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Abstract

The interest for electric energy power supply to different components in the railway infrastructure,
has become an interesting research topic with the gain of popularity for railway systems. To develop a
smart, reliable, safe and autonomous railway system, specially with the rise of different technologies
such as Internet of things (IoT) devices and wireless sensor nodes (WSN), electric power supply
is needed for such that devices are implemented in a reliable and autonomous manner. Energy
harvesting and wireless power transfer (WPT) technologies can be a key element for power supply
to such devices, to build a sufficient and convenient system. A high level of EM energy has been
shown to exist up to the microwave region and which can have a high potential for EM energy
harvesting.

The aim of this work is to develop novel concepts based on metasurfaces, to enhance the potential
and performance of EM energy harvesting and WPT technologies which can be compatible for the
application in the railway environment. The main challenge is to design an efficient and compact
device specially at low MHz frequencies where conventional rectenna systems can be insufficient.
We first propose a novel concept to enhance the efficiency of EM conventional or off-the-shelf com-
mercialized rectenna systems. It is based on the focusing of the ambient EM waves in an area where
it can be harvested by a rectenna system. The design of focusing metasurface based on the hyper-
boloidal profile of the generalized phase law is proposed: the incident ambient EM energy in the
far-field, is concentrated at a point known as the focal point at a given distance from the metasurface
design. The metasurface designed is simulated and experimental validations in both near field and
far field are proposed. Measurements have been carried in the anechoic chamber to validate the
concept using a commercialized rectenna system and the focusing metasurface design at 900 MHz.
The results have shown that, when implementing the rectenna system along side the focusing meta-
surface, the received power is enhanced by a factor of 5. Field tests were then conducted: the system
was then implemented in the railway environment in the presence of a GSM-R base station, where
the results have shown that, when implementing the metasurface along side the rectenna device, -20
dBm of received power was achieved which can be sufficent to wake up low-input-power devices such
as wireless sensors, whereas the rectenna device (commercial energy harvester) alone showed poor
results of received power around -40 dBm.

An alternative solution for wireless electric power supply in the railway system is WPT. However,
one of the main challenges for such technologies in this case can be line of sight with mobilty issues:
better tracking and wider detection angle of the fed device is required. In this case, the design
of multi-angle retrodirective metasurfaces based on different concepts such as cascading of various
metamaterial super-cell designs, and surface impedance modulation are proposed. These designs
can be implemented along side the fed device (IoT or WSN), in order to enhance the localization
and tracking of the fed device beyond the common line-of-signt limitations reaching extreme oblique
incident angles. Other solutions for efficiency enhancement and miniaturization for EM energy
harvesting systems based on absorbing metasurfaces are proposed at low microwave frequencies.

Key words: Metasurfaces, metamaterials, EM energy harvesting, Wireless power transfer, rail-
way environment, absorption, retro-reflection, focusing, generalized phase law, rectenna systems,
performance enhancement.



Résumé

L’intérét pour I'alimentation en énergie électrique des différents composants de Uinfrastructure fer-
roviaire est devenu un sujet de recherche intéressant avec le gain de popularité des systemes fer-
roviaires. Pour développer un systéeme ferroviaire intelligent, fiable, et autonome, notamment avec
I'essor de différentes technologies telles que les dispositifs de I'Internet des objets et les noeuds de
capteurs sans fil , 'alimentation électrique est nécessaire pour que les dispositifs soient mis en ceuvre
de maniere fiable et autonome. Les technologies de collecte d’énergie et de transfert d’énergie sans
fil peuvent étre un élément clé pour I'alimentation de ces dispositifs, afin de construire un systeme
suffisant et pratique. Il a été démontré qu’un niveau élevé d’énergie électromagnétique existe jusqu’a
la région des micro-ondes a fort potentiel

L’objectif de ce travail est de développer de nouveaux concepts basés sur les métasurfaces, afin
d’améliorer le potentiel et la performance de la récolte d’énergie EM et des technologies WPT qui
peuvent étre compatibles avec ’application dans I’environnement ferroviaire. Le principal défi con-
siste & concevoir un dispositif efficace et compact, en particulier pour les basses fréquences MHz,
ou les systémes rectenna étre insuffisants. Nous proposons tout d’abord un nouveau concept pour
améliorer 'efficacité des systémes conventionnels EM ou des systeémes de rectenna commercialisés sur
étagere. Ce concept est basé sur la focalisation des ondes EM ambiantes dans une zone ou elles peu-
vent étre captées par un systeme de rectenna. La conception d’une métasurface de focalisation basée
sur le profil hyperboloide de la loi de phase généralisée est proposée : 1'énergie électromagnétique
ambiante incidente dans le champ lointain est concentrée en un point appelé point focal & une
distance donnée de la conception de la métasurface. La métasurface est simulée et des validations
expérimentales en champ proche et en champ lointain sont proposées. Des mesures ont été effectuées
dans la chambre anéchoique pour valider le concept en utilisant un systeme de rectenna commer-
cialisé et la conception de la métasurface de focalisation & 900 MHz. Les résultats ont montré que,
lors de la mise en ceuvre du systéme rectenna a coté de la métasurface de focalisation, la puissance
regue est améliorée d’'un facteur 5. Des essais sur le terrain ont ensuite été réalisés : le systeme a
été mis en ceuvre dans I'environnement ferroviaire en présence d’une station de base GSM-R. Les
résultats ont montré que, lorsque la métasurface est mise en ceuvre a co6té du dispositif & antenne
rectangulaire, une puissance recue de -20 dBm est obtenue, ce qui peut étre suffisant pour réveiller
des dispositifs a faible puissance d’entrée tels que des capteurs sans fil, que le dispositif & antenne
rectangulaire seul a donné de mauvais résultats avec une puissance recue d’environ -40 dBm.

Une solution alternative pour ’alimentation électrique sans fil dans le systéme ferroviaire est le
WPT. I'un des principaux défis pour ces technologies dans ce cas peut étre la ligne de vue avec
des problemes de mobilité : un meilleur suivi et un angle de détection plus large du dispositif
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alimenté sont nécessaires. Dans ce cas, la conception de métasurfaces rétrodirectives multi-angles
basée sur différents concepts tels que la mise en cascade de diverses conceptions de super-cellules
métamatérielles et la modulation d’impédance de surface est proposée. Ces conceptions peuvent étre
mises en ceuvre a coté du dispositif alimenté , afin d’améliorer la localisation et le suivi du dispositif
alimenté au-dela des limites communes de la ligne de signal atteignant des angles d’incidence obliques
extrémes. D’autres solutions pour 'amélioration de 'efficacité et la miniaturisation des systémes de
récolte d’énergie EM basés sur des métasurfaces absorbantes sont proposées aux basses fréquences
micro-ondes.

Traduit avec www.DeepL.com/Translator (version gratuite)

Mots clés: Métasurfaces, métamatériaux, collecte d’énergie électromagnétique, transfert d’énergie
sans fil, environnement ferroviaire, absorption, rétro-réflexion, focalisation, loi de phase généralisée,
systemes de rectenna, amélioration des performances.
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General Introduction to Thesis
Work

The growing popularity and increasing number of smart systems and devices, has been remarkable
in the past few years creating lot of opportunities to solve different challenges and problems in
the field of health structure monitoring, automobile tracking, communication systems, biomedical,
transport, safety applications, environmental data gathering and many more. Recently, researchers
have shown significant interest in smart devices and their applications such as IoT systems, WSNs
and 5G communication devices. These systems and their significant number of use cases, can bring
various benefits and enhance the performances of applications and technological devices.

Railway transportation has been a major and popular way of transport in many countries worldwide
in the history of the transport industry. This is mainly due to its social, economical and energy
efficient aspects, also its well known characteristics of low carbon mode, safety and resource efficient
transport mode. With the rise of smart devices and communication systems, the need for the
implementation of such devices in the railway industry for smart railway systems can be beneficial
for more reliable, secure and enhanced maintenance of railway systems. Smart railway systems can
be achieved by the deployement of IoT, WSNs and 5G communication systems. However, such
technologies require low input power supply which can be a challenge for compact systems. Energy
harvesting and wireless power transfer systems can be a key solution and key to enable autonomous
and compact smart systems, specially with various energy sources that can exist in the railway
environment.

Indeed, the railway environment is well-known for various sources of energy which can be considered
for energy harvesting and supply of low input power devices. Many devices have been developed
and deployed in the railway industry based on sources such as vibration [46,47], acoustics [12],
wind [48] and solar energy sources [11]. In the field of electromagnetic energy harvesting less har-
vesting technologies have been developed specially for the railway application [9,10,49], where most
technologies are based on mechanical vibrations on railway tracks. However, in electromagnetics a
high level of electromagnetic energy is present; it has been experimentally observed by Marc Hed-
debaut et al. [13] for frequencies as high as the microwave region, which has also been provided
by SNCF Reseau. Moreover according to the EMC standard EN 50121-3-1 [14] for EM emission
limits in the railway environment a high level of electromagnetic energy can exist at a wideband of
frequency from 10 kHz up to 1 GHz. Different energy harvesting systems based on rectenna devices
have been developed and designed, specially at RF frequencies such as 2.4 GHz [20,21]. To propose
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the design of rectenna systems for applications such as railways, can be a challenge due to its low
efficiency and incompatibility at low frequencies.

Many researchers have worked on the enhancement of the antenna efficiency to increase the level
of power harvested [41,50,51]. Although this method can be a possibility, but some limitations
and challenges can still occur specially in the railway environment in terms of low ambient energy
efficiency and dimensions at low microwave frequencies. In this work, our aim focuses on introducing
and defining novel concepts to enhance the performances of EM energy harvesting and wireless
power transfer systems, based on metamaterial and metasurface designs, in which they can be a
compatible solution to existing technologies, where we can overcome the challenges and limitations
for a compatible device for the railway application.

Metasurfaces [52] are the subject of intensive research nowadays for their applicative potential and
the generality of their design approach [53]. They are characterized by their 2D subwavelength
structure and their ability to control the wavefront of an electromagnetic wave [54,55] with perfect,
abnormal and achromatic reflections [56,57]. Metasurfaces, being two-dimensional materials, can be
easily implemented into and along side other devices [58,59], which can be very useful in different
applications. Their simplicity of design and fabrication can make them very attractive compared to
3D metamaterial structures specially in the microwave region. They are well known for their variety
of characteristics and utilization in terms of application and wave control manipulation [60,61]. The
control of the reflection phase [62] of an incoming incident wave has been significant for metasurfaces
following the generalized phase law [27,63] in different sectors. With the control of the reflection
phase, metasurfaces have been used as ultra thin polarization transformers [64, 65], wave front
manipulation such as beam shaping [66], beam splitting [67], focusing [68], retro-reflection [69, 70],
de-focusing [71], reflection and refraction. Moreover, metasurfaces based on absorption [72-74],
have shown significant potential over conventional absorbers, in terms of miniaturization, efficiency,
absorption bandwidth, polarization insensitivity and wider allowable incident angles. Following this
concept for metasurface absorbers, metasurface energy harvesters arised, where TS Almoneef et
al. [75-78] introduced the concept of energy conversion from electromagnetic to DC electric energy,
using high efficient metasurface absorbers, and introducing a via for energy dissipation.

This work and thesis is in the framework of SNCF Reseau, france. The proposed application is
under investigation by the company for future potential to use and benefit from electromagnetic
energy in the railway infrastructure, for more reliable and smart railway systems. The project is
also co-financed by the “Furopean Union with the European Regional Development Fund” .

Objective of the Thesis

The aim of this thesis is to address the challenges and enhance the performances of EM energy
harvesting and WPT systems, which can be associated and compatible for the application to low-
input-power systems in the railway environment. Indeed a convenient concept and approach is
needed, in order to introduce novelty and mature technology for the proposed application. In this
work, we focus on the use of metasurface designs with their remarkable physical properties, to be a
complementary solution to enhance the performances of existing EM Energy harvesting (EH) and
WPT systems.

Various energy harvesting and wireless power transfer systems have been developed and implemented
by many researchers in the past years for application in the railway environment. With the rise of



LIST OF FIGURES 3

smart railway systems and subsystems using IoT and Wireless sensor network (WSN) devices, the
power supply of such devices using renewable energy in the railway system has been a subject of
research and development such that autonomous systems are enabled. The railway infrastructure is
well known for its rich environment with different sources such as vibrations, sound energy, wind,
solar and electromagnetic fields, which can be considered for harvesting and for the power supply of
low-input-power devices. However, most existing harvesting technologies in the literature for such
applications are based on vibration [46,47], acoustics [12], wind [48] and solar energy sources [11]. To
date no mature technology in terms of electromagnetics has been introduced for railway applications.
Measurements of electromagnetic energy in the railway environment, have been introduced in the
literature [13] and provided by SNCF Reseau. The results have shown the potential of these sources
which can be beneficial in terms of energy harvesting.

However, several challenges need to addressed to overcome the limitations of EM EH and WPT
systems in the railway applications. Some of those include: low surface and radiation efficiencies
of rectenna systems and antenna receivers, large dimensions at low microwave frequencies and line
of sight for WPT devices. We propose to focus on the use of metasurfaces with their exceptional
physical properties, to enhance the performances and as a complementary solution to existing EM
EH and WPT devices, and overcome the challenges and limitations for the railway application.

Indeed, metasurfaces and their remarkable physical properties, can be used as a solution for perfor-
mance enhancement in our application. In our work, we investigate the potential of metasurfaces
in terms of focusing, absorption and anomalous reflection to overcome the challenges introduced for
EM EH and WPT technologies that can arise in the railway environment. A summary of our aim
and aspect is given in Figure 1.

In terms of EM EH systems we introduce and investigate the potential of a novel concept to en-
hance the performance of rectenna systems based on focusing metasurfaces. The concept is defined
by introducing a well designed miniaturized high efficient focusing metasurface following the hyper-
boloidal profile of the genralized phase law. The metasurface in theory can overcome the scattering
of ambient EM energy in the environment where the energy in the far-field is focused at one point at
a certain distance from the metasurface. A rectenna system can then be implemented at the focal
point where the energy is harvested. This solution can overcome the challenge of scattered ambient
energy and low efficiency performances of rectenna devices in such environments.At low microwave
frequencies for the railway application, efficiency and implementation of a compact EH system can
be a challenge. In [75-78] the concept of metasurface energy harvesters based on absorption is given.
This solution is also proposed and can be interesting specially for low microwave frequencies in the
railway environment. Metamaterial absorbing subwavelength inclusions can be used to overcome
the challenge of miniaturization and efficiency for our application.

An alternative solution for power supply can be wireless power transfer. However, the main chal-
lenge specially for railway applications, is line of sight where tracking and localization can be poor
specially for moving trains from the angular aspect. Backscattering engineered surfaces have shown
remarkable results in terms of detection enhancement for different systems. Metasurfaces are well
known for their high efficiency in terms of anomalous reflection. Retrodirectivity is defined in which
a wave is re-directed back in the same direction. Following the generalized phase law of reflection,
one can design a gradient metasurface which can perform retro-reflection at an oblique incident
angle. The challenge is to design passive metasurfaces which can perform retro-reflection for mul-
tiple incident angles simultaneously. We propose two different approaches to achieve multi-angle
retrodirective metasurfaces based on cascading and surface impedance modulation.

With the collaboration of SNCF Reseau in this work, our aim is to demonstrate, test and implement
the potential of one of our concepts in the railway environment and investigate its potential in terms
of EM energy harvesting. We propose to test our concept based on focusing metasurfaces on site
and study its potential specially for the challenge to overcome the low efficiency of ambient EM
energy harvesting.
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Figure 1: Application to supply low input power devices in the railway environment using EM energy
harvesting technologies and WPT. Challenges and proposed solution using the physical properties
of metasurfaces.

Organisation of the dissertation

In chapter 1, an overview is given on existing technologies for energy harvesting and wireless power
transfer that have been developed and deployed in the railway environment. We also highlight
how the railway system can be a rich environment with various sources for energy harvesting from
vibrations, solar, acoustics, piezoelectric, wind and electromagnetic. Thus, with the rise of smart
railway systems using IoT, WSN and 5G communication devices, one can take advantage of the
various sources present to enable autonomous devices. We also highlight the potential of EM energy
in the railway environment, by providing different measurements carried on in the literature and by
SNCF reseau.

In chapter 2, following the overview in chapter 1, we can notice that to date, no mature EM energy
harvesting system has been introduced for railway applications. Thus, we focus on electromagnetic
energy from using existing WPT to WEH technologies. We explain how WPT system works and the
applications where it can be useful, as well as the challenges that may arise. Ambient EM energy
is also introduced, and a study by the Imperical Colledge in London for calculating the energy in
the environment is introduced. Various EM energy harvesting technologies are introduced from
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commercial products and radiators already existing. The main application is the implementation of
such systems and technologies from WPT or WEH in the railway environment. Thus, we introduce
the use cases for such devices and how they can be implemented and used.

In chapter 3, many challenges for EM EH and WPT systems can arise specially for the railway
application. We propose and investigate the potential of metasurfaces as a solution to overcome these
challenges and their ability to enhance their performances. Thus, in this chapter, we focus mainly
on three properties of metasurfaces which can be beneficial for our application which are: focusing,
anomalous reflection and absorption. We give a brief overview of the concept of the generalized
phase law of reflection and refraction for phase control and design of metasurfaces. We also show
different designs and research studies that have been developed over the years for metasurfaces in
terms of wave reflection manipulation, absorption and focusing.

In chapter 4, we propose a novel concept to enhance the efficiency and performances of existing
EM energy harvesting rectenna systems, based on focusing metasurfaces. we discuss a few relevant
inventions and publications concerning rectenna devices and their disadvantages and the problem
we can overcome using our system. We discuss in details the main concept, principle of operation
and design procedure. The objective of the concept is to propose a solution to low efficiency and to
increase the level of power collected by RF energy harvesting systems through the use of a focusing
metasurface of given dimension with respect to frequencies of the ambient EM energy. We will also
show how this device can be used with in addition to existing commercial off-the-shelf harvesting
systems. Measurements have been carried on and a prototype has been fabricated and the concept
has been tested and validated in an anechoic chamber.

In chapter 5, we implement and test our proposed concept on site using the focusing technique
for EM ambient energy harvesting in the railway environment. The measurements were carried on
in collaboration with SNCF R eseau in Paris. The measurements and EM energy harvesting were
based on the use case of the GSM-R system present in the railway environment. We implemented
the system at a far distance in the far-field to determine the potential of our system in terms of EM
harvesting and the power present. When using the focusing concept with the metasurface along side
the rectenna , the system has shown remarkable results in terms of enhancing the power received
by the commercialized rectenna system compared to that when implemented alone. The harvesting
system was able to receive 10W when implemented along side the focusing metasurface compared
to that of 1 nW when using the rectenna alone, which can be an interesting result to supply low
input WSNs where such power in needed to wake up and function the device.

In chapter 6, for alternative technologies to supply power such as WPT, we focus on introducing
novel concepts for the design of efficient multi-angle retrodirective metasurfaces, to overcome the
challenges such as line of sight. This work was published in journals and presented at different
IEEE conferences. Concepts are given from technical based on superposition [69] to physical based
on impedance modulation [70] and fano-resonance [79]. Prototypes and measurements have been
carried out to validate the concept and results. From the applicative point of view, retrodirective
metasurfaces proposed in this case, can be very useful for tracking enhancement performances in
WPT for IOT devices, sensing and radar systems.
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In chapter 7, other solutions using metasurface designs are proposed for EM energy harvesting that
can be interesting to overcome challenges for the railway application. In this chapter, metasurface
energy harvesters are given based on absorption at low microwave frequencies. This solution can be
interesting to overcome the challenges of miniaturization and low efficiency specially at we investigate
the potential of metamaterial energy harvesters based on absorption in terms of efficiency and
miniaturization, with designs at a single frequency and multi-band frequencies.

The conclusion and future work provides a summary of the findings in this thesis, the limitations of
the proposed designs and concepts discussed, as well as future perspectives of the thesis work are
presented.



Part 1

State of the art on energy
harvesting in Railway environment



Introduction

The growth and development of the railway network has been a demanding research topic in the past
years for many companies around the globe. Railway transportation has become an essential method
of transport between regions for many people around the world, this specially due to its safety,
economical value, low carbon mode, resource efficient transport mode and environmental friendly.
Moreover, the enhancement and growth of the railway environment is essential specially with the rise
of different smart technologies such as IoT, wireless sensor networks (WSN) and 5G communication
systems. These technologies can help enhance the reliability, security and maintenance and give
rise to smart railway systems. However, the need of power supply for systems such as WSN or IoT
devices on the railway system can be a challenge, specially to enable autonomous and more reliable
systems for implementation and deployment. The railway environment is said to be rich with various
energy sources from vibrations, wind, acoustics, solar and electromagnetic that can be beneficial to
supply such low power input devices.

