figure.

PCR vs frequency response is displayed in Fig. 45 to validate the suggested

metasurface's polarization conversion efficiency.
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Figure 45 PCR vs frequency

The figure shows that PCR is consistently above the threshold value of 0.6
throughout the operational range. It also has three peaks at three resonances
(12.24GHz, 16.95GHz, and 30.22GHz), and it functions as a nearly perfect
polarization converter at these frequencies. These results demonstrate the

unprecedented super-wideband behaviour of this metasurface.
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5.4 Angular Stability of the Metasurface

Normal incident waves in a practical environment are very rare. The

metasurfaces must also respond to oblique incident waves in order to meet

this requirement.

The proposed metasurface is investigated for horizontally and vertically

polarized waves with an oblique incidence of up to 40 degrees.

Fig. 46 (a) and (b) illustrate the simulation findings for co- and cross-

polarized components for X-polarized waves, respectively.
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Figure 46 Angular stability response for oblique incidence (a) Rxx (b) Ryx

Similarly, for vertically polarized wave, Fig. 47 shows good angular

stability for a large range of incident angles.
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Figure 47 Angular stability response for oblique incidence (a) Ryy (b) Rxy
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5.5 Reflection Angle Measurement

Knowledge of the reflected angle is some time important for some
application scenarios. However, there is a lack of information in the

literature about metasurface excitation and reflection angle measurement.

In view of this, this section examines a method for determining the
reflection angle. The research was carried out on three different
metasurface configurations: 3x3, 6x6, and 9x9. For varied values of
incidence angle, and with a plane wave excitation source employed to
excite the metasurface.

Fig.48 (a) and (b) depict a schematic of the metasurface and the

accompanying simulation setup, respectively.

o=x  g=0r
Obligue Normal
Incidence Incidence

(a) (b)
Figure 48 (a) 9x9 array of proposed metasurface, (b) simulation setup (Proposed
[106])

The simulation is performed for various values of incidence angle; the
results are discussed only for normal incidence (8;=0") and two oblique
incidences 0;=15" and 6;=60°to see the performance of metasurface for

reflection angle measurement.
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Results for 3x3, 6x6 and 9x9 array for different incident angles are shown
in Fig. 47,48, and 49, respectively. For normal incidence in all the cases,
the direction of the reflected beam is at 6,=0° while for oblique incidence
case the beam is observed at Or=15¢°, hence it obeys to the reflection law.
Furthermore, for incidence angle 6;=60¢ the reflected beam angle changes
with frequency and also is not equal to the incidence angle. From these
figures, it can be confirmed that the proposed metasurface is stable for an
oblique incidence around 6;=40", as previously established. To evaluate the
polarization conversion of the metasurface by means of this rigorous full-
wave approach (just to doublecheck the unit-cell approach previously
adopted), the size of the metasurface would need to be of several
wavelengths, hence a matrix of at least 50x50 cells would have been
needed, which was not possible due to lack of available facilities.
Furthermore, for the cases 0;=0, 15 it can be concluded that as the size of
the metasurface increases, the reflected beam starts shrinking which
indicates that the gain increases with the increase in array size. This is due
to the fact that as area increases, more power falls (less spillover) on the

metasurface and strong reflection are observed, accordingly.
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Figure 49 Reflection angle measurement for 3x3 array (Proposed [106])
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Figure 50 Reflection angle measurement for 6x6 array (Proposed [106])
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Figure 51 Reflection angle measurement for 9x9 array (Proposed [106]).

Size of the meta surface and bandwidth has been compared with already

published results [96-104]. It is evident from comparison table that the

proposed design has higher bandwidth and compact size.

Table 5

COMPARISON OF THE PROPOSED METASURFACE WITH PREVIOUS WORKSs

Reference Articles Bandwidth (GHz) Size (%) compared to the proposed
work
[96] 5-97&112-15 67.3
[97] 7-9.18 & 11.66 - 20.40 84
[98] 16 - 32 36
[99] 6.7 - 20.7 84
[100] 6.2-24.3 55.5
[101] 5-15 67.3
[102] 4.2-13.9 84
[103] 74-105& 12.7 - 20 67
[104] 57-114 84
Proposed [106] 10.92 - 35 -
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5.6.0 Globally Tuned IRS

Intelligent reflective surfaces have attracted a great deal of attention of the
scientific community to achieve full control over the EM wave
manipulation. Current advancement of the communication systems
especially under beyond 5G scenarios and SWIPT systems demand an
intelligent EM environment. Provision of the IRS to enable the concept of
smart cities under the umbrella of 10T is necessary.

One of the important aspects of the IRSs is their ability to be reconfigured
to achieve multifunctional status. There are two types of reconfigurable IRS
which include the globally tuned and locally tuned surfaces. Local tuning
of the IRS is a complex way to achieve reconfigurability. Therefore, for the
sake of current study the globally tuned IRS has been under considerations.
There are many ways in which the notion of global reconfigurability is
catered including the mechanical and thermal tuning and applied external
voltage. One of the most frequently used method is the use of pin diodes to
have an ON-OFF or binary control over the impedance variation of the
metasurface.