In this part, we do an overview on the various existing energy harvesting and wireless power transfer
technologies that have been developed and deployed over the past decade in the railway infras-
tructure. However, most technologies were based on vibration, acoustics and solar energy sources.
Moreover, for WPT, different technologies were introduced based on inductive systems for power
electric charging in the railway infrastructure. A summary is also given for the different EH tech-
nologies and the advantages and disadvantages that can arise. In terms of EM energy sources in
the railway environment, recent measurements observed in the literature are highlighted, whereas
other measurements provided by SNCF Reseau are given. The results have shown a high potential
of power which can be beneficial and interesting to investigate in terms of harvesting, since to date
no mature technology for such application for the given sources has been introduced.

Limitations and different challenges can arise for such technologies for the given application. There-
fore, in chapter 2, we investigate and study existing technologies given in the literature and com-
mercial sector, for different methods and methodologies for rectenna systems, EM energy harvesting
and WPT systems. We also go through the developments that have been rising in the history of
wireless technology. We explain how WPT system works and the applications where it can be useful,
as well as the challenges that may arise. Ambient EM energy is also introduced, and a study by
the Imperical Colledge in London for calculating the energy in the environment is given. Various
EM energy harvesting technologies are introduced from commercial products and radiators already
existing. The main application is the implementation of such systems and technologies from WPT
or WEH in the railway environment.

Finally, the use cases of such technologies and how they can be deployed in the railway system are
defined. Different use cases from implementation in railway tunnels, interaction occuring in the
railway environment, GSM-R systems and the rise of smart railway systems using IoT and WSNs.



Chapter 1

Energy Harvesting and Wireless
Power Transfer Systems in The
Railway Environment

1.1 Introduction

Energy harvesting is the concept where energy is derived from ambient sources of energy in the
environment where it is converted and stored as electric power [15,80,81]. Different sources of
energy can exist in the environment which can vary from solar [82-84], wind [85-87], hydro and
ocean energy [88-91], to electromagnetic [92-94], electrostatic, heat [95-97], thermal variations [98,
99] and mechanical vibrations [46,47], where one can have advantages and disadvantages over the
other depending on the application, cost and environment [100]. The main aim of advanced energy
harvesting technologies is to power low energy electronics such as wireless power sensors without the
need of batteries [101,102].

Nowadays, energy harvesting in the railway environment has become an interesting topic for re-
searchers [1,8-10,49,103-112] with a gain of popularity for railway transportation systems. This is
mainly for the railway industry requirements for electric power supply such as GSM communication
systems, light signals, health monitoring, switching machines and specially with rise of smart rail-
ways using wireless sensor nodes and IOT devices, where energy harvesting can be a key solution for
more autonomous, reliable and feasible system [1] (Figure 1.1). Several low power energy harvesting
systems have been developed and deployed in the railway environment based on existing sources in
the railway infrastructure from mechanical vibrations, wind, solar, thermal, disturbances and elec-
tromagnetic fields (Figure 1.2). The interest is supplying low power to feed sensors in wireless sensor
networks which are deployed for instance for railway health monitoring thus reducing maintenance,
inspection costs and constraints [2,3,113-116]. Many devices typically have been implemented in
several research projects [117] with different energy generation goals.

Several types of energy harvesting technologies have been developed and deployed; they are popular
in railway applications due to the fact that they are based on mature technologies and that the

9
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Figure 1.1: Electric power supply needed for different devices in the railway system. [1]
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Figure 1.2: Sources of energy in the railway environment. [1]

sources present have a sufficiently high amplitude to yield the required power for feeding sensors or
devices. Some of the harvesters that we can mention can vary from piezoelectric energy harvesting
systems [7,118-121] to electromagnetic [89,93,109,122-124],wind energy harvesting systems [111] and
solar based energy harvesting technologies for railways [11,112]. The sources present in the railway
environment can vary which can have disadvantages and advantages depending on the interest of
study and applications [125].

Piezoelectric harvesting systems have been developed to harvest mechanical vibrations and pressure
induced by moving trains to the rail and convert it to electrical power [1,105,121,126-129]. Piezo-
electric components can be made from different materials: crystal, piezoceramics, thin films, screen
printable thick films based on piezoceramics and polymeric materials [130-133]. In terms of solar
based energy harvesting technologies in the railway environment, a practical implementation of a
solar based system for monitoring and analysis system for solar photo voltaic terrestrail vehicles has
been developed in the indian railways [11,112]. The objective was to use renewable energy to de-
crease the use of fossil fuels and emission of carbon dioxide which causes global warming. ALthough
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solar based energy harvesting systems might be practical but they can have some disadvantages since
they depend on several factors such as sunshine hours, solar isolation, climatic conditions, speed of
the train, travelling direction ...etc.

In the field of electromagnetic energy harvesting less electromagnetic energy harvesting technolo-
gies have been developed specially for the railway application [9,9,10,49,92,109, 122], where most
technologies were based on mechanical vibrations on railway tracks. However, in electromagnetics
a high level of electromagnetic energy is present; it has been experimentally observed recently by
Marc Heddebaut et al. [13] for frequencies as high as the microwave region. Moreover according to
the EMC standard EN 50121-3-1 [14] for EM emission limits in the railway environment a high level
of electromagnetic energy can exist at a wideband of frequency from 10 kHz up to 1 GHz. Different
energy harvesting systems based on rectenna energy harvesting systems have been developed and
designs specially at RF and 2.4 GHz [20-22,134-137]. To propose the design of rectenna system for
applications such as railways can be a challenge due to its low efficiency and incompatibility at low
frequencies.

In this chapter, we show the existing technologies for energy harvesting in railway environments
that have been developed and deployed. Researchers have implemented different systems based on
various sources of energy. We show in this chapter energy harvesting technologies based on various
sources of energy from piezoelectric, solar, wind to electromagnetic (EM) energy. In terms of EM
energy, we introduce the potential sources that can exist and different measurements that have been
carried on in the literature and provided to us by SNCF reseau.

1.2 Application: Power-autonomous Wireless power sensor
nodes

Wireless sensor networks have been a focus of research in the freight railroad industry to enable on-
board real time sensing of critical railcar parameters [2,3,113,113-115]. Important railcar aspects
like wheel bearing temperature, air pressure, brake failure, and the integrity of transported goods
can then be monitored closely and reliably. This enables immediate preventive actions in case
of impending failures and also enables trend analysis that can be used to fine tune maintenance
efforts on railcars. These increase the safety, efficiency, and dependability of railroad operations.
Sushanta Mohan Rakshit et al. and John Punwani et al. [2] presented the detail measurements of
Hybrid Technology Networking(HTN) to determine the energy consumed by HTNMote in various
operational situations that are encountered during their operations onboard freight tailcars. Figure
1.3 gives an architectural overview of the system that was tested. There are several HT'NMotes
acting as sensor nodes that sense and report to the cluster gateway via low-power radio wireless
link. The cluster gateways relay this information towards the HTNMote in the locomotive via WiFi
links. Several such clusters span the entire length of the freight train.

Thus, wireless sensor networks (WSN) have been gaining popularity with its rapid and robust assess-
ment of structural integrity. With the recent advances in ambient energy harvesting technologies,
alternative sources of energy for powering WSN can be viable. WSNs powered by ambient energy
harvesting are potentially more useful and economical in the long term than traditional battery
powered WSNs as they can operate for very long periods of time without the need for human in-
volvement and paving the way towards alleviating energy constraints that continue to challenge
WSNs. An example of a system model of a wireless sensor network implemented for railroad health
montoring in shown in Figure 1.4.
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Figure 1.3: Architecture Diagram of the system under test. [2]
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Figure 1.4: System model of wireless sensor nodes implemented along a railway track using sinks
powered by AC supply and Energy harvesting power sensors. [3]

The sinks/gateways are placed at fixed intervals (x) along the railway track. These sinks form the
interface between the energy harvesting powered sensors and the outside world. Over the interval
between each pair of sinks, k-1 sensor nodes are deployed. The components of the wireless sensor
nodes are shown in Figure 1.5a. The energy harvesting device converts ambient energy into electrical,
where the harvested energy is stored continually in a supercapacitor with unlimited recharging cycles.
Once the stored energy reaches a useful level, the energy consumers draw power to carry out the
operation.

Stored
Energy Energy Discharge / Consumption
Energy y .
= g Charging cycle m——————Charging cycle m+~1——
Harvesting Sensor EllE L) Zing C)
Device

Energy Storage Micro C:D Wireless
Device Processor Transceiver £

(a)

Figure 1.5: a) Components and b) energy model of a wireless sensor node powered by an energy
harvester. [3]

Each wireless sensor node is configured to communicate directly with the sink, and define a simple
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energy model as shown in Figure 1.5b. Each charging cycle m comprises a charging phase, char-
acterised by a charging rate G, and full energy level Ey. The charging time in the cycle m (t,,)
depends on E; and the characteristics of G,,,. E,, represents the residual energy. For more details
regarding the analysis and simulations for the given system model refer to the reference. [3]

1.3 1IOT for Railways

Railways over the past years have been playing an important role in the sector of transportation.
However, many challenges and issues have been rising specially those concerning safety, maintenance
and giving rise to smart systems to follow up and be up to date in terms of technologies. Nowadays,
many believe that by combining railway systems with IOT technologies, can allow communication,
exchange of information and give rise to smart railway infrastructure [138-142].From a technical point
of view, IoT technology [143] has two parts, which are the detection and processing phases. For the
detection sector, various sensors and devices collect information relating to things and equipment
such as railways, trains and other infrastructure. During the access stage , the data collected to
objects can be efficiently transmitted to IoT platforms using various IoT access technologies without
effort. Then, the platform analyzes the data and takes a processing phase. Hence, with 10T
technologies, this can give rise to the deployement of intelligent railway infrastructure. Figue 1.6
shows the overall proposed architecture of an IOT solution for smart railways [4].
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Figure 1.6: Overall Proposed Architecture of an IOT solution for Smart Railways [4].

The proposed architecture shows the efficient distribution of information around the IOT platform
in the railway infrastructure. However, IOT systems can be of great potential for smart railway
infrastructure, but the important part is to have an autonomous and reliable system for better
implementation. In order to supply IOT devices on the railway track in a reliable manner, different
solutions can be used. With the rise of wireless power transfer and energy harvesting technologies,
and the great potential of different sources found in the railway environment, these technologies can
be remarkable for the deployment and supplying autonomous IOT technologies.
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1.4 Wireless Power Transfer in the Railway Environment

Wireless power transfer (WPT) is a rising technology which is mainly defined as the transmission
of power without connecting wires [144,145]. It has been a significant research topic over the years
for different applications, specially in reducing toxic materials such as batteries and wires, and has
always been interesting for the built of mature wireless power technologies [146,147]. WPT can be
classified as radiative [148-150] and non-radiative [151] depending on the system and technology
used. For non-radiative WPT systems, near field (short range and mid ranges), the method of
power transfer usually used can be based on inductive [152,153] or capacitive coupling [154]. The
efficiency of these systems can be high up to 95%, but with some drawbacks such as interaction
with human bodies for some applications and the need of a large coupling area. However, for
radiative WPT systems, far field wireless power supply, the methods carried on include basically
microwave/RF technologies or laser photo electricity [155-158]. These systems can be useful for
transfer of power at far distance for low power input devices such as IOT devices or wireless sensor
nodes, but challenges can also occur regarding line of sight adjustments and directivity towards the
fed device.

Railway systems have been known for their conventional power feeding systems using the catenary
and pantograph feeding methods. However, WPT technologies are being developed in the railway
systems, where research studies are being introduced for different applications [5,159-163]. The em-
ployment of WPT systems for high speed trains (Figure 1.7), can give rise to safety, more convenient
and flexible railway infrastructure, solving the problems of traditional supply methods. K Hwang
et .al [162] developed a 1 MW WPT system based on inductive coupling for supplying vehicles of
the railway without batteries. K Yamamoto et .al [6] from Chiba University Japan introduced the
design of a high power contactless transformer for power capacity increasing in the railway envi-
ronment. Their new design methodology was based for a series-series tuned resonant, large-air-gap,
300-kW, online WPT system for train applications considering efficiency, electromagnetic field radi-
ation, output power and voltage level, and control stability. The proposed model is shown in Figure
1.8.

Transmitter

Figure 1.7: View of high-speed train with WPT system [5].

The high capacity coil transformer model proposed, is installed between the rails to provide power
to the railway cars. The power supply of the system was able able to achieve a level of 1 KW at an
operating frequency of 10 KHz and with an efficiency of 73.8%. However, most WPT technologies in
the railway environment proposed are based on inductive and capacitive coupling systems. With the
rise of smart railway infrastructure and IOT, it can be interesting to investigate different systems
and technologies for low input power supply, based on WPT or alternative solutions such as energy
harvesting.
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Figure 1.8: a) Proposed transformer for charging on-board battery for a railway system, b) Miniature
experimental illustration of coil transformer [6].

1.5 Energy Harvesting in the Railway Environment

1.5.1 Vibration
1.5.1.1 Piezoelectric Technologies

Pierre and Jacques Curie, in 1880, were the first to develop an energy harvesting method from
pressure [105]. They experimentally proved that certain crystals can exhibit a surface charge when
subjected to mechanical stress. Piezolelectric materials fall within the class of materials which can
generate electricity for the applications of pressure or vibrations. They can be made from different
materials such as crystal, piezoceramics, thin films and polymetric materials such as polyvinylidene
fluoride.

In terms of railway applications, one of those we can mention for energy harvesting technologies
which are mostly common are based on piezoelectric technologies. Nelson et al. [7] introduced
a piezoelectric system based on crystalline for railway applications. In which the vibration and
pressure provided by the train on the rail can be harvested and converted into electricity. The
Piezoelectric element and its implementation under the rail and field test are shown in Figure 1.9.
They concluded that 0.05 mW is the maximum power that can be generated during every train pass
over the rail which is sufficient to supply wireless sensor nodes.
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Figure 1.9: Piezoelectric element place under the rail which produces voltage due to strain along its
length and the field test where the orange clamps hold the device during glue up. [7]

Other piezoelectric transducers for higher efficiency at low Hz frequencies have also been introduced
[118,126-128]. M.Y.Gao et al [8] introduced a rail-borne piezoelectric transducer for harvesting
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vibration in the railway at low frequencies between 5 Hz to 7THz. The illustration of the rail-borne
transducer is given in Figure 1.10. The prototype was capable of small railway vibrations from 0.2
mm to 0.4 mm rail displacement. The output power of 4.9 mW and voltage 22.1 V with a load
impedance of 100 kOhms was achieved for a piezoelectric energy harvester of total dimensions 200
mm X 170 mm x 80 mm.

Copper electrode

Figure 1.10: Tllustration of bogie rail harvester scales(left); enlarged view of clamped cantilevered
piezoelectric beam configuration(right). [8]
1.5.1.2 Electromagnetic Technologies Based on Mechanical Vibrations

Electromagnetic generators operate based on electromagnetic induction, known as Faraday’s law,
which states that when an electric conductor is moved relative to a magnetic field, electric current
will be induced in the conductor. These can operate in direct current or alternating current, single
phase or three phases. Such generators are mostly used in the big power plants based on both non-
renewable sources such as nuclear and thermal, as well as those based on renewable sources such as
hydropower plants, wind turbines and even wave energy technologies [80,105].

In the field of energy harvesting, smaller electromagnetic generators have been developed over the
last decade in order to convert ambient energy sources which are mostly based on mechanical vibra-
tions [9,10,93,103,109,122,123]. Electromagnetic generators are different from piezoelectric systems,
as they are not actuated directly by the mechanical energy of moving trains. Interfaces are applied
to maximise the harvested energy, supply the electromagnetic generators with the appropriate char-
acteristics of mechanical energy, exploit their maximum efficiency, guarantee best performances and
protect them from high loads that could incur damage. The harvesting units are based on electro-
mechanical systems, hydraulic or pneumatic systems, or micro- electro-mechanical systems.

In terms of railway applications for energy harvesting, some prototypes and designs have been
developed based on mechanical vibrations induced by the train on the rail track. An electromagnetic
energy harvester for mechanical vibrations has been proposed by S. Bradai et al. [9] for traveling
trains between two German cities. The proposed design is given in Figure 1.11a.

The design is formed with a mechanical spring where a coil is attached. Magnets are placed inside
the coil. The main advantage of this design that it can be placed in a magnetic environment, its
compactness and the possibility to tune the resonant frequency by changing the stiffness spring
or using an added mass. To ensure the system functionality, two main concepts are used for the
converter design. The first is to use a mechanical spring where a coil or magnet is attached and
moves relevant to that of the applied excitation (Figure 1.11b). The second is based on the use of
magnetic spring principle to transmit the applied vibration. The coil is fixed in this case surrounding
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Figure 1.11: a) Proposed mechanical design for the electromagnetic converter. b) Electromagnetic
converter architecture based on a mechanical spring and magnetic spring. [9]
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Figure 1.12: a),c) applied random excitation for the converter, b),d) generated voltage from the
converter. [9]

the moving magnet from the magnetic spring (Figure 1.11b). The experimental results for the given
prototype are given in Figure 1.12.

The measured profiles are characterized by an acceleration amplitude up to 10 m/s? and a frequency
range between 20 to 40 Hz. Results indicate that a maximum of 1.7 V peak to peak voltage
corresponds to a maximum of 10 mW output power which can be reached for specific cycle where
the frequency is close to the resonant frequency of the converter.

Other prototypes have been developed for high efficiency and more compact applications for electro-
magnetic energy harvesting. One of those we can mention was presented by John Wang et al. [10]
where they designed a mechanical motion rectifier (MMR) based energy harvester to harvest the
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vibrational power from railroad track deflections due to passing trains. The difference between the
design and existing topologies is that typical vibration energy harvester technologies are built for
low power applications of milliwatts range, whereas they presented a design for higher power appli-
cations such as major track-side equipment such as warning signals, switches, and health monitoring
systems which require a power supply of 10-100 Watts. The details and the finished MMR prototype
are shown in Figure 1.13.

They concluded that the designed prototype shows capability of harvesting 10-50 Watts. It is also
able to harvest 28 Watts for very low track ocillations of 1 cm/second. For normal track motion the
efficiency was between 45-47%. The mechanical efficiencies ranged between 49% to 71% depending
on the type of resistor used and the load pattern on the device. This illustrates features and benefits
of the MMR, based harvester, which showed reduction of continual system loading, regulation of
generator speed, and capability of continuos DC power generation.

Electric Generator
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Figure 1.13: On the left we have the drawing of the MMR based harvester prototype and on the left
the finished and deployed MMR harvester prototype. [10]

1.5.2 Solar Power

In terms of solar energy harvesting systems in the railway environment, a practical implementation,
monitoring and analysis system for solar photo voltaic terrestrial vehicles in indian scenarios has
been tested and deployed [11]. The aim is the use of renewable sources such as solar energy which
can be relevant energy to limited fossil fuel to decrease emissions of carbon dioxide and global
warming. The project is to serve the proof of concept for a roof top solar energy harvesting system
to contribute to the electrical power requirements of Linke Hofmann Busch coaches of a train in the
indian railways. The 3D model of the setup of solar photovoltaic panels is shown in Figure 1.14.

Energy Monitoring System
(EMS)

Solar Paneis

Figure 1.14: 3D schematic of solar Photovoltaic panels on train setup. [11]

The system operation of the solar photovoltaic (PV) system is shown in a schmatic diagram in



CHAPTER 1. ENERGY HARVESTING AND WIRELESS POWER TRANSFER SYSTEMS
IN THE RAILWAY ENVIRONMENT 19

Figure 1.15. The solar PV modules capture the incident solar radiation, feeding the energy to a
charge controller unit that controls the charging battery bank and also powers the sample loads
in the coach a shown. The Data Acquisition and Control unit (DAC) is also shown in the block
diagram. The system configuration details are shown in Figure 1.16 in the table below.

They concluded that by implementing the solar energy harvesting system on all 63,511 coaches in
the railways can enable 450 million units of electrical power to be harvested from solar energy which
can result in savings of 11 crore litres of diesel and reduction of carbon dioxide emissions by 3 lakh
tonnes every year.

SOLAR PANELS ON TRAIN

iz

PARAMETERS

SAMPLEDC LOADS

- |
................... N
Other Charge controlle
Sensor
measurements

REMOTE CONTROL AND CUSTOMIZED DATA LOGGING
O O
Charge/Discharge status indicater : "

Figuma 1 15 2N crhamatic of cnlor Dhoatavnlénin nanale an érain ontan [1]]

S1. No. Parameter Value

1 Solar Panel capacity 380W

2 System Voltage level 24V

3 Net _ battery current | o0y
capacity

4 Area covered by the panels | 1.875m’

Figure 1.16: Table: System configuration details. [11]
1.5.3 Acoustic Energy

Other energy harvesting technologies have also been addressed based on acoustic high speed train
noises at low frequencies. Yuan Wang et al. [12] proposed a novel noise barrier that harvests alter-
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native acoustic energy using a Helmholtz resonator and a Poly-vinyli-dene Fluoride (PVDF) film
to achieve noise reduction and electricity generation. The thoeretical and prototype model of the
proposed Helmholtz resonator is shown in Figure 1.17.

Sound pressure

bdidyy

Mass

Neck 9: L.

Volume,V

Spring

Cavity .

a) b)
Figure 1.17: a) Model of the Helmholtz resonator. b) The mass-spring model. [12]

The resonator is then connected to a rectifying circuit. The sound incoming by the train puts
pressure on the spring within the model. A proposed scenario of the system is given in Figure 1.18.

AC . DC | Super
.)))) Rectifier | capacitor

Noise Acoustic
Harvesting Unit Converter Load

Figure 1.18: Electric circuit and illustration of the acoustic energy harvesting system. [12]

The noise or sound can be regarded as a mass vibrating with the incident sound waves, while the air
in the container is expanded and shrunk due to the vibrations of the air through the neck. Then, it
can be seen as a spring, and the helmontz rasonator is the same as a mass spring system which is
explained in Figure 1.17b.

A prototype of the noise barrier system was fabricated and installed in the high speed railway
environment. The prototype and installation are shown in Figure 1.19. The system was installed in
a residential area as shown in Figure 1.19b, where it can collect the sound energy from the running
high-speed trains, while also reducing the noise to the neighbourhood.

In terms of efficiency, the system was tested in a lab for measurements. The amplification ratio
was calculated both for simulation and measurements between 400 and 600 Hz. The results are
given in Figure 1.20. The result have shown an amplification ratio between output power and
incident power of 18.13% at 440 Hz. Table 1.1 gives a summary from the literature review of some
energy harvesting systems in the railway environment based on different sources of energy. It also
highlights the efficiency of each system and drawbacks or disadvantages with respect to railway
energy harvesting systems.
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(a) Prototype

(b) Installation

Figure 1.19: Prototype and installation of the noise barrier. [12]
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Figure 1.20: The frequency response and amplification ratio for the acoustic energy harvesting

system. [12]

Table 1.1: Summary of some energy harvesting systems in the railway environment based on different
sources and their efficiency and drawbacks.

Energy Harvesting | Year Categories Efficiency Drawbacks
System
L2 2013 Vibration 49% to 71% depending on the | Invasive and close
[10] Sources type of resistor used and the | to the system
load pattern on the device.
2018 Acoustic Energy | 20.8% amplification ratio. Close to the system

and bulky.
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2018 Vibration 10mW output power at 40 Hz. | Close to the sys-
Sources tem, easy to break.
2016 Vibration 55% output power up to 6.9 | Close to the system
Sources W. and invasive.
2020 Piezoelectric Average output power up to | Difficult to fabri-
[165] 20.9 mW. cate.
-
o ] 2017 Hybrid Energy | 0.34 mW/g peak power den- | High cost and diffi-
[115] Harvesting sity. cult to fabricate.
w1l . : .
2019 Wind Energy | Max output power 107mW | Difficult to fabri-
[48] Harvester and efficiency 23.2%. cate and climate
conditions
dant.
2015 Solar Energy 380W solar panel capacity. High cost and not
railway specific.

1.6 Electromagnetic Energy Sources in the Railway Environ-
ment

The aim is to study the potential EM sources of energy found in the railway environment. A wide-
band analysis of the railway catenary line radiation and new applications of its unintentional signals
has been observed by Marc Heddebaut et al. [13] They observed that the catenary line, connected
to the train pantograph through a sliding contact, arcing while transferring electrical power from
the catenary line to the train traction chain. Since a huge quantity of electrical energy is transferred
through this sliding contact where this phenomenon occurs frequently. In the electromagnetic spec-
trum, a radiation is emitted whose characteristics are directly linked to the physical phenomenon
involved in the generation of electric sparks. Validation and measurements has been performed from
10 kHz to 1 GHz magnetic field noted H, and electric field noted E were performed and recorded
along a high speed railway line. An example of a railway infrastructure with a high speed train
running is shown in Figure 1.21.
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Recently, it has been observed experimentally by Marc Heddebaut et al [13] that high levels of
disturbances and electromagnetic sources can exist in the railway environment for frequencies as
high as the microwave region. Measurements have been carried out for a passing train at different
frequency bands. The configuration setups for the measurements are shown in figures 1.22 and 1.23.

Figure 1.21: Catenary line, pantograph and rail return current to feed the train electrical traction
chain. [13]

Figure 1.22: a) Biconical antenna responsive telectrico the polarized electric field for receiving an
field component. b) Magnetic loop parallel to the loop catenary wire rail [13].

Figures 1.22a and 1.22b show the antenna setup implemented in the railway. The antennas used are
a biconical antenna and a magnetic loop for measurements from 200 Hz up to 300 MHz using the
magnetic loop and the biconical antenna for measurements in the microwave region. In Figure 1.23
we see the configuration setup for the analysis and measurements using a vector network analyzer.
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Figure 1.23: Configuration of the measurement setup using a vector network analyzer [13]

1.6.1 Measurements

The measurements were carried out at a selected road bridge crossing a high speed line where
the equipment were installed overhanging the railway line. Different sensors were used at different
band of frequencies, as well as various measurements and results, for more details one can refer to
the following reference [13]. Here we show some measurements which are interesting for us in the
microwave region. Figure 1.24a shows the measurements in the frequency band between 50 MHz
and 300 MHz during the absence of a passing train. The results show very low power levels with a
peak of -38 dBm. However, for a passing train, higher levels were detected in the same frequency
range with a peak up to -30 dBm.
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Figure 1.24: Received signal a) during the absence of a train and b) during the passage of a train
at frequencies between 9 kHz to 300 MHz. [13]

Moreover according to the EMC standard EN 50121-3-1 [14], for EM emission limits in the railway
environment, a high level of electromagnetic energy can exist at a wide band of frequency from 10
kHz to 1 GHz. Figure 1.25 shows the EM emission energy levels in the railway environment for
the electric field region and magnetic field region with respect to frequency. It should be noted
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that the gap in fields levels in the frequency bands are due to the fact the field is measured using
detector with different integration times in each band. The integration time of the detectors are
defined based on those present in victim EM devices available at those frequencies. For instance, for
higher frequency range, devices considered are telecommunication systems and the integration time
is higher resulting in a higher E-field level.

1.6.1.1 Measurements demonstrated in Bellfort provided by SNCF

Measurements in terms of electric field energy at a wide band of frequency, have been carried out
in Belfort France for the railway infrastructure, and provided by SNCF Reseau. High values have
been shown at GSM band frequencies between 800 MHz - 850MHz and 900MHz - 950MHz. These
energies are present due to the GSM-R telecommunication systems and base stations found around
the railway infrastructure. The other sources of energy present between 400 MHz and 700 MHz
can be due to the interactions happening in the railway environment between the catenay and the
pantograph. The results are shown in Figure 1.26.

Our aim is to design an energy harvesting system based on metamaterials to recover the energies
present in the GSM band frequencies and at lower MHz frequencies, for applications such as supply
of wireless power sensors.

According to the observation and measurements that have been carried out for the radiation emis-
sions in the railway environment, the possible application can be is to design an energy harvesting
system to convert EM radiation into electrical which can be provided to wireless power sensors which
can be used for health infrastructure monitoring and other applications. Figure 1.27 presents an
example of the energy harvesting process.

dB (uASm) H e dB (uV/m)
100 100
N
o R
& |
60 }\ \ — 1 "\S” 60
\\\ A il
50 \c\\ \ g 1T TTT1 I T 1 S0
40 N L W NSy HH ! 1 11 40
™ g Y
30 NI 30
T
20 \\ N 20
\\\
10 = 10
0 0
10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1GHz
9 kHz 150 kHz 30 MHz

Figure 1.25: Measurements of the field radiation in the railway environment, where the curves A, B
and C show the radiation emission limits. For more details refer to the standard EN 50121-3-1. [14]

1.7 Conclusion

With the rise of different novel technological systems for a future with smart infrastructure, railways
have been gained popularity in this context, for more reliable, safe, secure and enhanced infras-
tructure. However, for autonomous reliable systems such as IOT or WSN, electric power supply
is needed. Moreover, the railway system can be a rich environment with different ambient energy
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Figure 1.26: Measurements of the E-field magnitude (dBuV) with respect to frequency carried out
by SNCF in Belfort in the railway environment

Recovery of EM energy and
coversion into  electric
energy at the sensor supply

of the track (((
=

Low cost energy harvesting system

Design of an energy harvesting systemto
convert EM energy into electrical

Figure 1.27: Example of the possible energy harvesting process in the railway environment.

sources from vibrations, sound energy, wind, solar to EM/Microwave RF energy. In this chapter,
we examined different existing energy harvesting systems based on these sources, that have been
designed and implemented for the railway system. Wireless power transfer has also been a solution
for high power charging of the railway cars.

In terms of EM/ RF energy harvesting in the railway environment, to date no mature technology
has been developed. However, measurements have been carried on by our team to determine the
potential EM sources in the railway environment. It has been shown that high levels of EM energy
can exist up to the microwave region at 1 GHz. Based on these studies, we would like to investigate
the potential to design a mature and reliable EM energy harvesting, by introducing novel concepts
for EM energy harvesting based on metasurfaces.



Chapter 2

Electromagnetic Energy
Harvesting and Wireless Power
Transfer

2.1 Introduction

Wireless Power Transfer (WPT) or electromagnetic energy transfer is the transmission [144,166-169]
of energy without wires as a physical link. In a wireless power transmission system, a transmitter
device, driven by electric power from a power source, generates a time-varying electromagnetic field,
which transmits power across space to a receiver device, which extracts power from the field and
supplies it to an electrical load [170-173]. Wireless power transfer is useful to power electrical devices
where interconnecting wires are inconvenient, hazardous, or are not possible [174-178].

After 1890 inventor Nikola Tesla (Figure 2.1) experimented with transmitting power by inductive
and capacitive coupling using spark-excited radio frequency resonant transformers, now called Tesla
coils, which generated high AC voltages [179]. Tesla went on to develop a wireless power distribution
system that he hoped would be capable of transmitting power long distance directly into homes
and factories. Later, Guglielmo Marconi [180-182] (Figure 2.1) came later and began to conduct
experiments in radio waves, where he proved that information can also be transmitted with an
electromagnetic wave.

Wireless power transfer can have lot of advantages for different applications, where it can be an
energy supply for different batteryless and autonomous devices. One of those applications we can
mention are biomedical devices [183-185], IOT systems [17,186-188], wireless sensor nodes [189,190)
and mobile applications [191,192]. Ambient energy harvesting systems are also other solutions and
technologies that are used in different applications such as solar energy harvesters [193], piezoelectric
[132], wind [194], vibration sources [195], electromagnetics and RF energy [196]. These technologies
can be of remarkable use for green energy [197] and also instead of the use of batteries and wires.

27
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Wireless Power Transmission WPT Wireless Information Transmission WIT

1

Figure 2.1: On the left shows the picture of Nikola Tesla who started WPT and on the right
Guglielmo Marconi inventor of the radio.

RF Transmitted RF Received

Power Power DC Received

Wireless Energy Power
Channel Receiver

DC Transmitted
Power Energy

Transmitter

Figure 2.2: Wireless Power Transfer from DC to RF through an antenna transmitter to an antenna
receiver.

Moreover, in terms of the differentiation between wireless power transfer (WPT) and wireless energy
harvesting (WEH) [198], the common characteristics is that both depend on wireless energy as well
as being far-field techniques. For the case of RF and electromagnetics, in WPT the antenna is
designed for the transmission of energy through an energy flow to a receiver or collector, which is
different compared to that of WEH where an energy harvesting system is designed for the collection
of ambient energy. Figure 2.2 shows the scenario of a WPT method, where a antenna transmitter
transmits energy through a channel to an antenna receiver.

In past, WPT was used in targeting long distance and high power applications mainly driven by
wireless powered aircrafts [199,200] which require huge transmission antennas for high transmission
power. In modern WPT, low power wireless systems up to few Watts are being used for moderate
distances about few meters, which are being used for remotely charging of various low- to medium
power devices such as wireless power sensors [189,190]. Challenges that can be present for WPT are
range, efficiency, non-line of sight, mobility support, energy consumption...etc.

However, WEH can differ from WPT in the case that an energy transmitter is absent and the receiver
functions as a collector of ambient energy sources. Thus, a high efficient energy harvesting system
is needed since the energy received cannot be controlled and high power is needed across the diode
to feed the load in the rectifying circuit. An architecture of an energy harvesting system is shown
in Figure 2.3 [15,201] .

In this chapter, we focus on electromagnetic energy from using WPT to WEH technologies. We
explain how WPT system works and the applications where it can be useful, as well as the challenges
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Figure 2.3: Rectenna architecture design consisting of an antenna, Rectifier circuit and storage
elements. [15]

that may arise. Ambient EM energy is also introduced, and a study by the Imperical Colledge in
London for calculating the energy in the environment is introduced. Various EM energy harvesting
technologies are introduced from commercial products and radiators already existing. The main
application is the implementation of such systems and technologies from WPT or WEH in the
railway environment. Thus, we introduce the use cases for such devices and how they can be
implemented and used.

2.2 State of the Art on Wireless Power Transfer

The remarkable history of wireless power transfer (WPT) starts with Hertz to our present time. The
path of wireless power transfer history to our daily times is illustrated in Figure 2.4 [16]. Prof. Hertz
demonstrated in the 18th century the propagation of an electromagnetic wave through space [202].
After that, Tesla went on to develop a wireless power distribution system that he hoped would be
capable of transmitting power long distance directly into homes and factories. However, using the
vacuum tube oscillator to transmit power inductively was demonstrated in 1964 [144]. Furthermore,
the development of microwave antennas made it possible for wireless power transfer to used for
different application at that time specially for aircrafts [144,199,200].

Recent advances in the domain of wireless power transfer, specially after Prof. Marin Soljacic of
Massachusetts Institute of Technology proposed the magnetic resonance wireless power transfer
(WPT) in 2007, has made wireless charging possible for different applications [203-205].Most recent
and common usage and application for WPT is the rise of autonomous wireless sensor networks and
IOT devices [17,18,206-208]. The aim is the usage of green energy based technologies and battery-
less, which can be compact and better for implementation. One of the sensor nodes designed by
Solmu Technologies is shown in Figure 2.5a.

The main component in this case which they focus on, is the design of an efficient antenna transmis-
sion system. The designed directional antenna used as a wireless power supplier is shown in Figure
2.5b.

However, WPT has also been investigated to power up deep space IOT sensors to reduce the weight
of cables for deep space exploration [18]. Figure 2.6a shows an illustration for the deployment of
IOT sensors on top of a surface of a planet or comet. It can be challenging for such applications in
terms of WPT, thus they proposed a vector modular active beam forming antenna array for such
applications where various numbers of sensors should be fed. The module suggested is given in
Figure 2.6b.
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Figure 2.4: Different Wireless Power Transfer technologies and timeline over the past history. [16]

a) b)

Figure 2.5: a) An integrated sensor node by Solmu Technologies. b) Prototyped antenna for energy
transmission. [17]

2.3 Ambient Electromagnetic Energy
In terms of ambient energy in the environment of energy harvesting system, sources must be of high

level and efficient enough to be collected and stored as electrical energy. A study has been done for
London underground for Rf spectral survey by the Imperical College of London. The map of the
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Figure 2.6: a) Internet of things on deep space exploration. b) vector modular active beam forming
antenna array used. [18]

locations where ambient sources have been studied is shown in Figure 2.7.
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Figure 2.7: Map of different locations of london underground for the study of ambient sources of
energy.(Imperical Colledge London)

For the equipment to determine the measurements, a spectrum analyzer and omnidirectional antenna
(0.3 GHz - 3 GHz) were used to carry out the study as shown in Figure 2.8.

The power levels of the ambient sources for London underground at different frequency bands are
presented in the table in Figure 2.9. The study has been carried out for different frequency bands
(DTV, GSM 900, GSM 1800, WiFi, 3G), where maximum power was obtained in the GSM 1800
band.
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Figure 2.8: Spectrum analyzer and omnidirectional antenna for a band of frequency from 0.3 GHz
- 3 GHz.(Imperical Colledge London)

Band name | Frequency (MHz) Average P
(pWicm?)

m 470- 610 140 0.89x10-3 0.046
GSM 900 921 - 960 39 0.036 1.93
GSM 1800 1805 - 1876 71 0.084 6.39

2400 - 2473 73 0.18x10-3 6.47x10-3
2110 - 2170 60 0.012 0.24

Figure 2.9: Power energy obtained for London underground ambient sources study at different bands
of frequency.(Imperical Colledge London)

2.4 State of the technology: RF harvesters - commercial
products

In todays wireless connected world, ambient Radio Frequency (RF) energy is everywhere. Techni-
cally, this free-flowing energy can be captured, converted and stored for use in other applications.
In fact, it is already in use in a number of ultra-low-power, battery-free applications, such as RFID
tags, contactless smart cards, and wireless sensor networks. As a result of technological advances,
harvested RF energy is just beginning to realize its wider potential, including charging batteries
in smartphones and other portable devices. These enabling technologies include RF transceivers,
power conversion circuits, and ultra-low-power microcontrollers, all of which are becoming ever more
efficient.

2.4.1 Radiators

Currently, emerging technologies and recent commercial products have been developed. These in-
clude energy harvesting development kits that support RF energy harvesting [209,210].RF energy is
readily available in most inhabited areas from sources such as TV, radio and cellular phone antennas
as well as wireless radio (Wi-Fi) networks, base stations, routers and even portable communications
devices. RF energy can be captured via a power generating circuit linked to a receiving antenna,
then converted into usable DC voltage. In the same way as other energy harvesting sources, the
converted power can either be stored directly in a battery, or can be accumulated in a capacitor to
power circuits directly or charge a battery.

Although the power available from ambient RF energy is very low (typically measured in microwatts),
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it has proven to be sufficient for a number of applications, such as RFID tags, wireless sensor
networks for remote monitoring, and NFC functionality in contactless smart cards and more recently
in smartphones [211].

RFID tags, for example, incorporate an integrated sensor, transmitter and antenna, which harvest
just enough RF energy from the RF signal sent by the reader, to send back identification information.
Evolving technology is enabling tags to be made smaller and to increase read ranges. Typically
requiring just microwatts of energy to transmit ID data, the read range will vary depending on
the power of the transmitter. Indeed, in any application, proximity to the transmitting antenna is
critical and this, combined with the power output of the source, will define the types of applications
that can be supported. An RF Tag presented by Murata Electronic North America is shown in
Figure 2.10a.
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Figure 2.10: a) RFID tag presented bu Murata Electronic North America technologies for a frequency
of 13.5 MHz. b) Block diagram of the RFID tag.

The block diagram of the RFID tag is given in Figure 2.10b. The RF Tag operated at 13.5 MHz
with an embedded antenna and using NXP NTAG213 1152bit user memory.

In the commercial world, the product choice continues to grow. A technology leader in the contactless
smart card and NFC marketplace, STMicroelectronics, has recently released a development platform
for its innovative contactless memories with RF energy harvesting capabilities. Designed for battery-
free applications that can exchange data with (ISO15693 compatible) NFC-enabled smartphones
and RFID systems, the M24LR Discovery Kit is based on the company’s M24LR EEPROMSs. The
memory device itself features a standard interface as well as an RF interface, which can convert
ambient radio waves emitted by RFID reader/writers and NFC phones, or other portable devices,
to power its circuits, thereby giving it energy-autonomous, battery-free operation. The prototype of
the M24LR Discovery Kit with RF energy harvesting EEPROM is shown in Figure 2.11 [19].

The kit meanwhile, includes an RF transceiver board with a 13.56 MHz multiprotocol RFID/NFC
transceiver, driven by an STM32 32-bit microcontroller, which powers and communicates wirelessly
with a second board equipped with the M24LR. dual interface EEPROM, the STMS8L, STs ultra-low
power 8-bit microcontroller and a temperature sensor.

The amount of energy available is dependent on the RF power of the source and the distance between
the devices. The use of ultra-low power microcontrollers is essential, and devices in STs STMS8L
range offer five different power modes, consuming just 300 nA in its lowest power mode.