Ideally one would like to have a continuous control over the impedance
change of the metasurface to manipulate the incident EM wave. However,
pin-diode approach only presents some discrete set of variations which

makes the scope of such surfaces very limited.

5.6.1 Introduction to Proposed IRS

For the current study although a globally tuned metasurface is under
consideration but to achieve the continuous control over the impedance of

the IRS a different approach has been adopted.
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A simplistic square patched super cell approach has been adopted [94] as
discussed in the previous chapter. However, instead of commuter-
controlled IC approach to change the impedance between the patches, an
interdigitated capacitor (IDC) approach has been adopted. To have the
continuous control of the impedance a thin layer of the HfZrO has been
proposed which can change its properties with the magnitude of applied

voltage.

5.6.2 Tunability and Zirconium-doped Hafnium oxide
(HfZrO)

With the advancement of the technology, a whole new class of materials
have emerged over the last decade which have very useful intrinsic
properties. HfZrO is one such material which is known for its properties
suited for the microwave application and widely studied and exploited
within the framework of the H2020-NANO-EH European project, whose
consortium includes the Department of Electrical, Electronic and
Information Engineering.

HfZrO is a ferroelectric material that can change its relative permittivity
under the applied voltage in a continuous fashion. [105] has reported the
electrical property of HfZrO in the microwave range. It is highly dispersive
in nature as it changes the relative permittivity value significantly with the

frequency.
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Figure 52 Variation of the relative permittivity of the HfZrO vs frequency [105]

There are many advantages that HfZrO brings on the table. For example, it
iIs CMOS compatible which makes it suitable candidate for the large-scale
fabrication. Its thickness is of nano scale order which can be used in
compact and thin substrate application; moreover, it has ferroelectric
effects for low voltages, and it shows tunability at low applied DC voltages
around +5V. Measured data of the ferroelectric behaviour of the HfZrO
have been provided by the partners of the NANO-EH consortium and are

reported in the following table:

Table 6 Measured data for Change of permittivity of HfZrO with different biasing
conditions

Applied Voltage Relative Permittivity
across HfZrO of HfZrO
Un-biased
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5.6.3 Proposed Design of the IRS

To exploit the tunability properties, a thin layer of HfZrO over the silicon

substrate has been used. Fig. 53 shows the proposed design of the unit cell.

IDC

Side View

o
<

A 4

L2
Figure 53 Side view and front view scheme of proposed Unit Cell

Very thin layer (10 nm to 20 nm) is applied above the Silicon substrate of
60 um, because thicker layers of HfZrO have demonstrated to lose the
ferroelectric property. These Stack up values have been obtained through
constant optimization of different substrate heights to ensure better
performance. L is 14.5 mm and L1 is kept half of L,. Square patches are
placed on the thin layer of the HfZrO and connected with the IDC. As per
the methodology established in chapter 4, the phase requirement of the unit
cell has been found and variations of the resonance phenomenon with
changing capacitances has been done as shown in the Fig. 54. Initially, the
lumped values of the capacitances have been selected. Which will be
replaced by the IDC values later.
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Figure 54. Phase and Reflection profile of the proposed unit cell

As can be seen from Fig 54(a), a large phase variation is achieved for the
unit cell when the series capacitance varies between 4pF to 6pF. Hence,

these capacitances range will be exploited in the next steps.

5.6.4 Super Cell Configuration

As established in the chapter 4, in order to have an anomalous reflector, we
need to make a super cell which is nothing, but the combination of the unit
cell shown in Fig.52. Configuration of the super cell is made to enhance the
power coupling efficiency of the reflector in an anomalous direction by
suppressing the parasitic reflection from the IRS. In this case, a supercell
composed of 10-unit cells has been formed. When dimension of the super
cell falls between A, and 24,, three diffraction orders are expected [94].
The dimension of the supercell is D=72.5 mm ~1.24,, so at normal

incident expected diffraction orders are m=0,+1 .
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D=72.5mm

THT

Figure 55 Super Cell consisting of 10-unit cell

Variable Rand C

Values of the capacitances have changed in a linear fashion between 4 pF
to 6 pF according to the phase variations shown in Fig. 54(a).

Simulations are done in HFSS for the TE polarized normally incident plane
using Floquet port and periodic boundary conditions. Optimization on the
capacitance values is being asked in order to enhance the reflection towards

m=1 diffraction order.