Applications for the M24LR energy harvesting solution are seen in energy-autonomous data collec-
tion, asset tracking and diagnostics in a wide variety of sectors, including electronic shelf labels,
home appliances, industrial automation, sensing and monitoring systems and personal healthcare
products.
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Figure 2.11: The M24LR Discovery Kit with RF energy harvesting EEPROM. [19]

2.4.2 Rectifying circuits

In terms of rectifying circuits for RF energy harvesting commercial products, different technologies
and designs have been developed and introduced by different companies. One we can mention is the
P1110 RF power harvester which has been introduced as POWERCAST product. The chip P1110
and its block diagram are shown in Figure 2.12a and 2.12b.
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Figure 2.12: a) The P1110B designed by POWERCAST design and pins b) P1110B block diagram

The Powercast P1110B Powerharvester receiver is an RF energy harvesting device that converts RF
to DC. Housed in a compact SMD package, the P1110B receiver provides RF energy harvesting and
power management for battery and capacitor recharging. The P1110B converts RF energy to DC
and provides the energy to the attached storage element. When an adjustable voltage threshold on
the storage element is achieved, the P1110B automatically disables charging. A microprocessor can
be used to obtain data from the component for improving overall system operation. The P1110B
features high conversion efficiency greater than 70%, low power consumption, configurable voltage
output to support Li-ion and Alkaline battery recharging, operation from 0V to support capacitor
charging, received signal strength indicator, no external RF components required -internally matched
to 50 ohms, wide operating range, operation down to -5 dBm input power and industrial temperature
range.

2.5 State of the research on electromagnetic energy harvesters:
Radiators

2.5.1 Antennas at 2.4 GHz

In terms of electromagnetic energy harvesting and power detection from RF to DC energy, different
antenna and rectifying systems have been developed and designed specially at 2.4 GHz [20,21,134].
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The design of rectenna systems for low input power less than -10 dBm are in investigated. Vlad
Marian et al. [20] introduced the design of a rectifying antenna for low power detection where their
performances have been evaluated through the definition of a Figure of Merit.

In RF to DC conversion circuits, circuits are built around diodes or diode-mounted transistors.
Diode threshold voltage has to be overcome in order to put them in a conductive state; it is a key
factor when choosing a diode for designing a rectenna. Under high power levels, diode threshold is
not an issue because it is small compared to incident high frequency voltage amplitude, but losses
due to diode threshold become predominant in the case of low incident power levels (below 1 mW).

In a typical rectenna circuit (Figure 2.13) incident RF power captured by the antenna is transformed
into DC power by the diode based converter. A HF filter ensures impedance match between the
rectifier and the antenna for optimal power transfer. The output DC filter smoothens the output DC
voltage and current by attenuating high frequency harmonics present in the RF signal or generated
by the highly nonlinear rectification process. They have introduced two rectifying circuits to compare
the results of the output voltage across a 3 K(2 resistor. The two circuit designs are shown in Figure
2.14.

Diode
Rectifier

HF Z‘g DC Load

Filter Filter

Antenna

Figure 2.13: Block diagram of a rectenna design. [20]
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Figure 2.14: Reference circuit with 50 Ohm input impedance (top); and fully optimized rectifier
with non-50 Ohm impedance (bottom). [20]

The results of Figure 2.15b validate the different guidelines applied to the design. Although maxi-
mum DC voltage level is different between simulation and measurement (around 100 mV), a relative
comparison between the reference circuit and the optimized one leads to a great compliance between
the predicted result and the measurement. As a whole, an improvement of output voltage of around
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100 mV is observed when the antenna impedance is added to the design optimization. Notice that
this last design leads to a more selective behavior of the rectenna. Rectenna system performance
was given through a 3 KOhms Load Resistor where the efficiency was recorded to be equal to 25%.

= Reference simulation

s Boforence measure

—— Optimized simulation
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Figure 2.15: a) The realized reference circuit with 50 Ohm input impedance (top) and fully optimized
rectifier (bottom). b) Output Voltages of the given designs. [20]

Rectenna designs have been also introduced by A. Georgiadis et al, [21] where they designed a
rectenna system combining the methodology of electromagnetic (EM) simulation and harmonic
balance (HB) analysis. It consists of applying reciprocity theory to calculate the Thevenin equivalent
circuit of the receiving antenna and optimizing the rectifying circuit parameters using HB analysis.
The method is demonstrated by designing a 2.45-GHz rectenna based on a square aperture-coupled
patch antenna with dual linear polarizations.The design is shown in Figure 2.16a.
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Figure 2.16: a) Fabricated rectenna Top view of radiating patch and bottom view of rectifier cir-
cuit.b) Efficiency of the rectenna design for different input powers across a 6.2 k) resistance. [21]

The circuit given has been optimized for low input power densities. The result of the RF to DC
efficiency of the designed rectenna is given in Figure 2.16b. The results show that a simulated
maximum efficiency of 38.2% was obtained for 1.5 uWem? input RF power density at 2.43 GHz
across a load resistance of 6.2 k(.

2.5.2 Antenna arrays

In terms of rectenna systems for energy harvesting the main elements are the antenna and the
rectifier. Different rectenna systems have been developed for energy harveting which has been
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shown to be of low efficiency and narrow band [135]. Hucheng Sun et al. [22] introduced a dual
band rectenna using broadband Yagi Antenna array for ambient energy harvesting. The details and
prototype of the design are given in Figure 2.17a. The efficiencies of the designed Yagi antenna
array are given in Figure 2.17b. The design has shown to give a maximum efficiency up to 38% at
1.85 GHz and 35% at 2.15 GHz for -18 dBm input power.
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Figure 2.17: a) Photographs of the 14 quasi-Yagi array top side and back side. b) Efficiencies of the
Yagi design antenna array with respect to frequency for different input power levels [22].

2.6 Use Cases for EM energy harvesters in the Railway En-
vironment

Nowadays, the development of an intelligent rail infrastructure is said to be an important research
topic for different companies in the railway industry. This requires the deployment of wireless power
sensor nodes which are embedded and placed along the railway infrastructure, in order to monitor
various parameters for operations, maintenance and safety. These sensors provide measurement
and perception functions for the railway environment. Harnessing the data from these sensors
enables infrastructure managers and operators to ensure increased resilience, which is vital for these
critical infrastructures. For example, the only cost of cable theft is about 30 million euros each
year on the national rail network, not to mention the consequences in terms of operating losses and
image of the mode of operation. However, the operational implementation of on-board and off-road
autonomous sensors is hampered by a number of technological obstacles in the highly constrained
railway environment. A particular problem to be solved concerns the power supply of these sensors.
Although they can be developed to require only low power consumption, they require a minimum
power supply to acquire the requested data and transfer it to a control station.

Therefore, developing a network of sensors to build a smart rail infrastructure requires serious
consideration to determine an effective power supply of these equipment. Thus, the objective is to
design an EM energy harvesting system to supply power to wireless power sensors benefiting from
the sources of EM energy which exist in the railway infrastructure. The project is being carried out
in collaboration with SNCF, they have prioritized use cases and provide access to data to analyze
the availability of electromagnetic energy on the network. The radiations from the sources of energy
in the railway environment bypasses three zones as shown in Figure 2.18 where the energy decreases
gradually as we move far from the source. The near field zone is where the energy remains fairly
constant and is 1\ away from the sources of energy.

The railway main system elements consist of the vehicle, line and supply substations. They present
different characteristics in terms of electromagnetic phenomena and intensities of EM energy. This
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Figure 2.18: Railway Electromagnetic Zones [23]

can be due to different coupling paths produced between the catenary line and the pantographe,
as well as the presence of conductive elements.In terms of use cases of an energy harvesting system
in the railway environment, one should study the different EM environments present around and
produced in the railway infrastructure. [24] [25] [13]

2.6.1 Train or on Board EM Environments

The Train environment refers to all the equipment installed on board, that may include signalling
devices, communication apparatus, information technology equipment, etc.. It is characterized by a
strong magnetic field at the traction frequency, produced by all the traction system apparatus and
its connections (main transformers, filters, traction converters and motors, braking choppers, circuit
breakers, etc.), and by a significant transient magnetic field in case, for example, of circuit breaker
tripping. For the presence of several switching devices and radio frequency communication systems
in close proximity, the expected field intensity over a wide frequency range is high; it is easy to see
that over the entire MF and HF bands, ranging from tens of kHz to some or a ten of MHz, the
electromagnetic emissions from static converters and other switching apparatus are in the reactive
field region, so that magnetic and electric field components are both relevant and the direction of
vectors as well as their ratio (the wave impedance) reduce the efficacy of electromagnetic shielding
solutions.

2.6.2 Line and Track Electromagnetic Environment

The Line and track environment refers to the equipment installed at a short distance from the
line or with a specific EM connection to the track and line, even at a larger distance ; examples are
signalling devices and their cable connection to relays and electronic apparatus installed in protected
rooms, but in connection, in terms of coupling path, to the L environment. A different approach
is to be followed if the victim cable is in direct connection with the rails, since the over voltages
appearing in case of a lightning stroke hits the rails (directly or in close proximity) are well above
the prescribed surge test levels of the L environment (the most severe environment anyway); special
countermeasures must be set up by the manufacturer or installer to bring the residual overvoltage to
a safe level, compatible with the prescribed EMC tests, thus avoiding an unnecessary increase of the
testing severity for the connected equipment. These sources can be beneficial for energy harvesting



CHAPTER 2. ELECTROMAGNETIC ENERGY HARVESTING AND WIRELESS POWER
TRANSFER 39

systems implemented close to the railway infrastructure on the side of the train at a short distance.

2.6.3 EM sources from Telecommunication Base Stations
2.6.3.1 GSM-R Telecommunication system

The GSM-R (Global System for Mobile communication-Railways) is a wireless digital communication
system (Figure 2.19), based on the public European GSM Phase 2+. This system is used to ensure
the vocal exchanges and to transmit railway signalling information between trains and railway control
centres. The GSM-R is used in order to maintain a continuous voice and data link between the train
and the control centres, and different trains located in the same neighbourhood. In Europe, the
GSM-R uplink occupies the frequencies between 876 MHz and 880 MHz and the downlink between
921 MHz and 925 MHz. These frequency bands are separated by a frequency bandwidth dedicated
to public and extended GSM.

Catenary

GSM-R
Pantograph antenna

Shielded cable

Figure 2.19: Tllustration of the on board GSM-R system [24]
2.6.3.2 EM noises interfering with GSM-R signals

ielded cable

Mobile
GSM-R

From an EMC point of view, the railway infrastructure is a harsh complex EM environment where
cohabitation between high power and digital communication systems with numerous eventual cou-
pling mechanisms could be hazardous for the useful signal of the GSM-R. The GSM-R system, on
board moving trains, is mainly affected by transient EM disturbances occurring between the cate-
nary and the pantograph, in addition to the permanent disturbances coming from the public GSM
base stations as illustrated in Figure 2.20.
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Figure 2.20: EM interferences caused by the catenary line and pantograph as well as GSM based
stations which are received by the GSM-R antenna implemented on the rooftop of the train. [24]
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2.6.3.3 Use case of EM noises and GSM signals for Energy harvesting

The presence of unintentional signals in the railway environment from GSM signals to sparks ap-
pearing between the catenary and the pantograph, which are considered as EM noises for GSM-R
antennas, can beneficial sources for EM energy harvesting systems in the railway environment spe-
cially at GSM frequencies where a high level of energy can exist. The miniaturization process can
also be more relevant at GSM frequencies compared to that of other sources present in the railway
infrastructure at lower frequencies.

2.6.4 Tunnel Environments

Tunnel is an artificial underground passage for high speed railway environments as is shown in
Figure 2.21. The presence of tunnel ensures the high speed of train operation in rolling terrain. The
sectional view of tunnel in high speed railways is usually vaulted or semicircle, with a height of 5
to 10 m and a width of 10 to 20 m. The length of the tunnel mostly ranges from few to several
kilometers.

Figure 2.21: Tunnel Environment for high speed rails. [25]

Generally, two main base stations are placed at the beginning and the end of the tunnel. Dependent
on the length of the tunnel, several sub-base stations are placed inside the tunnel, installed in the
wall. These help to provide great wireless coverage inside the tunnel. Due to the smooth walls and
the close structure of the tunnel, there are high level of reflections and scattering components inside
the tunnel, which introduce the wave guide effect dominating the radio wave propagation inside the
tunnel. This phenomenon makes the prediction of wireless signal in tunnel totally different from
other propagation scenarios.

In terms of energy harvesting systems, the implementation of an electromagnetic energy harvesting
system in the scenario of tunnel environments can be beneficial specially due to the presence of
high level of electromagnetic waves, caused by the high level of reflections and scattering inside the
tunnel. EM energy harvesting systems can also have an advantage over other systems specially in
the scenario of tunnel environments such as solar based energy harvesting systems.

2.6.5 IOT use cases for Railways

The deployment and implementation of IOT devices for the railway infrastructure is the future of
this industry, which can give rise towards the internet of smart trains. The future of the railway
industry is expected to be based on smart transportation systems that to reduce its life-cycle cost,
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integrate new services, such as integrated security, asset management, and predictive maintenance,
in order to improve timely decision-making for issues like safety, scheduling, and system capacity.
Figure 2.22 represents the communication system using IOT devices for a railway infrastructure [26]
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Figure 2.22: Railway communications scenarios (Renfe AVE train and train station pictures are
under Creative Commons License). Color meaning: pink (train-to-infrastructure communications),
blue (inter-car communications), light-green (intra-car communications), yellow (communications in-

side the station), purple (infrastructure-to-infrastructure communications), and dark green (wireless
sensor networks). [26]

For better deployment of such IOT devices, and to make them more reliable, autonomous and
compact, WPT and energy harvesting technologies can be of great use for such applications, which
we are investigating in this work.

2.7 Conclusion

In this chapter, we introduced the definition and history of wireless power transfer and EM energy
harvesting. The progress in technologies and research studies have been remarkable over the years
for both technologies. State of the art on some studies and applications for WPT have been given
and shown in this chapter. Different studies and experimental work have been followed to study the
potential of ambient electromagnetic energy which have been carried out by the Imperical College
of London. The aim is to benefit from these existing potential sources, to build energy harvesting
systems for the supply of different technologies which can make them more compact and autonomous.
In terms of EM energy harvesters, different technologies from commercial to research topics, were
developed mostly based on rectenna designs and RF harvesters.

These technologies have been of great use for rising autonomous WSN and IOT devices. In our
application specially for railways, these devices can be highly useful for the development of smart
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railway infrastructure. To date, no mature device and technology based on WPT and EM energy
harvesting for railways have been deployed, specially for the supply of autonomous WSN and IOT.
Rectenna systems can be of low efficiency and bulky with the antenna design at low frequencies in
terms of EM energy harvesting. WPT systems can also have some challenges in terms of line of sight
implementation and efficiency. Thus, in the following chapters, we investigate the potential of novel
concepts in terms of EM energy harvesting and WPT based on metamaterials and metasurfaces, for
more efficient, compact and reliable devices.

Conclusion of the Part

In this part, we presented and highlighted the various existing energy harvesting technologies that
have been deployed and developed for the railway environment. The application is to implement
smart devices for a more reliable and sustainable railway infrastructure. Technologies such as en-
ergy harvesting and wireless power transfer can be a key for autonomous and compact devices.
The railway environment is rich with various sources of energy which can be beneficial. Recently,
electromagnetic sources have shown to have a high potential in the railway environment. This can
be interesting to investigate in terms of EH specially that no mature technology to date for such
application has been developed. A summary is shown in Figure 2.23.

Railway transport : Safe, low carbon

mode, Resource efficient.

For Smart Railway Systems

Deployement of smart devices such

as loT, WSNs .
For autonomous and compact devices

Energy harvesting and wireless

power transfer can be a key element

Various sources of energy;
Technologies already existing

ExistingTechnologie No mature
s based on sources: technology based
on
Electromagnetics

i
: Under

SNCF

Figure 2.23: Summary of the conclusion of part one on the railway application and existing tech-
nologies.

Our goal is to introduce a mature system and energy harvesting technology based on electromagnet-
ics. Many challenges can arise specially for the application of the railway system. In the next part,



CHAPTER 2. ELECTROMAGNETIC ENERGY HARVESTING AND WIRELESS POWER

TRANSFER 43

we investigate the potential of metasurfaces to develop a mature and reliable EM EH and WPT sys-
tems compatible for railway systems, and overcome the challenges such as efficiency, miniaturization

and line of sight that can arise in our application.
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Introduction

Metasurfaces have gained remarkable interest in the field of electromagnetics for many researchers
in the past years. This is many for their exceptional physical properties, characteristics and wide
generality design approach, specially in terms of wave control and manipulation in various manner
depending on the engineered design and application needed. They are characterized by their 2D
subwavelength thickness and structure, which make them very attractive compared to 3D metamate-
rials, mainly for ease of fabrication and implementation. A wide range of characteristics in terms of
wave control have been given in the literature for metasurface designs, from anomalous wave control,
beam splitting, focusing, wavefront manipulation, absorption, energy harvesting, retro-reflection and
many more.

In the previous part, we defined the application, problematic and objective of our thesis. Since
various energy harvesting technologies have been presented for the railway application based on
different sources from vibrations, wind, solar to acoustics, and with high potential of EM energy
proven to be present in the railway system no mature technology for energy harvesting based on
these EM sources has been introduced. Our aim is to introduce high efficient, mature, compact and
miniaturized EM energy harvesting systems following novel concepts based on metasurface designs.

For the railway application, many challenges and limitations can arise for EM energy harvesting
devices. Rectenna systems for low microwave frequencies, can be of low efficiency and difficult
to implement. Therefore, in this part we use the different characteristics of metasurface designs
from focusing, anomalous reflection to absorption where give a brief overview on these properties
in chapter 3. We investigate the potential of these properties to enhance the performances of EM
energy harvesting and wireless power transfer systems, in order to overcome the challenges and
limitations for such application.

In chapter 4, we introduce a novel concept and approach in terms of EM EH, for enhancing the
performances of rectenna systems. The concept is based on focusing metasurfaces in which a well
designed, high efficient and miniaturized metasurface focuses the EM energy present in the far
field at a focal point at a distance from the metasurface. An off the shelf rectenna system is
then implemented at the spot to harvest the energy. This concept can be a remarkable approach
to overcome the challenge and limitation of low efficient ambient EM energy in the surrounding
environment, and enhance the performances of low efficient rectenna systems.

Our goal is introduce a device compatible for the railway application, in which it can be implemented
and tested on site in the railway environment, in the presence of a GSM-R base station to investigate
its potential. In chapter 5, we introduce the measurements and performance of our concept based
on focusing, by implementing a rectenna system alone and alone side the focusing metasurface and
comparing their performances on terms of harvesting for GSM-R frequencies.

An alternative solution for power supply for low input power devices can be WPT technologies.
However, line of sight can be a major challenge for such applications. In chapter 6, we introduce
the design of retrodirective metasurfaces following the generalized phase law of reflection, which
can be remarkable in terms of tracking and localization enhancement specially from the oblique
angular aspect. However, the challenge is to design passive metasurfaces operating for multiple
angles simultaneously. Thus, we introduce different approaches and concepts based on the cascading
method and surface impedance modulation, which have shown unprecedented properties in terms of
backscattering enhancement.

In chapter 7, we propose other solutions for EM EH based on absorbing metasurfaces [212], which
can be compatible for our application at low microwave frequencies. We use the concept introduced
in [212], by designing single to multi-band metasurface energy harvesting absorbers for low microwave
frequencies. This solution can be interesting to overcome the challenge of low efficient collectors in
rectenna systems specially at low microwave frequencies, where using the property of subwavelength
metamaterial inclusions can be of great use.



Chapter 3

An Overview on Metasurfaces;
Focusing, Anomalous reflection
and Absorption: Applications and
Physics

3.1 Introduction

Metamaterials [213,214] are engineered subwavelength materials, they are constructed of arranged
scatterers, in a 3D configuration, in order to achieve physical properties not normally found in nature.
However, the same definition and concept can be referred to 2D structures of metamaterials, which
are basically a surface or single layer interface known as metasurfaces [52,215,216].

Metasurfaces [52] are the subject of intensive research nowadays for their applicative potential and
the generality of their design approach [53,217]. They are characterized by their 2D subwavelength
structure and their ability to control the wavefront of an electromagnetic wave [54,55,218] with
perfect, abnormal and achromatic reflections [56,57,219]. Metasurfaces, being two-dimensional
materials, can be easily implemented into and along side other devices [58,59], which can be very
useful in different applications. Their simplicity of design and fabrication can make them very
attractive compared to 3D metamaterial structures specially in the microwave region. However, any
2D engineered periodic structure whose thickness and periodicity are subwavelength with respect to
the propagating wave in the media, can be defined as a metasurface [220].

Metasurfaces are well known for their variety of characteristics and utilization in terms of application
and wave control manipulation [60,61]. The control of the reflection phase [62] of an incoming
incident wave has been significant for metasurfaces following the generalized phase law [27,63] in
different sectors. With the control of the reflection phase, metasurfaces have been used as ultra
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thin polarization transformers [64, 65], wave front manipulation such as beam shaping [66], beam
splitting [67], focusing [68,221,222], retro-reflection [69,70], de-focusing [71], reflection and refraction.
Moreover, metasurfaces based on absorption [72-74,223,224], have shown significant potential over
conventional absorbers, in terms of miniaturization, efficiency, absorption bandwidth, polarization
insensitivity and wider allowable incident angles. Following this concept for metasurface absorbers,
metasurface energy harvesters arised, where TS Almoneef et al. [75-78] introduced the concept
of energy conversion from electromagnetic to DC electric energy, using high efficient metasurface
absorbers, and introducing a via for energy dissipation.

With the variety of characteristics mentioned for metasurface designs, metasurfaces have shown
remarkable potential in terms of physics, applications, efficiency, use cases and interest in different
domains of studies. However, with the rise of different technologies such as IoT [225], wireless sensor
networks and 5G [226-228], reconfigurable metasurfaces [229-232] are being developed and used to
overcome different challenges in this sector in terms of complexity, design, efficiency and the control
of wave propagation in the environment. This shows that metasurfaces can provide a bright future
in terms of wave propagation control in the environment and can be essential for rising developing
technologies.

In this chapter, we give a brief overview of the concept of the generalized phase law of reflection
and refraction for phase control and design of metasurfaces. We also show different designs and
research studies that have been developed over the years for metasurfaces in terms of wave reflection
manipulation, absorption and focusing.

3.2 Metasurfaces Anomalous Wave Control

Manipulation and control of an electromagnetic (EM) wave, has attracted many interest by re-
searchers, specially using engineered topologies such as metasurfaces, to alter the amplitude, reflec-
tion phase, polarization state, wavefront and beam steering, all depending on the desired physics
and application use case. Metasurfaces which are 2D metamaterial structures, are well known with
their design of periodic subwavelength scatterers to manipulate a wave in a desired manner. In terms
of anomalous reflection and refraction for metasurfaces, the designing is based on the generalized
Snell’s law of reflection and refraction.

3.2.1 Generalized Snell’s Law of Reflection and Refraction

According to the conventional Snell’s law, for a wave propagating between two homogeneous media
with different refractive indices, the wave is divided into a reflected wave in the medium of incidence
and a refracted wave in the other. However, when introducing a metasurface design between the
two media, the phase of the reflected and transmitted waves will be altered, and the propagation of
wave will be anomalously reflected and refracted, depending on the introduced designed metasurface.
Figure 3.1 shows the concept of a metasurface design.

Figure 3.1 shows the concept of an incident wave propagating towards a metasurface, which is
positioned at an interface between two media with different refracted indices. The concept was
introduced by the group of F. Cappasso [27], where the plane wave targets the surface at an angle
0; with respect to the normal of the metasurface, thus leading to a reflected and refracted angles
0, and 0; respectively. The generalized phase law of reflection and refraction [233] introduces an
additional term (the phase gradient) with respect to the conventional Snell’s law as shown in Eq.
(3.1) and (3.2). This is consistent with the well-known grating equation. [234]
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Figure 3.1: Sketch of the concept considered by the group of F. Cappasso in [27], where a metasurface
positioned at the interface between to ordinary media (characterized by refractive indexes n; and
n¢) describing the generalization of the laws of reflection and refraction.
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Equation (3.1) shows the generalized phase law of reflection where 6, is the angle of reflection , 6; is
the angle of incidence, A\ the free space wavelength and 9¢/0x is the phase gradient. Equation (3.2)
shows the generalized phase law of refraction where 6, is the angle of transmission , 6; is the angle of
incidence, A\ the free space wavelength and d¢/0x is the phase gradient, n; and n; are the refractive
indices of media 1 and 2. However, particularly for reflection where transmission is neglected, by
introducing a phase gradient between scatterers on top of an engineered metasurface design, an
electromagnetic wave is reflected to a desired anomalous direction. Based on the above concept and
law for anomalous reflection and refraction, the design of metasurfaces for wave manipulation has
been an interesting topic for many researcher over the last decade. Metasurfaces have significantly
received lot of attention where lot of advances in this field has been carried on.

3.2.2 Demonstration of the Generalized Phase Law

After defining the concept of anomalous reflection and refraction, and the generalized phase law, one
has to demonstrate a design to validate and verify the theoretical aspect. In order to validate the
concept of the generalized phase law, scatterers of subwavelength dimensions and different shapes,
can be designed and integrated in a periodic array structure of a surface design, each with a specific
phase depending on the desired application.

It was first demonstrated in the optical spectrum by the group of F. Cappasso [27] and Ni Xingie
et al. [235] using V-shaped optical unit elements. The described metasurface structure is shown in
Figure 3.2.
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Figure 3.2: a)SEM image of a metasurface consisting of an array of V-shaped gold optical scatterers
patterned on a silicon wafer. It creates a constant gradient of phase jump along the metasurface for
the control of the propagation direction of light transmitted through or reflected from the metasur-
face.b) 3D top view of the metasurface and the super-cell periodicity. [27]

The V-shaped elements are altered and designed in a way to respect the generalized phase law of
reflection and refraction for anomalous beam control. In this case the metasurface was used for
the application of polarization wave control. The generalized phase law of reflection has also been
demonstrated for gradient metasurfaces and reflect arrays for anomalous reflection [28,29,236-238].
An example of demonstrated gradient metasurfaces following the generalized phase law of reflection
introduced by the group of professor S. Sun in the optical and microwave regions is shown in Figure
3.3.
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Figure 3.3: a) Schematic of a metasurface design consisting of gold patch elements separated from
a gold back plane by an MgF2 spacer with subwavelength thickness. [28] b) Fabricated microwave
metasurface design consisting of H-unit cell elements separated from a metallic back plane by a
dielectric spacer. [29]

It has also been used and demonstrated for multi channel beam splitters gradient metasurfaces [30].
Jun Wang et al. used dielectric based metasurfaces to achieve multi-beam splitting systems at
multiple channels. The design of the beam splitting metasurface is shown in Figure 3.4.

Jun Wang et al. [30] illustrated a new technique using the triangles drawn with black dotted line,
which consist of nanocylinders with the same phase delay, and the adjacent triangles are composed
of nanocylinders with /2 phase difference. This leads to three phase gradient directions along
the orange arrows in the interface. Thus, with normally incident wave, the beam is divided at the
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Figure 3.4: a) Illustration of the three-channel beam splitter. The incident beam is split into three
transmitted beams. b) The structure profile of the gradient metasurface. There are three phase
gradient directions along the arrows, and each triangles drawn with black dotted line represent
nanocylinders with same phase delay. [30]

metasurface, resulting in the split of the transmitted light. The transmitted beams are expected to
refract into three directions along each phase gradients direction. The angles of split- beam can be
obtained according to the generalized Snell’s law [27,28].

3.2.3 Retro-Reflection

Retrodirectivity or Retro-reflection has also been an interesting feature to validate the concept of
the generalized phase law of reflection, by introducing the design of retrodirective metasurfaces and
reflect arrays. For an incident incoming wave hitting a metallic surface, the wave is supposed to
reflect in the specular direction according to the conventional law of physical optics. However, by
introducing a specific phase gradient for an engineered topology following the generalized phase law
of reflection, the wave can be redirected back in the same direction of incidence, which can be an
important feature for many applications. The concept is illustrated in Figure 3.5.

Retrodirective EM wave 3 Specular Reflection

Engineered topologies Metallic Surface

Figure 3.5: Comparison between the reflection of an incident wave from an engineered topology and
metallic surface.

The idea of retrodirectivity comes form the concept of the conventional Snell’s law of reflection when
a wave is reflected from a mirror or metallic surface at normal incidence. However, by introducing
a phase gradient for retroreflection, the wave can be manipulated in way it can experience various
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virtual mirrors at oblique incident angles. Particularly for the case of retro-reflection, the incident
angle #; = —6, where 6, is the angle of reflection. To ensure control of the full wavefront of the
propagating wave, the integration (from 0 to 27) of the generalized phase law of reflection is applied.
In this case the periodicity of the gradient super-cell defines the full control of the propagating wave
in a desired direction. Thus, for the case of retrodirectivity, the periodicity L, is defined as follows:

A
¥ 2sinb;

(3.3)

L, in Equation (3.3) defines directly the principle to design a retrodirective metasurface. Where the
performance of retro-reflection for the metasurface design, depends directly on the relation between
the periodicity L, and the wavelength A, where 6; varies according to the incident angle desired
for retro-reflection. To design a retrodirective reflective surface, a periodic design of super-cells is
introduced. Each super-cell is constructed of scatterers with a specific phase gradient depending on
the desired wave control of interest. The phase gradient [52] is given in Eq.(3.4).

dNy1 — dn = 2Kod, sin0; (3.4)

d, refers to the periodicity of the unit cell containing the scatterer element, which is defined as d,=
L, /N and Kj is the wave number. In the case of retrodirectivity Eq.(3.3). is derived into Eq.(6.4).
to determine the phase gradient for a retrodirective super-cell which is repeated in a periodic manner
to form the metasurface. The phase gradient is given in Eq.(3.5).

ONt1— PN = Zﬁﬂ (3.5)

E. Doumanis et al. introduced the design of retrodirective surfaces based on the reflect array
approach [31]. The aim was to design a reflective interface which can validate the concept of the
generalized phase law of reflection, using metallic grounded designs. They designed a retrodirective
surface at one specific desired angle. The design of the reflect array they introduced is shown in
Figure 3.6.

The design shown in Figure 3.6 is basically a periodic structure of super-cells each divided into
subwavelength scaterrers with a phase gradient to achieve retro-reflection at a desired angle. E.
Doumanis et al. defined the design as a reflect array, based on having a periodicity of A/2. However,
it is also well known that for a designed surface with subwavelength thickness and design, it can also
be known as a metasurface, specially that the unit cell elements are of subwavelength dimensions
up to \/24.

Later on, V. S. Asadchy et al. [32] introduced the concept of multi-channel retrodirective metasurface.
The concept was based on implementing a surface impedance optimization or modulation, in which
a purely imaginary retro-reflective super-cell design can be achieved.

Z
Zg=j—"0 (3.6)
tan( %)

Equation (3.6) defines the surface impedance Zs; needed for each element where ¢, defines the phase
of the reflection coefficient. This is applied for periodicities of dimensions which are greater than
A, thus giving rise to the ability to re-direct an incident wave back in the same direction at various
angles simultaneously, thus giving remarkable unprecedented physical properties to the physics of
metasurfaces (Figure 3.7).

Retro-reflection can be a remarkable feature where localization, tracking, sensing and radar cross
section needs to be enhanced and more efficient. Following the given concepts of the generalized
phase law and impedance modulation, metasurfaces can be remarkable in terms of retro-reflection,
specially with their passive features, ease of fabrication and implementation.
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Figure 3.6: Photograph of the fabricated prototype that consists of 5 x 6 unit cells with overall
dimensions of 7.2 x 6.0 cm [31].

"\ |/~
~ W~

3A<D <44

Figure 3.7: N-port isolating mirror. The wave incoming from different angles is reflected back to
the source for various angles of incidence. [32]

3.3 Metamaterials and Metasurfaces Based on Absorption

With the variety of applications and characteristics for metasurfaces, high efficient absorbing meta-
materials and metasurfaces have been an important topic for many researchers, specially for appli-
cations from acoustics, radio to optical frequencies where absorption is needed and useful. Many
researchers defined metamaterial absorbers as perfect absorbers, in which zero energy is reflected
back from the designed surface [74,239,240]. They are usually consisted of resonant subwavelength
elements with thin thickness, which are repeated in a periodic manner to form a metasurface design.
They are well matched at the desired resonant frequency, to ensure high efficient absorption. Differ-
ent techniques have been presented to achieve high efficient absorption [35] such as using bending
shapes [241], high resonance metamaterial structures with narrow band absorption [242] , as well
as other techniques for multi-band [243] and ultra-wideband absorbing metamaterial designs using
multi-layer structures [244] and designs with a low quality factor [245].

From the theoretical point of view and derivation of Maxwell’s equations, Y. Ra’Di et al. [33], in-
troduced the derivations and theoretical analysis of the current distribution for such metasurface
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designs, and explained the operation principle for absorbing surfaces. For more details of the oper-
ation principle and the derivation of Maxwell’s equations please refer to the following reference [33].
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Figure 3.8: Geometry of a generic optically thin absorbing layer (left) and its equivalent model as a
set of two current sheets (right). [33]

Figure 3.8 shows the generic view of a metasurface absorber with a normally incident plane wave.
With the assumption of having an optically thin periodic structure, the surface generates a magnetic
and electric surface current density as shown in Figure 3.8. With the use of different element
components such as split ring resonators, patches or other metamaterial inclusions, each element
acts as a resonant structure, which then forms a perfect absorbing designed surface.

The design of a metasurface absorber characteristics can differ, from single band absorbers to multi-
band and wide band frequency designs. Different designs and techniques have been introduced in the
literature which mostly depend on the characterization and optimization of the unit cell metamaterial
resonating structure. N.I.Landy et al. [34] introduced the design of a perfect metamaterial absorber
based on an electric resonator with a cut wire. The unit cell element is shown in Figure 3.9a.
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Figure 3.9: a) Electric resonator and cut wire from different angle views . b) Reflection in green,
Absorption in red and Transmission in blue with respect to frequency of the designed element. [34]

The metamaterial element design depends on the coupling between the structures of the cut wire
and the electric resonating element. This however, gives rise to the perfect absorbing element. As
shown in Figure 3.9b, the metamaterial absorber shows a high level of absorption at 11.7 GHz.
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Other size efficient metamaterial absorbers have also been introduced for ease of fabrication and
implementation at low frequencies [35]. The design is basically based on structures with high induc-
tance and capacitance, this is in order to shift the resonant frequency of the metmaterial element
to lower frequencies, maintaining the miniaturized and compact design in terms of dimensions. An
example of such design is shown in Figure 3.10.
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Figure 3.10: a) Proposed metamaterial element for miniaturized designs. b) The metasurface struc-
ture of such element operating at 400 MHz. [35]

The dimensions of the given design in Figure 3.10a in terms of wavelength is A/12 and of thickness
A/94. The proposed design is a great solution for applications at low frequencies, specially in terms
of miniaturization and ease of fabrications. Moreover, in terms of frequency bandwidth, various
designs and techniques have been introduced for wide-band metamaterial absorbers. Jingbo Sun
et al. [36] introduced a well known technique using multi layer metamaterial unit cell elements, in
order to achieve a wide-band metasurface absorber design. An example of the design is shown in
Figure 3.11.
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Figure 3.11: a) Split ring resonators using multi-layer technique. b) Reflection coefficient of the
metamaterial design. [36]

Figure 3.11 shows the design of a multi-band absorber metamaterial element using the stacking or
multi-layer technique. Absorption at a wide band of frequencies was achieved as shown in Figure
3.11b between 10 GHz up to 30 GHz. Other techniques have also been used such as ultrathin
opposite ring designs to achieve wide-band absorption [37].
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Figure 3.12: a) Dual ring metamaterial absorber unit cell element design. b) Absorption with respect
to frequency. [37]

Figure 3.12 shows the design of a dual ring element absorber design, a perfect high level of absorption
was achieved at a wide band of frequencies between 6 GHz to 10 GHz.

3.4 Metasurface Energy Harvesters

Electromagnetic energy harvesting based on metamaterials has been a significant topic for researchers
nowadays, specially with the rise of challenges for antenna and rectenna systems, such as low ef-
ficiency, miniaturization, fabrication and implementation at low frequencies for GSM bands. The
group of professor Omar Ramahi [38,212,246-249] have introduced a novel technique for metamate-
rial energy harvesters based on the concept of absorption. The concept is to design a high efficient
metamaterial absorber design, and introduce a via between the designed element and a ground
metallic plane through a substrate, where a load resistance matching the metamaterial structure
design in terms of impedance, is inserted at the bottom end of the via. In this way, the energy
absorber by the metasurface absorber is dissipated through the via towards the load resistor . An
example of the concept design is shown in Figure 3.13.

Figure 3.13: Metamaterial unit cell energy harvester design. [38]

Figure 3.13 shows an unit cell element of an ELC (Electric Inductive Capacitive) resonator meta-
material structure. A via is introduced between the ELC and the ground plane through a Rogers
TMM10i dielectric substrate of relative permittivity €=9.9. A load resistance is the inserted at the
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bottom end of the via of 82 Q2 where the absorbed energy is dissipated. The results of the design
are shown in Figure 3.14.
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Figure 3.14: Metamaterial unit cell energy harvester design. [38]

The results in Figure 3.14a show a high level of absorption for the metamaterial design up to unity
with zero reflection , and zero transmission due to the presence of the ground plane. In Figure 3.14b,
the power efficiency is calculated where it is given that the energy is mostly dissipated through the
load resistance.

3.5 Metasurface Lenses: Wavefront Shaping and Focusing

Metasurfaces have shown remarkable physical properties in terms of wave control and manipulation
for desired applications. Moreover, metasurfaces can be also of great potential for wavefront design-
ing and beam focusing at microwave and optical frequencies. However, in order to design a focusing
lens or metasurface, to control the wavefront of an EM wave, the reflection phase should follow a
hyperboloidal profile of the generalized phase law given in equation (3.7).

2

Bay) =~ (f = V@ Ty ) (37)

This concept is achieved by introducing subwavelength scatterers each with a specific phase to
achieve the phase profile given in equation (3.7), where f is the focal point away from the designed
metasurface. Thus this can be interesting to achieve using flat engineered surfaces rather then
spherical parabolas which can be useful for certain applications. Flat metasurface lenses for wave
focusing have been demonstrated at THz [39] and microwave frequencies for different applications
[40]. The focusing metasurface was designed using different unit cell structure elements. An example
of a metasurface unit cell element is shown in Figure 3.15.

Using the unit cell element structure in Figure 3.15, a focusing metasurface was designed at THz
frequency to focus the propagation of light in a desired direction, following the hyperboloidal profile
of the generalized phase law. The designed metasurface is shown in Figure 3.16a, it can be seen
that the dimensions of the unit cell elements differentiate each with a specific phase. The phase and
dimension of each unit cell is chosen using the phase of the reflection coefficient. In Figure 3.16¢, the
focusing intensity is given for the metasurface at various frequencies. Focusing metasurfaces have
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Figure 3.15: 3D design of an unit cell element structure and top view at THz frequencies for EM
focusing. [39]
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Figure 3.16: a) Focusing metasurface design. b) Desired phases for the unit cell scatterers with
respect to frequency. ¢) Focusing intensity of the metasurface design at different frequencies. [39]

also been used for other applications such as satellite telecommunication systems [40]. This is for
communication applications, where the desired wave is focused at a single point for better transfer
of energy. An example of the design is given in Figure 3.17.

Figure 3.17a shows the geometry of a tri-dipole unit cell element designed for communication appli-
cations at 5.8 GHz. The structure is then distributed periodically to form the focusing metasurface
design as shown in Figure 3.17b. To calculate and validate the functionality of the metasurface, a
prototype is fabricated and the electric field intensity is calculated at the distance of the focal point.
The designed prototype and electric field intensity is shown in Figure 3.18.

Figure 3.18a shows a prototype of the fabricated focusing metasurface with measurements carried
on in the near field. The results in Figure 3.18b show that the metasurface focuses the energy at the
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Figure 3.17: a) Geometry of a tri-dipole unit cell element. b) Focusing metasurface design with
periodic unit cell tri-dipole elements each with a specific phase. [40]
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Figure 3.18: a) Prototype fabrication and measurements in the near field. b) Electric field intensity
of the x-y plane at the distance of the focal point. [40]

focal point in the desired direction at the specular reflection angle where the electric field intensity
is shown to be high.

3.6 Conclusion and Future Work

Metasurfaces have shown remarkable physical properties over the past decade with their character-
istics and design approach, for wave control and manipulation. Metasurfaces can vary in terms of
wave manipulation depending on the design approach and application needed. Anomalous reflection
to a desired direction, is a well known property for metasurfaces depending on the chosen profile
following the concept of the generalized phase law. It has also been shown that metasurfaces can
be high efficient absorbers where absorption is needed in different applications. Moreover, in term
of energy harvesting, metasurfaces with high absorption rate, can be used as significant EM energy
harvesters when introducing a via for energy dissipation through a rectenna system. The progress
and demand for EM wave control in the environment, have pressed researchers to overcome limita-
tions and challenges for passive metasurfaces. Reconfigurable active metasurfaces were introduced
for enhancements in terms of design limitations and efficiency, specially with the rise of various
technologies such as IoT and 5G communication systems. In this chapter, we introduced a brief
overview on metasurfaces with respect to their characteristics and physical properties. Some exist-
ing research work was given for some of the main properties of metasurfaces in terms of anomalous
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reflection, wavefrot forming, focusing, retro-reflection, energy harvesting and active metasurfaces.
In the following chapters, we focus on the benefits and significance that metasurfaces can bring with
their remarkable physical properties, for enhancement of the performance of energy harvesting and
wireless power transfer systems in the railway environment.