5.6.5 Interdigital Capacitor

Alongside the optimization of the supercell response, an IDC has been
designed to verify the impact of HfZrO tunability: the layout of an IDC
should be highly dependent on the permittivity value of the dielectric in
between its fingers. Therefore, the idea is to exploit the bias-dependent
ferroelectric effect of the HfZrO shown in Table 5 for this purpose. Fig. 56
shows the design of the IDC with 6 fingers. Same substrate values for Si

and HfZrO have been chosen here as well.
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Figure 56. Design parameters of IDC

Microstrip fed two-port IDC design was simulated. Lumped element
approximation is valid in this case as the size of the IDC is small. The
capacitance of the IDC is directly proportional to the number of fingers and
length of the fingers. Interdigital gap can be utilized to fine tune the

capacitance values as per requirement of the supercell.
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Figure 57 IDC results without biasing of HfZrO
Fig 57 shows the simulated IDC results, the capacitance value of the IDC
shown in Fig. 56 is around 0.4 pF in this case for 5GHz frequency. This

value needs to be tuned in the future activity to fit the 4-6 pF range needed
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to enter the most sensitive region of the supercell reflector behaviour: by
changing the HfZrO biasing according to the Table 5, the envisaged IDC

tunability should be guaranteed.

5.7 Conclusion and Future Work

An angularly stable super wideband metasurface is presented in the chapter.
The proposed metasurface operates in 11 - 35GHz with more than 60%
conversion efficiency throughout. The efficiency of the proposed surface
reaches more than 90% for some frequencies within the operational band.
The metasurface can convert an X-polarized incident wave into Y-
polarized wave and vice versa. Further, performance under oblique incident
waves is also studied and results show that the proposed design operates
well up to 40° of oblique incidence. The proposed metasurface is a potential

solution for polarization conversion for super wideband applications.

In the second section of the chapter, a very promising design methodology
for a reconfigurable intelligent reflector has been presented by utilizing the
thin layer of a new material (HfZrO). The continuous tunability of the
surface will be exploited by benefitting from the voltage dependent
intrinsic properties of the HfZrO. The proposed anomalous reflector is a
globally tuned IRS.

The IRS is still in the optimization phase however results so far obtained
are indicating positive prospect of the metasurface.

For the tunability of the surface an FPGA based approach is under
consideration to bias the HfZrO between 0 to 5 volts in a continuous
fashion.

In future, the study of IRS will be continued till its completion.
Furthermore, after the anomalous reflection intelligent beam steering

scenarios will be considered.
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CHAPTER 6

Summary of the Thesis.

This thesis can be categorized as a study of the various wireless systems.
Complete analysis and modelling of the different aspects of such systems
have been considered and discussed in detail. Thesis aims to be in
accordance with the current research trends and practices of the relevant
fields. Special attention has been paid to propose applications-oriented
solutions keeping in mind the future needs. Thesis can be classified into
two major sections. First section of the thesis has been dedicated towards
the near-field wireless systems and the second section of the thesis

considers the far-field systems.

In the first section, the thesis takes into account the simultaneous wireless
information and power transfer (SWIPT) application in a transportation
scenario, with special consideration of the near-field wireless power
transfer (WPT) system and its coexistence with neighbouring subsystems.
Three coil-based transmitters have been realised to work at different
frequencies. WPT link was optimized for the transfer of power at 27MHz
while other two subsystems or sub links have been created for

communication and test purposes at 4MHz and 6MHz respectively.

To ensure the isolation of systems performance geometrical aspects, as well
as trapping filters are considered to virtually isolate the WPT system from
the rest of the system without losing the requisite criteria for the WPT. As
a peculiarity of the work, the system is considered as a whole, from the

biasing of the inverter on the transmitting side to the receiving loop load.
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Class E power amplifier has been adopted to power the transmitter with
high efficiency. Furthermore, the study also highlights aspects of near-field
SWIPT to a moving transmitter that makes the problem at hand more
complex. It has been shown that although the proposed system is based on
the resonance the whole system can be optimized to provide the stable

power at different misalignments.

In the second part of the thesis, a comprehensive approach has been adopted
to model and design the metamaterial-based systems. Two distinctive

studies have been done to exploit the metasurface in two applications.

Firstly, a resonant meta surface has been designed and optimized to
interconvert the linear polarizations with high efficiency. The proposed
metasurface exploits two ring resonator that are placed in such a way that
they give a super wide band response for different incident angles varying
from 0° to 40° with polarization conversion efficiency always greater than
60%.

Second metasurface based activity, presented in the thesis, is related to the
IRS. A novel approach has been proposed to design a square patched
globally reconfigurable metasurface which can reflect the incident wave to
the anomalous direction. The direction of the reflected field has been
proposed to be controlled globally by introducing a thin layer of the novel
material HfZrO which has the ability to change the permittivity depending
upon the external low voltage biasing conditions. A super cell approach has
been adopted and HfZrO based IDC has been designed to be paced between
the patches in a super cell to provide the impedance change. The study is
under progress and once completed it will be a novel solution for the beam

steering applications.
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The research work has been done under two different collaborations from
Rete Ferroviaria Italiana (RFI) and H2020 NanoEH project. The thesis has
resulted into 4 publications and would further result into two more

publication coming from the IRS activity in the near future.
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