Chapter 4

Novel Concept for EM Energy
Harvesting Based on Focusing
Metasurfaces

4.1 Introduction

Energy harvesting is a process in which energy is captured and stored as electric energy. This
energy can vary from solar [193], heat [250], wind [251], hydro [252], mechanical vibrations [253] and
electromagnetic [254-256], which can useful to feed different devices such as wireless autonomous
technologies and sensors. In the field of electromagnetic energy harvesting, various research topics
and inventions have been introduced for different applications. Some of the existing EM energy
harvesters include applications based mainly on piezoelectric [47,257-259], rectenna systems [260—
264] and metamaterial absorbers [38,78,265-268].

Nowadays at radiofrequencies, rectenna systems are used for energy harvesting and wireless power
transfer [263]. This commonly used technology, which consists of a classical antenna at the front
end (dipole, microstrip lines, antenna arrays. . .etc) whereby the antenna is known as the collector
of the transmitted energy, is then connected to a rectifying circuit where EM energy is converted to
DC and stored in a storage element. Rectenna systems have been used for different applications and
inventions. One of those we can mention are methods for enhancing subsurface recovery of fluid [269],
wireless power transfer [270], RF energy harvesting [271], rectenna solar energy harvesters [272].
However, the antenna part of the rectenna system, which has the function of capturing the EM
energy, should be as efficient as possible to ensure an adequate designed rectenna system. On the
other hand, the ambient energy at frequencies between 900-950 MHz can have a very low level and
thus either become difficult to harvest or insufficient to consider for its use in industrial applications.

Several research works have focused on the design of high-efficiency antennas to achieve EM energy
harvesting. Moon and Jung [41] proposed an antenna design for RF energy harvesting based on two
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radiators: the main one with a printed dipole and the other with a loop structure. The antenna
design is suitable to receive energy from all directions. On the other hand, Xie et al. [273], designed
a hexagonal microstrip patch antenna which operates at 915 MHz, to achieve maximum possible
RF energy harvesting. The main objective is to increase the efficiency of the EM energy harvesting
system and overcome the low efficiency of the collector which is the main part of the rectenna system.

In our novel concept, we propose and investigate a new solution based on the concentration and focus-
ing of EM energy in a small zone. It consists of a focusing device together with a method to associate
the latter with existing RF energy harvesting systems. The focusing surface is designed based on
metamaterials, it is a 2D surface which is known as a focusing metasurface. Manipulating the prop-
erties of an electromagnetic wave is the main function of metamaterials [213]. Metasurfaces which
are 2D structures of metamaterials, are more compact, less lossy and easy to fabricate engineered
topologies [52,274].Based on different concepts for the manipulation of an electromagnetic wave,
from anomalous wave manipulation [69,70], absorption [38,275,276], focusing [277-280],polarization
control [281], multifrequency [282] and multifunctional antennas [283], metasurfaces can be a good
candidate in different applications [61].

However, in our concept based on the properties of focusing metasurfaces, the focal “point” is located
at a given distance from the surface, depending on the operating frequencies. A rectenna system is
then placed at this focal point. Moreover, the antenna collects the concentrated EM energy which
is then converted to DC through a rectifying circuit. The energy level concentrated depends on
the design of the focusing surface and its optimization but a gain of 5 times the amplitude can be
reached. This novel concept and system, can be a good candidate for applications such as power
supply for autonomous wireless sensor nodes .

In this chapter, we will discuss a few relevant inventions and publications concerning rectenna
devices and their disadvantages and the problem we can overcome using our system. We will discuss
in details the main concept, principle of operation and design procedure. The objective of the
concept is to propose a solution to low efficiency and to increase the level of power collected by
RF energy harvesting systems through the use of a focusing metasurface of given dimension with
respect to frequencies of the ambient EM energy. We will also show how this device can be used
with in addition to existing commercial off-the-shelf harvesting systems. Measurements have been
carried on and a prototype has been fabricated and the concept has been tested and validated in an
anechoic chamber.

4.2 Rectenna Systems

In this part, we will discuss a few relevant inventions and publications concerning rectenna devices
and their disadvantages and the problem we can overcome using our system.

4.2.1 Antenna efficiency improvement and metamaterial RF harvesters

One of the aims of the focusing metasurface is to increase the efficiency of the RF harvester. Another
possibility to reach this aim is to consider the use of more efficient antennas as disclosed by patents
[50], [51] and the publications [41], [273]. J.I Moon et al. [41] have introduced designs for high
efficient antennas for energy harvesting. The antenna design they presented in shown in Figure 4.1.

The antenna has shown interesting results in terms of matching and efficiency [41]. In [284, 285],
EM energy harvester based on metmaterials are introduced. The design is based on an array of unit
cells, which are then connected to load at the end part of the via. The advantage of this design, that
it can be more efficient than other types of antennas (microstrip, patch, dipoles...etc). However,
multiple rectifying systems will be needed and it can be difficult to implement at RF frequencies
which can be a challenge. In our case, we overcome the problem of using multiple rectifiers, by using
only one rectenna system with an efficient antenna. The concept is that, the focusing metasurface
concentrates the energy where the rectenna can easily collect and convert into DC energy.
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Figure 4.1: Fabricated proposed energy harvesting antenna. (a) Perspective view. (b) Side-view.
(c) Top view. [41]

4.2.2 Technologies Commercialized

RF energy is transmitted around the world from different base stations and antennas (GSM, GSM-R
in Railway environments, RF Base station transmitters, television...etc). These energies are free
ambient energy that we can take advantage of by RF harvesting and enabling wireless charging
giving rise to autonomous systems and easier implementations.

RF energy harvesting commercialized technologies such as the Powercast’s Powerharvester (P2110)
receivers convert RF energy to DC current. These technologies can be good candidates to harvest
energy for a wide range of operating conditions and tracking the maximum energy in the ambient
environment. In our invention, we propose a Focusing Metasurface which can concentrate the energy
at one point for more efficient electromagnetic energy harvesting.

Any rectenna technology can be implemented with this concept to maximize energy harvesting and
increase the efficiency available. The proposal is a complementary, passive and low-cost solution
increase the power delivery from RF energy harvesting device in a given environment.

4.3 Concept of EM Energy Harvesting Based on Focusing

Rectenna systems [136] are formed of a classical antenna which are developed for electromagnetic
energy harvesting. They also provide the ability for wireless power transferat microwave [286)
and terahertz [287] frequencies. However, the rectenna system efficiency is low, they make use of
traditional antennas which have a proportional dimension with respect to the operating wavelength
[288]. Different methodologies have been applied to enhance the efficiency of the rectenna design
for RF energy harvesting. Those we can mention which have been defined in the state of the art,
are inventions which disclose RF energy harvesters based on metamaterials and antenna arrays
[284, 285, 289-292], and other researchers have worked on increasing the efficiency of the antenna
itself for better energy harvesting [41,51,273]. In terms of commercialized technologies, several
products exist. One of them we mention here is the Powercast’s Power energy harvester (P2110)
receivers which are used to convert RF energy to DC current. These technologies can be a good
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candidate to harvest for a wide range of operating conditions and tracking the maximum energy in
the ambient environment.

In our novel system and concept, we propose a new technique to increase the efficiency of RF energy
harvesting systems including the existing commercial ones. The method is based on the implementa-
tion of a focusing device to be a complementary solution with existing RF energy harvesting devices.
The device is based on metamaterials which is well known as metasurfaces. Metasurfaces [52, 274]
have gained remarkable interest from researchers, especially for their ability to manipulate an elec-
tromagnetic wave in an unconventional manner. Recently, Long Li et al. [293] have given a review
and perspective on the progress of metasurfaces and their potential for ambient RF energy harvest-
ing. Hence, we apply a novel phenomenon based on focusing to improve the efficiency of RF energy
harvesting devices. The concept is illustrated in Figure 4.2.

incident Plane BN waive Focusing Metasurface Design

* Design of an Efficient Antenna
Reflected Field

DC.

Energy Conversion

Figure 4.2: Concept of an EM energy harvesting system based on focusing

It is based on focusing EM waves radiated from ambient sources such that they are redirected to a
focal point where a collector/antenna is positioned. This antenna is then linked to a state-of-the-art
RF rectifying circuit.

4.4 Principle of Operation of the Novel Harvester

Metasurfaces have gained remarkable interest from researchers, especially for their ability to manip-
ulate an electromagnetic wave in an unconventional manner. Among them, are focusing metasur-
faces [39,278,294-296]. Focusing metasurfaces are 2D arrays of subwavelength scatterers that are
designed to alter the characteristics of an EM wave, such as its wavefront,polarization, distribution
intensity or spectrum. Despite having negligible thicknesses, metasurfaces can have a strong control
on the behaviour of an EM wave or light, leading to reflected and transmitted electric fields, whose
phase and amplitude are given by the designed metasurface as shown in Figure 4.3.

However, wave focusing is defined in which the wavefront of the reflected incident EM wave is
reflected back from an engineered surface design and changed into a parabolic manner where the
energy is concentrated at a focal point as shown in Figure 4.4.

Hence, in this part we investigate this feature using focusing metasurfaces, to examine its potential
for enhancing the performance EM energy harvesters rectifying systems.
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Optical Axig

Figure 4.3: Functionality of a Thin Metalens compared to that of a bulky lens system for light
focusing (The photo is referenced to EM Lab UTEP)
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Figure 4.4: Concept of Wave focusing using engineered topologies.

4.4.1 Generalized Phase Law and Design Procedure of the Focusing Meta-
surface

The starting point of our concept and main part for the novel EM energy harvesting system is the
design of the focusing metasurface. The considered focusing metasurface has an exceptional property
where the phase of the reflected EM field is adjusted according to a phase within the 27 range, and
maintaining high reflectivity from the designed structure. This is done by varying the dimensions
and aspect ratio of the subwavelength scatterers chosen for the design. This approach is said to be
convenient, since the phase of each scatterer is weakly influenced by its neighbor element in terms
of reflection of the EM field, giving a total value in terms of wave control. This phenomenon was
shown to be acceptable and proven for gradient index metasurfaces [27,297]. However, for a flat
based metasurface focusing in the x-z and y-z planes, the phase of the reflection coefficient should
follow the hyperboloidal profile of the generalized phase law [40] given as follows in equation (4.1):

2
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¢ is the phase of the reflection coefficient, f defines the focal point position away from the metasurface
design, x and y the position of each unit cell elements and A is the wavelength. The next step is to
choose the most sufficient metamaterial unit cell for our application. In the our case for EM energy
harvesting specially at GSM frequencies (900MHz), the dimensions of the resonant unit cells can
be of large dimensions and a bit difficult for fabricating and testing. Various unit cell designs can
exist for metamaterials in the literature one of those we can mention [216] such as cross structures,
patches, circular unit cells and Split ring resonators as shown in figure 4.5.

Unit Cell Element Structures

+ 01 H

Cross Structure Circular Structure  Patch Structure Jerusalem Cross
Structure

Figure 4.5: Metamaterial unit cell structures

However, for our design we have chosen the Jerusalem Cross unit cell element, this is mainly due
to its miniaturized properties and maintain a good performance in terms of wave reflection and
reflection phase profile with a subwavelength scale close to A\/8 compared to other structures which
resonate at A\/2. The unit cell Jerusalem cross element and its dimensions designed using Ansys
HFSS are shown in Figure 4.6.

Unit Cell Design (Miniaturized Element)
+ Operating Frequency
900 MHz
37mm 7 »

37mm
Foam 60mm !
Permittivity e=1 |

4

Jerusalem Cross
Structure : i

Substrate Thickness 1.9 mm
€=10.2

Figure 4.6: Geometry and dimensions of the unit cell Jerusalem cross design operating at frequency
900 MHz.

Figure 4.6 shows the geometry of the designed Jerusalem cross unit cell element operating at 900
MHz which is of dimensions /9 at the given frequency. Each unit cell element of the metasurface
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is printed on top of substrate of dimensions 37 mm x 37 mm and thickness 1.9 mm and permittivity
€=10.2. Behind the substrate there is a Foam layer of thickness 60 mm and a metallic ground plane.

For the analysis and design of the Focusing metasurface, a factor a is given to vary the dimensions
between the scatterer elements of the metasurface design where each dimension refers to a specific
phase as shown in Figure 4.7a. It is important to be able to accurately predict the phase of the
reflection coefficient of the unit cell structure. Thus, to be able to calculate the phase, an infinite
periodic model using Floquet boundary condition on Ansys HFSS to analyze the phase of the
Jerusalem cross element at an operating frequency of 900MHz. We study the phase at normal
incidence and for both TM and TE polarizations which have the same result. The phase of the
reflection coefficient for the designed unit cell is shown in Figure 4.7b.
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Figure 4.7: a) Jerusalem cross dimensions and a factor a to vary the element dimensions from initial
to each with a specific reflection phase b) The phase of the reflection coefficient with respect to the
factor a at a frequency of 900MHz.

The simulation results show a good and expected phase response over the profile range of 310° which
can be used to determine the dimensions of each unit cell element of the metasurface design with a
specific phase following the hyperboloidal profile for focusing. The metasurface design is composed
of 21 x 21 unit cell elements in the z and y planes. The focal point is chosen to be equal to 30 cm
away from the metasurface. The phase ¢ of each element is calculated according to equation (4.1).
Figure 4.8 shows the calculation of the phase of each element in the z and y planes.

Thus, according to Figure 4.8, we are able to determine the phase of each unit cell element of
the metasurface design following the hyperboloidal profile to achieve focusing. The dimensions are
then determined using the phase profile of the Jerusalem cross in Figure 4.7b, where each phase
corresponds to a Factor a giving the dimension of the unit cell element. Finally, after determining
the dimensions of the unit cell elements, the unit cell elements are given on top of a Rogers duroid
substrate of thickness 1.9 mm and permittivity e=10.2. Behind the substrate is a Foam gap layer
of thickness 60 mm with a metal ground at the bottom. The metasurface design is shown in Figure
4.9 using Ansys HFSS.
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Figure 4.8: Phase of each element (21 x 21) of the metasurface design in the z and y planes at 900
MHz.

81.4 cm

+ F=900 MHz
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Figure 4.9: Focusing metasurface of 21x21 unit cell elements of dimensions 81.4 cmx 81.4 cm
operating at 900 MHz Using Ansys HFSS.

Figure 4.9 shows the focusing metasurface design on Ansys HFSS with 21x21 Jerusalem cross
elements with each of a specific dimension and phase. The dimensions of the metasurface at the
operating frequency 900 MHz are 81.4cm x 8l.4cm (2.4\ X 2.4\ with repect to lambda). The
thickness of the metasurface is composed of the substrate of 1.9 mm and a Foam gap of 60 mm with
a metallic ground plane at the bottom.
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4.4.2 Metasurface Focusing Point Using Ansys HFSS

The focusing metasurface has been simulated using Ansys HFSS. A Far-field plane wave has been
illuminated at the operating frequency of 900 MHz. The electric field distribution of the incident
and reflected waves have been calculated and illustrated on Ansys HFSS. The results of the electric
field distribution are shown in Figure 4.10.

Max =4 V/m

E Flend [Vin)

5990084800
3

Figure 4.10: a) Electric field distribution of the incident wave illuminated towards the metasurface
b) Electric field distribution of the reflected wave from the metasurface in the x-z plane operating
in the far-field at 900MHz.

Figure 4.10a shows the distribution of the electric field for the incident plane wave towards the
metasurface design. As it is illustrated, the wavefront of the electric field shows a max value in the
horizontal direction at 0.8 V/m at an operating frequency of 900 MHz. In Figure 4.10b, the electric
field distribution of the reflected wave from the metasurface design is shown. The results show a
high concentration of electric field at the focal point 30 cm away from the metasurface. The max
value of electric field distribution has been given to be 4 V/m which is a gain of 5 upon focusing
compared to the incident field. It is also shown how the wavefront of the incident field is changed in
a parabolic manner which is due to the hyperboloidal profile of the engineered metasurface. Table
4.1 shows the values comparing the max E-field in V/m between the incident and reflected wave and
the gain upon focusing which up to 5.

Incident wave Max Reflected wave Max Gain upon focusing (in
E-field E-field linear)
0.8 V/m 4V/m 5

Table 4.1: Comparison of the max values of the electric field between the incident and reflected
waves and the gain achieved upon focusing

In Figure 4.11 we show the distribution of the electric field of the focal point from different angles
and planes at the operating frequency 900 MHz, reflected from the metasurface design.

From different angles in Figure 4.11 for the electric field distribution of the focal point where the
energy is concentrated, the focal point is almost shaped as a 3D rugby ball 30 cm away from our
flat designed focusing metasurface.
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a) b) c)

Figure 4.11: Electric field distribution of the reflected wave in the a) y-z plane b) x-z plane and c¢)
x-y plane

After defining the design procedure and determining the results of our focusing metasurface, the
next step is to validate our concept in terms of EM energy harvesting and investigate its usage, and
how it can be sufficient for efficiency and potential enhancement for EM energy harvesting systems.
In the next part we define an existing off the shelf existing EM energy harvesting system and how
we can use our system to be a complementary to such devices.

4.5 The P2110 Power-Harvesting System- Off the Shelf Com-
mercialized Technologies

In this part we define the main components, efficiency, set-up and applications usage of the P2110b
Power harvester. (For a detailed reference please check the owner’s manual and datasheet of the
P2110b Powerharvester).

4.5.1 Description

The Powercast P2110b Powerharvester is an RF energy harvesting device that converts RF to DC.
Housed in a compact SMD package, the P2110B receiver provides RF energy harvesting and power
management for battery-free, micro-power devices. RF energy is converted into DC and stored in a
capacitor. When sufficient charge is stored the regulated output of the P2110 provides power to the
wireless sensor board until the operation is completed by the node or until the power is turned off
at the low-voltage threshold on the capacitor. The included wireless sensors measure temperature,
humidity and light, and have an interface for an external sensor. The rectifying system of the P2110b
harvester has great features in general, with high conversion efficiency, converts low-level RF signals
enabling long range applications, wide RF operating range and operation down to -12 dBm input
power.

4.5.2 Contents of P2110b Kit

The contents of the kit are shown in Figures 4.12 and 4.13 below. The kit includes an RF transmitter,
RF energy harvesting receiver boards and antennas, wireless sensor boards, a PIC MCU-based
development board and radio, and a programming tool.

4.5.3 Power Harvester’s Efficiency

The efficiency of the power harvester is important specially at our desired frequency for our appli-
cation. The efficiency of the Power harvester P2110b with respect to input power and frequency are
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Figure 4.12: The P2110b Power Harvester Development Kit for Wireless Sensors.(P2110b Owner’s

Manual)
Qty | Item Description
£ § Power and Data FCC approved, 3-watt, 915 MHz transmitter for power and data with
Transmitter integrated 8dBi antenna and two power jacks. Sends a pre-
(TX91501-3W-I1D) programmed transmitter ID that is received by the P2110
Powerharvester component and is decoded by the MCU on the
Wireless Sensor Board
2 P2110 Evaluation Board Evaluation board (Rev. B) for P2110 Powerharvester Receiver. This
(P2110-EVB) board has an SMA connector to connect the antennas and a 10-pin
connector for the Wireless Sensor Board
2 Patch antenna 915MHz directional antenna with 120-degree reception pattern
(included with the P2110 evaluation board)
2 Dipole antenna 915MHz omni-directional antenna with 360-degree reception
(included with the P2110 evaluation board)
2 Wireless Sensor Board Sensor for Temp/Humidity/Light and an external input. Plugs into
(WSN-EVAL-01) P2110 evaluation board, and sends data to the access point
(Microchip 16-bit XLP Development Board)
1 Access Point Custom receiver board featuring Microchip’s PIC24F MCU that is pre-
(WSN-AP-01) programmed to operate as an access point for receiving data from the
Wireless Sensor Boards.
1 PICkit™ 3 programmer / | Programming tool for updating code on the Wireless Sensor Boards
debugger and the 16-bit XLP Development Board. USB cable included in
(PG164130) package.

Figure 4.13: Table showing the items in the P2110b Kit and descriptions of each. (P2110b Owner’s

Manual)

shown below in Figures 4.14 and 4.15.

In Figure 4.14, the curves show that the powerharvester starts having an efficiency up to 40% at an
input power of -10 dBm for a frequency of 915 MHz which is suitable for our application. However,
in Figure 4.15 the harvester seems to have a high efficiency at a wide range of frequencies between
700-1200 MHz when the input power is as high as 5000 pW as shown in Figure 4.15b, and functions
quite well at the desired frequency of 900 MHz even for low input powers such as 250 pW given in
Figure 4.15a.
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Figure 4.14: Powerharvester efficiency with respect to input RF power in a)dBm and b)mW (P2110b

Powerharvester Datasheet)
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Figure 4.15: Powerharvester efficiency with respect to Frequency in MHz for an input power of a)250
and 500 pW and b)1000 and 5000 pW (P2110b Powerharvester Datasheet)

4.5.4 P2110b Setup, Testing and Installation

For the testing and installation of the device, the dipole antenna is attached to one of the P2110
evaluation boards. The access point is connected to a PC where the output results are illustrated and
calculated. The MpLab program is installed and used to send the input program to the evaluation
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board via the access point. A hyperterminal with the good inputs is used to illustrate the results
for testing. The set up for testing and installation and example of the output data illustration of
the calculated results by the harvesting system are shown in figures 4.16 and 4.17.

Figure 4.16: Powerharvester P2110b setup for testing at the Lab

Figure 4.17 shows the output data illustration given by the power harvester and the description of
each term is given in the table in Figure 4.18. In our application and project our main focus is the
received power in mW given by the P2110b power harvesting system.

« Powercast - HyperTerminal

Be B \kw Csl Trasie Hep

D& 3 0 &
Lifetine Power(R) Energy Harvesting Development Kit for Wireless Sensors
Powercast Corporation
Version 1
Packet W 1| Node 5| TRID 009 | Temp 73.8 F | Light 339 Ix
Time 00:00:07 | dT 00:07 | RSSI 1.08mH | Humidity —- X% | Extrnl 0 mV
Packet W 21 Node 5| TRID 009 ! Tenp 73.7 F | Light 333 1Ix
lime 00:00:09 | dT 00:02 | RSSI 1.42mH | Humidity % | Extrnl 0 mV
Packet # I 1 MNode S| TRID 009 | Temp 73.7F | Light 322 Ix
Time 00:00:10 | dT 00:01 | RSSI 1.37mW | Humidity % | Extrnl 0 mV
Packet W & 1 Node 5| TRID 009 | Temp 73.9F | Light 317 Ix
Tine 00:00:12 | dT 00:02 | RSSI 1.17mW | Humidity —— % | Extrnl 0 mV
Packet W SiNode S| TRID 809 | Temp 73.8 F | Light 270 Ix
Tine 00:00:15 | dT 00:03 | RSSI 0.56mW | Humidity — % | Extrnl 0 mV

Connected 000:24  Auto detect 19200 8-N-1

Figure 4.17: Example of the output data illustrated by the power harvester using the hyperterminal.

4.6 Realization, Measurements and Validation of the Novel
Concept

After defining the concept of the novel energy harvesting system, and the design procedure of the

metasurface design, in this part the main objective is the realization and validation of our concept,

in which our theory and system can be used as a complementary with off the shelf low input power
energy harvesting technologies, by increasing their potential and efficiency in terms of EM energy
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Parameter | Description Range
Packet# Packet counter (reset when 51 is pressed) 1 to 99999 - number is incremented
with each packet received
Time Relative time counter (reset when S1 is pressed) 00:00:00 (HH:MM:SS) up to 99:59:59
dT Time differential between received packets. A 00:00 (MM:SS) up to 99:59
separate counter is used for each node
TX D The ID number broadcasted by the TX91501 1-254
transmitter (factory programmed). ‘---" otherwise (error)
Node Wireless Sensor Board identifier* 0 - 7 (configured by DIP switches)
RSSI Received Signal Strength Indicator - the received 0.04 - 50 mW
signal strength from an RF power source “.--" otherwise
Temp Temperature (Fahrenheit ) 25-125°F
“--- otherwise
Humidity Relative Humidity 15-85%rh
“---" otherwise
Light Ambient luminance (Lux) 10-99999 lux
“---" otherwise
Extrnl External sensor reading 0 - 3000mV

Figure 4.18: Table explaining each item displayed on the screen and the valid range of data.

harvesting.

4.6.1 Measurements of the Metasurface Focal Point

The first point is to study and validate the functionality of the metasurface design in terms of EM
focusing. In Figure 4.19, a realized prototype of the focusing metasurface of dimensions 81 cm x 81
cm is given. The metasurface is formed of jerusalem crosses unit cell elements printed on top of a
Rogers Duroid substrate of thickness 1.9 mm and relative permittivity 10.2. The metasurface is also
separated from a metallic ground plane with a foam gap of 60 mm. The metasurface mounting has
been carried on at Université Gustave Eiffel/ IFSTTAR.

Afterwards, to study the focal point of the realized design, experimental verification of the metasur-
face prototype is carried out at an anechoic chamber for validation of the theoretical and simulation
results (The experiments were done at the Université de Lille 1 P3). The Setup and configuration
of the realized metasurface are shown in Figures 4.20 and 4.21.

In Figure 4.20, the metasurface is implemented on a stand in an anechoic chamber, situated 3 m
away in the far field from a double rigid horn antenna at 900 MHz with transmitting power equal
to 20 dBm (100 mW). A laser is used for centering between the antenna and metasurface. To be
able to visualize the focal point in our measurements, a grid sheet was fixed 30 cm away from the
metasurface as shown in Figure 4.21, where in theory is said to be the position of the focal point
according to our design and simulation results.

To carry on with the measurements of the focal point, the P2110b Power-Harvester electronic device
has been used to calculate the received power in mW at each point of the grid sheet over a period
of time. The power harvester setup is shown in Figure 4.22.
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Figure 4.19: Realized metasurface of dimensions 81 cm x 81 cm.

Figure 4.20: Setup for the measurement of the focal point of the metasurface design.

A dipole antenna connected to the electronic device is attached to a non metallic stick on an elon-
gating stand, which can elaborate away from the metasurface at the fixed grid sheet, was used to
measure the power received at each point as shown in Figure 4.23.

The measurement calculated results have been carried on in the x-y plane of the metasurface design.
The power received has been measured at 15 x 15 points along the x-y plane from the design over
a period of 30 seconds at each point. The measurement results of the received power in mW are
shown in Figure 4.24.

The results in Figure 4.24, show that the received power 30 cm away from the metasurface is mostly
concentrated at the center of the metasurface design. The results are given which a max up to
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Figure 4.22: P2110b powercast energy harvester set-up connected to MPlab PC for calculating the
received power at the focal point.

11 mW and a minimum down to 0.3 mW around the focal point. This indicates that the energy
transmitted towards the Focusing metasurface, is reflected and focused at one point 30 cm away
from the surface, thus validating our theoretical and simulation results.
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Figure 4.23: Dipole antenna measuring at each point 30 cm away from the metasurface at the fixed
grid sheet.

Power Received (mWV)

Figure 4.24: Power received in mW in the x-y plane at the focal point 30 cm away from the
metasurface.
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To make the result more clear from noises and show a smooth visual of the concentrated energy
at the focal point, the smooth function on MatLab has been used. The result and visualization is
shown in Figure 4.25.
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Figure 4.25: Averaging of the Power received at the focal point 30 cm away from the metasurface.
4.6.2 Implementation of the Focusing Metasurface with the Commercial
P2110b Energy Harvester
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The main objective and concept of the novel system is to determine and show how metasurfaces can
be a complementary for EM energy harvesting systems, in terms of better potential, performances
and efficiency. Following that, measurements to validate the concept, have been carried on in an
anechoic chamber. A vivaldi transmitting antenna at 900 MHz in the far field has been used as
shown in Figure 4.26. We have implemented the P2110b Harvesting system along side our design in
the far field 3 meters away from the vivaldi transmitting antenna at power of 10 dBm (10 mW), the
dipole antenna of the energy harvesting system has been situated 30 cm away from the metasurface
design at the focal point as shown in Figure 4.27.

To study the potential of our concept, the Power Eelctronic harvester has been tested in three
configurations. First the commercial energy harvesting system with the metasurface (Figure 4.28),
second with a metallic plate (Figure 4.29) and the energy harvesting system alone (Figure 4.30) at
the same position respectively. The antenna was given in horizontal polarization.

The received power in mW by the Energy harvesting system, is calculated using the MpLab program
where the output data is visualized on the PC. The received power is calculated over a continuous
period of time every 5 sec for the three configurations given. The results are given for the dipole
antenna in both vertical and horizontal polarization in Figures 4.31 and 4.32.

The results in Figures 4.31 and 4.32, show the received power for the three configurations. As
given, the received power by the commercial energy harvester in horizontal polarization (Figure
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Figure 4.26: Vivaldi transmitting antenna at 900 MHz.

Figure 4.27: General setup of the concept of the novel energy harvesting system in far field mea-
surements in an anechoic chamber at 900 MHz.

6.31) along side the metasurface design reaches a value up to 1.8 mW compared to that when
the commercial harvester is implemented with a metal plate or alone giving a result of 0.6 mW
and 0.2 mW respectively over a continuous period of time which is 55 sec in this case. As well
as, the same performances have been achieved for the case of vertical polarization (Figure 4.32).
This indicates that by implementing the metasurface alongside the harvester, a gain up to 9 in
linear of received power has been achieved, which itself proves and validates our concept that the
metasurface can enhance the potential, performance and efficiency of EM energy harvesting systems
when implemented alongside the harvester in the environment.
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Figure 4.28: Commercial Energy harvester configuration set-up with the metasurface fixed 30cm
away in the far-field.

Figure 4.29: Commercial Energy harvester configuration set-up with a metallic plate fixed 30cm
away in the far-field.

4.7 Conclusion

In this chapter, we introduced a novel concept for EM energy harvesting based on focusing. The
main aim was to investigate the potential of metasurfaces to be a complementary solution for low
input power energy harvesting technologies, and their capability in enhancing their performances,
potential and efficiency. Different innovations in this chapter from state of the art on rectenna
systems were introduced. We stated how the innovations can be compared to our concept in terms
of efficiency improvement and how we are able to overcome some disadvantages.
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Figure 4.30: Commercial Energy harvester configuration set-up alone at the same position.

Harvester with an Antenna (Horizontal Polarization) in different situations to increase the efficiency
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Figure 4.31: Power received in mW by the energy harvester over a continuous time for three different
configurations of the commercial energy harvester with a metasurface, metallic plate and alone.
(Antenna horizontal polarization)

The concept is based on designing a flat focusing metasurface, where the energy is concentrated at
one point in a small zone. A rectenna system is then implemented at this point where the energy is
collected. The principle of operation and design procedure of the focusing metasurface was defined
in details, where a miniaturized Jerusalem cross element has been used and designed based on the
hyperboloidal profile of the generalized phase law. Realization of a metasurface prototype was given,
where measurements have been carried on in an anechoic chamber, to validate the potential of the
metasurface in terms of focusing. The metasurface showed great performance were the energy was
concentrated at the center focal position 30 cm away from the surface as expected according yo
theory and our simulation results.

We also carried on with the validation of the novel concept for EM energy harvesting. An off the shelf
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Energy Harvester and an Antenna (vertical Polarization) in different situations to increase the efficiency
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Figure 4.32: Power received in mW by the energy harvester over a continuous time for three different
configurations of the commercial energy harvester with a metasurface, metallic plate and alone.
(Vertical polarization)

P2110b power harvester was used to investigate and validate our concept. Testing and realization
of the concept were carried on in an anechoic chamber. The rectenna system was implemented at
the focal point of the metasurface, and the received power from a transmitting vivaldi antenna at
900 MHz, was calculated over a continuous period of time. The energy harvesting system was set in
three different configurations (with metasurface, with metallic plate and the commercial harvester
alone) to study the potential of the design and concept. The harvester was able to harvest for a gain
of 9 times better in terms of power received along side the metasurface, compared to that when the
harvesting system was implemented alone.

This concept and theory that we have introduced in this chapter can be of great potential in the
future for the field of EM energy harvesting systems and specially rectenna designs. The design
and theory has shown remarkable potential in enhancing the performance of EM energy harvesting
systems, in terms of efficiency, reliability, and can also solve the problem for enhancing of the antenna
aperture in complex EM energy harvesting system applications. On the other hand, for application
usage, the concept can be very reliable for low input harvesting systems at GSM frequencies, can also
be used in railway environments where GSM-R systems are implemented and for autonomous smart
wireless sensor nodes that are being implemented nowadays in different applications. In chapter 5,we
will show the assessment and implementation of our system on site measurements in the railway
environment, which have been done in collaboration with SNCF reseau.



Chapter 5

Assessment of The Focusing
Metasurface Harvesting System in
the Railway Environment

5.1 Introduction

The growth and development of the railway network has been a demanding research topic in the past
years for many companies around the globe. Railway transportation has become an essential method
of transport between regions for many people around the world, this specially due to its safety,
economical value, low carbon mode, resource efficient transport mode and environmental friendly.
Moreover, the enhancement and growth of the railway environment is essential specially with the rise
of different smart technologies such as IoT, wireless sensor networks (WSN) and 5G communication
systems. These technologies can help enhance the reliability, security and maintenance and give
rise to smart railway systems. However, the need of power supply for systems such as WSN or IoT
devices on the railway system can be a challenge, specially to enable autonomous and more reliable
systems for implementation and deployment. The railway environment is said to be rich with various
energy sources from vibrations, wind, acoustics, solar and electromagnetic that can be beneficial to
supply such low power input devices.

Various existing technologies for energy harvesting and wireless power transfer have been developed
and implemented for different applications, one of them is for railway systems. In our research
study, the thesis is in collaboration with SNCF Réseau which is France’s national state-owned rail-
way company. The aim of the PhD thesis is to investigate the potential of electromagnetic energy
harvesting in the railway environment. Many energy harvesting systems have already been studies
and implemented based on different sources in the railway system. However, for EM energy har-
vesting systems, to date no mature technology has been developed. High sources of electromagnetic
energy have been proven to exist in the railway infrastructure, which can beneficial for renewable
energy to supply low power input devices such as WSN. Many challenges and limitations can rise
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specially at low microwave frequency ranges for railway EM energy harvesting and wireless power
transfer technologies in terms of efficiency, reliability and implementation.

The application is to be able to supply low input power devices such as IoT and WSNs. WPT can be
a solution for such technologies, however in the railway environment many challenges can rise such
as line of sight, localization and tracking. In chapter 5, we proposed a solution for such challenges
using retrodirective metasurfaces that can help enhance the efficiency and performance for such
technologies in case they are used. In terms of EM energy harvesting, it can be challenge to harvest
specially for ambient energy where it can be scattered in the railway environment and not very
efficient to supply and wake up WSNs. GSM-R systems can be a use case to harvest and supply low
input devices. Using commercialized off the shelf rectenna systems to harvest ambient energy can be
a challenge specially with the energy scattered and the low power that will be received by the antenna.
In chapter 6 we proposed a solution for such challenges and problems that can occur by introducing
a novel concept which can be a complementary solution for such technologies. The concept is by
using engineered designed focusing metasurfaces along side the EM energy harvesting systems. The
system showed remarkable results when tested in the anechoic chamber, with a linear gain up to 8
in terms of received power when using the focusing metasurface along side a commercialized EM
rectenna system compared to that using a rectenna system alone.

In this chapter, we implement and test our proposed concept on site using the focusing technique
for EM ambient energy harvesting in the railway environment. The measurements were carried on
in collaboration with SNCF Réseau in Paris. The measurements and EM energy harvesting were
based on the use case of the GSM-R system present in the railway environment. We implemented
the system at a far distance in the far-field to determine the potential of our system in terms of EM
harvesting and the power present. When using the focusing concept with the metasurface along side
the rectenna , the system has shown remarkable results in terms of enhancing the power received
by the commercialized rectenna system compared to that when implemented alone. The harvesting
system was able to receive 10uyW when implemented along side the focusing metasurface compared
to that of 1 nW when using the rectenna alone, which can be an interesting result to supply low
input WSNs where such power in needed to wake up and function the device.

5.2 Description of the railway environment

The railway environment is one of the greener modes of transport and having a higher share of
passenger and freight journeys performed by trains. The railway industry has been a major transport
method from economical to social benefits to link countries in europe through out transport history.
Many railway companies are working on enhancing the performance and functionality of railway
systems. In our work, the thesis and research study is in the framework of SNCF Reseau which is a
major railway transport company in France. The company is investigating the use of different smart
devices to make the railway system more reliable and with higher performances. Electromagnetic
energy harvesting is one of the major topics being investigated for the railway application specially
that to date no mature technology in this field has been presented.

The railway environment consists of the a rail, the passing rail car body, pantograph and catenary
system. when passing trains are present, different interactions can occur specially between the
catenary line and pantograph. This yield to electromagnetic sparks and signals specially at low
microwave frequencies. This is shown in Figure 1.26 (chapter 1) which have been provided by SNCF
Reseau showing many high values in terms of electromagnetics at low microwave frequencies which
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can be related to such interactions. However, for signals and high values of EM waves at frequencies
up to 900 MHz, this is mainly referred to the present of GSM-R base stations implemented in the
railway environment.

Global System for Mobile Communications — Railway (GSM-R) is a radio communication system
which offers a wide range of voice and data services needed for daily operation of railways. GSM-R
provides telephony, SMS and data services, as do public GSM networks. GSM-R facilitates the
communication between train driver and traffic control centres, by providing specific features such
as group communication, location dependent addressing, priority levels, railway emergency calls and
shunting communication. An example of the railway environment with a GSM-R base station is
given in Figure 5.1.

Figure 5.1: A passing train in the railway infrastructure with a GSM-R base station situated next
to the railway track. (SNCF Reseau Paris, France)

Figure 5.1 is a photo taken during our site field measurements at SNCF Reseau in Paris. The figure
shows a passing train and a GSM-R, base station situated next to the rail track. For the environment
given, we expect to have RF activity and electromagnetic energy around 900 MHz which can be
beneficial for EM energy harvesting and the validation of our concept and device potential and
performance. The maximum transmitted electromagnetic power for GSM-R frequencies according
to the “ Assessment report on GSM-R current and future radio environment”, by the international
union of railways is -10 dBm. Measurements for GSM-R frequencies have been applied where the
maximum received power by a conventional antenna system is -40 dBm [298-300]. The aim is to
increase the performance and efficiency of a conventional EM rectenna system for such frequencies
following our focusing concept, where EM energy harvesting in such low power ambient environment
can be a challenge.

5.3 Description of the experimental set-up

The system was deployed in the far-field away from the railway system and GSM-R, base station.
The GSM-R base station is transmitting continuously in the range of 920 MHz with a maximum
power of -10 dBm. Our system consists of:
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e P2110b powercast harvester rectenna system. The powercast harvester consists of the rectify-
ing circuit, dipole antenna and access point for receiving the data from the rectifying system
and displaying the data using MpLab program on a PC.

e The focusing metasurface which was implemented along side the rectenna system. The surface’s
ground plane was also used as a metal plate to compare between different scenarios.

e A portable vector network analyzer (VNA) was used to measure low received power which is
not received by the P2110b.

e Some equipment such as a table and stick were used to fix and hold the system.

The setup of the system is shown in Figure 5.2.

Figure 5.2: Setup of our focusing metasurface and harvesting device at a far distance from the
railway system, including all components.

Figure 5.2 shows all the components used during the measurement setup. The max transmitting
power by the GSM-R base station is -10 dBm. However the minimum received input power needed
for our Powercast P2110b harvester is -14 dBm. Different scenarios were used to measure the received
power.

e The first setup was using the rectenna system alone with the dipole antenna. For better
detection of the power received since -14dBm is needed to display measurements,the antenna
of the P2110b system was connected to the VNA.

e The rectenna system was implemented along side the focusing metasurface. Moreover, the
received power was also measured using the VNA for this scenario.

e A metallic plate was also given along side the rectenna device and measurement were taken.
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5.4 On-Site measurement results

5.4.1 Site Measurements Using the concept of the focusing metasurface

The system was set as shown in Figure 5.2. The first measurements were taken using the P2110b
powercast rectenna device along side the focusing metasurface. In terms of harvesting, the rectenna
system was able to receive 0.05 mW at some points in time during the measurements were taken
which is equivalent to -13 dBm. However, since the max value of transmitting base station of the
GSM-R system is -10 dBm, the power received at the input of the rectifier is low compared its needed
minimum level. Thus, an alternative rectifying can be used in this case with higher efficiency for
better EM harvesting.

The aim is to study the potential of the focusing metasurface and concept to increase the efficiency
of the receiving system. Thus, we used a VNA as shown in Figure 5.3, in order to detect and analyze
the level of power for the different scenarios specially that the VNA is capable of measuring low
received input power .

Figure 5.3: VNA to measure the received power by the Powercast P2110b dipole antenna.

The first configuration is shown in Figure 5.2. The receiving device is situated and fixed on a stick
30 cm away from the focusing metasurface where the focal point is located. The measurement are
in far-field at a far distance away from the railway and GSM-R base station. The measurements
were taken carefully over a period of 5 to 6 min with a fixed configuration. The results of the
measurements of the first scenario are given in Figure 5.4.

Figure 5.4 shows the results of the setup with the first configuration using the concept of the focusing
metasurface. The measurements were taken using a portable VNA as shown in Figure 5.3 over a
period of time. However, using the focusing metasurface, there were instants were we received -
13 dBm or 0.05 mW which was enough to be harvested by the rectifying system. However, for a
long period of time a more efficient rectifier or antenna would be needed. The received power was
measured over a range of frequency between 890 MHz to 945 MHz using the VNA to a constant
and global measurment. When using the focusing metasurface the power received by the receiving
antenna was measured with a peak to be equal to -20 dBm at 922 MHz and -22 dB at 924 MHz.
This is significant specially with the low efficient power in the ambient environment with a GSM-R
base station transmitting at -10 dBm. Low levels of power were detected in the frequency band
between 890 MHz to 920 MHz with a peak up to -55 dBm at 914 MHz.
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Figure 5.4: Power received in dBm by the antenna implemented along side the focusing metasurface,
measured using the VNA with respect to frequency (MHz).

5.4.2 Antenna implementation along side a metallic plate

For comparison with different scenarios and to validate the potential of the focusing metasurface, the
antenna of the Powercast P2110b was implemented along side a metallic plate. Since the metasurface
is designed with a metallic ground plane, it is used to highlight the concept. The second configuration
is shown in Figure 5.5.

Figure 5.5: Receiving P2110b antenna along side the metallic plate.

Figure 5.5 shows the receiving antenna of the P2110b powercast fixed on a stick at the same position
compared to that of the first configuration with the focusing metasurface in Figure 5.2, but only by
reversing the metasurface to the metallic plate side. The measurements of the received power were
done following the same strategy over the same period of time using the VNA. The results of the
given scenario are shown in Figure 5.6.

In Figure 5.6, the received power is calculated using the VNA with the antenna implemented along
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Figure 5.6: Power received in dBm by the antenna implemented along side the metallic plate,
measured using the VNA with respect to frequency (MHz).

side the metallic plate. The measured received power is given at a frequency band between 590 MHz
to 945 MHz. A peak of -30 dBm was determined at 927 MHz and -32 dBm at 937 MHz. Low values
of power were observed in the frequency band between 890 MHz to 926 MHz.

5.4.3 Measurements using the commercialized receiving antenna alone

To validate the potential of the focusing metasurface in terms of power receiving enhancement, the
receiving antenna of the Powercast P2110b device was situated alone at the same position compared
to that of previous configurations, by removing the metasurface from its position. The received
power was similarly calculated over a period of time using the VNA. Figure 5.7 shows the antenna
implemented in the far-field away from the base station, situated on the stick without changing its
initial position. The results of the received power are given in Figure 5.8.

Figure 5.7: Receiving antenna implemented alone in the far-field away from the GSM-R base station.
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Figure 5.8: Power received in dBm by the antenna implemented alone, measured using the VNA
with respect to frequency (MHz).

In Figure 5.8, the received power determined by the antenna was measured over a period of time
using the VNA. The antenna is situated alone in the far-field away from the base station. We can
observe that a very low power is received almost null between 890 MHz to 920 MHz. A max peak
of -42 dBm was detected at 922 MHZ as well as 924 MHz, 927 MHz and 934 MHz. This shows the
low efficiency that can be received using a conventional antenna or rectenna system in an ambient
environment such as the railway infrastructure with the GSM-R communication system.

5.4.4 Focusing metasurface implementation at a different position with-
out facing the base station

For more technical validation, the receiving antenna along side the focusing metasurface were im-
plemented at a different position without facing the GSM-R base station in the far-field. The setup
is shown in Figure 5.9. Measurements of the received power were also carried out using the same
procedure and set-up with the VNA over a period of time. The results of the received power are
shown in Figure 5.10.

The results in Figure 5.10 show low level of received power between 890 MHz to 920 MHz. We
observed a max peak of received power of -22 dBm at 924 MHz. The idea of this set-up is show and
validate the potential of the focusing metasurface in the far-field and be able to operate at different
positions while maintaining similar results.

5.5 Comparisons and discussions

The aim is to validate the potential of the focusing concept in terms of enhancing the performance
of commercialized rectenna or receiving antenna collectors in an ambient environment where power
efficiency can be low and difficult to harvest. The focusing metasurface showed remarkable and
interesting results for enhancing the efficiency of the commercialized P2110b device. We were able
to harvest at certain moments power up to 0.05 mW GSM-R base station transmitting at 0.1 mW in
the far field. However, for long period and average time with the focusing metasurface, the antenna
was able to receive -20 dBm equivalent to 10 pW. In comparison to other scenarios, the device
received lower levels when implemented with a metallic plate and alone with a max received power
of -30 dBm (1 pW) and -40 dBm (0.1pW) respectively. The comparison of the three configurations
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Figure 5.9: Setup of our focusing metasurface and harvesting device without facing the GSM-R base
station in the far-field.

in terms of received power in dBm is shown in Figure 5.11, and the values in pnW are given in Table
5.1.

Figure 5.11 shows the results of the received power levels for the three configurations and scenarios.
We can observe very clearly that the focusing metasurface has given significant enhancement in
terms of improving the performance of such receiving or harvesting devices. Moreover, compared
to other measurements in the literature [298-300], the max received power for GSM-R systems
using conventional antennas was given to be -40 dBm. This shows the value of the concept and
physical properties of focusing metasurfaces, which can be beneficial to overcome difficulties and
challenges in ambient EM energy harvesting environment specially performances of rectenna devices
and efficiency. However, for higher values of received power, an antenna with higher gain and better
aperture to harvest the focused energy can be used such as a vivaldi antenna, in order to increase
the level of harvested power.

Commercialized Commercialized Commercialized
antenna with focusing antenna with metallic antenna alone
metasurface plate

10 pW 1 W 0.1 yW

Table 5.1: Comparison of the max received power in pW for each configuration when using the
focusing metasurface, metallic plate and commercialized antenna system alone.

In terms of application with the achieved power level using the focusing metasurface. It is known that
wireless sensor nodes which can be implemented in the railway system, need a minimum input power
of 10 pW to wake up the sensor. This can be relevant specially with the power achieved, and with
a more efficient rectifying system, the focusing concept can be significant to enhance the efficiency
and provide the needed power for such low power input devices. Moreover, for 5G communication
systems in the railway environment, the dimension of the focusing metasurface can be smaller making
it more significant at higher frequencies in terms of implementation and deployement.
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Figure 5.10: Power received in dBm by the antenna implemented along side the focusing metasurface
without facing the base station, measured using the VNA with respect to frequency (MHz).
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Figure 5.11: Power received versus frequency comparing the three configurations

5.6 Conclusion

The demand for more reliable and smart railway systems has been an interesting topic to investigate
for many researchers and industrial companies over the past years, specially with the rise of smart
technologies and devices such as IoT and WSNs. However, for autonomous and reliable systems,
energy harvesting can be a key element to supply such low input power devices. Various technologies
based on different sources have been presented in the railway infrastructure, however to date no
mature technology and research study has been investigated for such an application based on EM
energy. In this chapter we tested on site the potential of our concept based on focusing metasurfaces
to enhance the performance of off the shelf rectenna systems, and overcome the challenges of low
efficient ambient EM energy harvesting specially at GSM frequencies. The system was deployed
in three configurations: The receiving antenna along side the focusing metasurface, the antenna
along side a metallic plate and the antenna alone. The focusing concept showed remarkable results
compared to the other configurations with a receiving power up to 10 pW compared to that of the
antenna with a metal plate and alone of 1 pW and 0.1pW respectively. The level of 10 pW however
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can be relevant for the application to supply WSNs which is the minimum required input power for
such devices. For higher performances, an antenna with higher gain and aperture can be used to
harvest the focused energy along side an efficient rectifying circuit.



Chapter 6

Tracking and Localizing Efficiency
Enhancement Using Multi-Angle
Retrodirective Metasurfaces:
Application for Wireless Power
Transfer

6.1 Introduction

Wireless power transfer (WPT) [144, 145] has gained remarkable interest nowadays for many re-
searchers and manufacturers, this is due to its convenient, safe and autonomous properties that
can be beneficial and important for many applications. WPT or electromagnetic energy transfer
is the transmission of energy or power to a target without any physical link or connection. It has
been an active topic for many applications such as medical implants [185,301,302], wireless charging
systems for portable devices [303-305], electric vehicles [306-309], wireless sensor nodes [310-314]
and internet of things (IOT) technologies [315-319].

Particularly, the idea of autonomous (also known for batteryless) Wireless Sensor Networks (WSN)
and IOT devices [320-323] , is an interesting topic and under investigation by many researchers,
specially with their properties of low input power needed. The main idea is to be able to supply or
feed the device without any batteries or cables when implemented. With the rise of technologies for
Energy harvesting (EH) [324] and WPT the idea of autonomous devices became reality. However,
Energy harvesting [325] is the usage of surrounding energy that can be found in the environment
from solar [326], vibrations [327], wind [328] and electromagnetic [329], and convert it electric DC
power. WPT can be another solution where power can be transmitted to the IOT or WSN device
without the usage of any connections [330-332].
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In some applications for WPT such as railways, vehicle communication systems and I0Ts, tracking
and localization [319] of the wireless sensor or IOT device can be essential for efficient and high
performance WPT. Many research topics have focused on the development and improving the effi-
ciency of the transmitting device for better WPT such as algorithm improvements [333], impedance
matching [334], magnetic resonant coupling [335] and autonomic resonant frequency tracking de-
vices [336]. Although it can be interesting and useful to focus on designing an efficient WPT sys-
tem, however tailoring or controlling the surrounding of the environment of your system, for better
performances and higher efficiency, is indeed an attractive solution and interesting to investigate.
Metasurfaces [52] are the subject of intensive research nowadays for their applicative potential and
the generality of their design approach [53,217]. They are characterized by their 2D subwavelength
structure and their ability to control the wavefront of an electromagnetic wave [54,55,218] with
perfect, abnormal and achromatic reflections [56,57,219]. One of the common metasurfaces are
phase-gradient surfaces [278] designed to tailor or manipulate a reflected and transmitted electro-
magnetic wave [56,337]. Other applications have been introduced recently for metasurfaces including
polarization conversion [338], antennas broadband diffusion of terahertz waves [339], hologram [340],
Huygens’ metasurfaces [57], multi-functional metasurfaces [219,341], transformation of propagating
waves into surface waves [53,342]and total control or beam steering [343] metasurfaces at optical
and microwave frequencies [344].

In WPT, for tracking an IOT device or a sensor node, a pilot signal is normally sent, a receiving
pilot signal is then sent back to the transmitting device from the position of the IOT system. The
autonomous IOT or sensor node, after detecting its location, is fed by the transmitting device. In
cases where tracking can be a challenge specially from the angular perspective or moving devices,
metasurfaces and especially retrodirective engineered metasurfaces, can be a solution and of great
applicative potential for better tracking and localization when implemented along side the IOT
or wireless sensor device. Indeed retro-reflection [345] can be obtained from diffraction in blazed
grating [346-348], such as in a Littrow configuration [234]. More recently, flat metal-dielectric
surfaces for retro-reflection or more generally for anomalous reflection [53], have been designed based
on generalized phase law [233] and reflect-array approach [349]. However, it can be a challenge and
interesting to investigate the potential of metasurfaces and their performances, in terms of retro-
reflection for multiple incident angles simultaneously, which can be of remarkable usage in different
applications for tracking and localization enhancement specially from the angular perspective.

In this chapter, we focus on introducing novel concepts for the design of efficient multi-angle retrodi-
rective metasurfaces which we have published in journals and presented at different IEEE confer-
ences. Concepts are given from technical based on superposition [69] to physical based on impedance
modulation [70] and fano-resonance [79]. Prototypes and measurements have been carried out to
validate the concept and results. From the applicative point of view, retrodirective metasurfaces can
be very useful for tracking enhancement performances in WPT for IOT devices, sensing and radar
systems.

6.2 Concept: Application Aspect

Wireless power transfer has gained remarkable attention nowadays, in the domain of wireless power
supply, specially for applications such as WSN and IOT devices. WPT can be an interesting feature
where power supply is needed, in order to give rise to autonomous (batteryless) and smart systems.
IOT devices are largely being implemented in different applications nowadays and in future projects
[350] such security and blockchains [321], industrial and environmental fields [351], 5G [352], railways
[353] and vehicle tracking systems [354]. In applications where tracking of the device is needed in



CHAPTER 6. TRACKING AND LOCALIZING EFFICIENCY ENHANCEMENT USING
MULTI-ANGLE RETRODIRECTIVE METASURFACES: APPLICATION FOR WIRELESS
POWER TRANSFER 95

order to be fed, it can be a challenge where line of sight is needed, specially if the target is moving
or at different angular positions away from the power supplier. Many researchers have focused
on enhancing the WPT systems itself for better efficiency supply [333-335]. However, controlling
the environment and surrounding of the system can be an interesting and more reliable aspect
for enhancing and improving the WPT system. Metasurfaces, specially in terms of wave control
[62,355,356], have proved to be remarkable due to their unprecedented physical properties that are
not usually found in nature and other engineered physical topologies. Retrodirective metasurfaces on
the other hand, have proven to be of great use specially for applications where tracking enhancement
efficiency and localization is needed [69]. Figure 6.1 shows how retrodirective metasurfaces can be
used as a complementary solution for applications such as WPT.
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Figure 6.1: Wireless Power Transfer concept for tracking an IOT device to supply along with the
usage of a retrodirective metasurface from the application aspect.

Figure 6.1 shows the functionality of a WPT system for feeding an IOT device. The power supplier
starts by sending a pilot signal to locate the IOT device, when the signal is then sent back to the
supplier, the location of the target is known and the device is fed. However, in some applications the
localization of the IOT device can be a challenge specially from the angular aspect if the target is
moving or far. In this case multi-angle retrodirective metasurface can be a complementary solution
when implemented along side the target device for better tracking and localization. In the next
part we define the principle of operation, design procedure and challenges to design multi-angle
retrodirective metasurfaces.

6.3 Metasurfaces and Anomalous Wave Control

An electromagnetic wave propagating between two media of different refractive indices, usually
results in a reflective and refractive waves in both media [42]. However, for a homogeneous media
the wave obeys the simple reflective and refractive conventional Snell’s law. This can differ for
engineered topologies such as metaurfaces, which is characterized by a non homogeneous media, thus
giving rise to unprecedented physical properties to control the wave anomalously for the reflected
and refracted waves. The principle is shown in Figure 6.2.
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Figure 6.2: Concept for a metasurface where an incident plane wave is controlled in arbitrary
directions [42]

Figure 6.2 shows that a propagating EM wave through a metasurface, reflects and refracts the wave
in anomalous directions, in a way which is different then that compared to the conventional physical
laws. For gradient metasurfaces [53] which we will focus on in this chapter, are well known for their
potential of manipulating and controlling of an electromagnetic wave, such as beam steering and
anomalous reflection. The design of a gradient metasurface is based on the generalized phase law of
reflection and refraction [233], where an additional term (the phase gradient) is given with respect to
the conventional Snell’s law as shown in Eq. (6.1) and (6.2). This is consistent with the well-known
grating equation. [234]

Ao O¢

inf, —sinf; = — —, 1
sin sin 5 B (6.1)
. . Ao O

ngsinf; —n;sing; = ﬁ(")_i’ (6.2)

Equation (6.1) shows the generalized phase law of reflection where 6,. is the angle of reflection , 6;
is the angle of incidence, Ao the free space wavelength and d¢/0z is the phase gradient. Equation
(6.2) shows the generalized phase law of refraction where 6; is the angle of transmission , 6; is the
angle of incidence, A\g the free space wavelength and 0¢/0x is the phase gradient, n; and n; are
the refractive indices of media 1 and 2. However, particularly for reflection where transmission is
neglected, by introducing a phase gradient between scatterers on top of an engineered metasurface
design, an electromagnetic wave is reflected to a desired anomalous direction.
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6.4 From the Generalized Phase Law of Reflection to Retrodi-
rectivity

Retrodirectivity has been an interesting property for metasurfaces, which is defined by reflecting
an incoming wave back in the same direction of incidence [32]. The idea of retrodirectivity comes
form the concept of the conventional Snell’s law of reflection when a wave is reflected from a mirror
or metallic surface at normal incidence. In case of a retrodirective designed gradient metasurface,
the wave is reflected back from a virtual surface (mirror) which is tilted by an angle 6 as shown
in Figure 5.3, this shows that after introducing a phase gradient § between unit cells, the wave is
reflected back from a virtual surface where the initial reference is tilted by an angle 6;, re-directing
back in the same direction similar to that of the conventional case for a mirror or flat plate at normal
incidence.

Figure 6.3: An incident wave reflecting back from an engineered gradient metasurface in the same
direction of incidence

For the design of a gradient metasurface for wave control we follow the generalized phase law of
reflection defined in Equation 6.1. However, particularly for the case of retro-reflection, the incident
angle #; = —6, where 0, is the angle of reflection. To ensure control of the full wavefront of the
propagating wave, the integration (from 0 to 27) of the generalized phase law of reflection is applied.
In this case the periodicity of the gradient super-cell defines the full control of the propagating wave
in a desired direction. Thus, for the case of retrodirectivity, the periodicity L, is defined as follows:

A
L, =
2sin 6;

L, in Equation (6.3) defines directly the principle to design a retrodirective metasurface. Where the
performance of retro-reflection for the metasurface design, depends directly on the relation between
the periodicity L, and the wavelength A\, where ; varies according to the incident angle desired for
retro-reflection.
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6.4.1 Design of a Retrodirective Super-Cell: Principle of Operation

In this part we show briefly and in details the design procedure for a retro-directive super-cell. We
have published this work in the Journal of applied physics entitled “ Multi Angle Retrodirective
Cascaded Metasurface” [69]. The same procedure and principle is used for all the designs which will
follow but only by changing the desired angle of incidence 6; . Thus following the generalized phase
law and after determining the periodicity for a retrodirective super-cell L., the super-cell is then
divided into N unit cells with a phase gradient d¢/dz between the unit cell scatterers as shown in
Figure 6.4. In this case we give a first example of a super-cell design.

Lx
< >
" T N

w

e

Ly
I I I | N

i

; J

G

dx

Figure 6.4: Super cell divided into subwavelength unit cells of dimensions L, and L,

In this case, strip lines metallic patches are used as a unit cell for their subwavelength structure and
to ensure low periodicity between the scatterers giving rise to a magnetic coupling for high efficient
performance [53]. The unit cells are tuned to obtain a progressive phase shift covering the range of
the phase of the reflection phase coefficient for the control of the wavefront. The phase gradient [52]
is given in Eq.(6.4).

dN+1 — ON = 2Kod, sin 0; (6.4)

d, refers to the periodicity of the unit cell which is defined as d,= L, /N and K is the wave number.
In the case of retrodirectivity Eq.(6.3). is derived into Eq.(6.4). to determine the phase gradient for
a retrodirective super-cell which is given in Eq.(6.5).

2
ONt1 — ON = WW (6.5)

The phase gradient in Eq.(6.5) is shown to be dependent on the number of subwavelength unit-cells
N. The dimensions of the unit cells are determined following the reflection phase coefficient and
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Figure 6.5: Phase of the reflection coefficient for a TM polarized wave at 14.7 GHz with respect to
the dimensions of the strip-lines d, .

Eq.(6.5). An example of a super-cell design is given for §; = 30°. The reflection phase coefficient is
calculated using Floquet harmonic boundaries for a unit cell of periodicity d, and length L,, with
the strip-line of width w and length d, as shown in Figure 6.5. In this case an example is given for
a design at = 30° and A = 20mm (Frequency 14.7 GHz) (Note that: the frequency chosen at 14.7
GHz is just for better demonstration and ease of fabrication, where the concept can be transposed
to any frequency depending on the concept), with N= 12, w=0.71lmm and L,= A/2. The metallic
strip-lines are printed on a grounded substrate of permitivitty e=2.2, tan(§) = 1x 1073 and thickness
1.57 mm .

Following the curve of the reflection phase coefficient given in Fig.6.5. and Eq.(6.5), the phase
gradient is given as d¢/dx equal to 30°. The dimensions of the strip lines are given in Table (6.1).
Eleven strip lines are given in this case due to the fact that the phase of the last strip line corresponds
to zero.

Phase Coefficient (degrees) Dimensions d, (mm)
-182.6812 10.2
-152.6812 7.1
-122.6812 6.5
-92.6812 6.06
-62.6812 5.82
-32.6812 5.6
-2.6812 5.34
27.3188 5.1
57.3188 4.6
87.3188 4.12
117.3188 1
147.3188 0

Table 6.1: Reflection phases with respect to the dimensions of the strip-lines d, with a phase gradient
on equal to 30°

6.4.2 Lossless Reflection Condition

In order to ensure a high efficient retrodirective wave, the lossless reflection condition should be
validated. It has been shown [357] that in order to obtain a high efficient reflected signal, the
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normal component of the Poynting vector should be less than or equal to zero P,, < 0 which is
satisfied when the reflected electric field E, is equal to that of the incident electric field E; (E, =
E;). P, is defined as follows:

E?
P, = 27; (cos @, — cosd;)[1 + cos ¢,.(2)] (6.6)
1

where ¢, defines the reflection phase. Taking the example of the design at 30°, P, has been calculated
as shown in Figure 6.6.

5 | 1 | | |
'-%0 -80 -60 -40 -20 0 20 40 60 80 90
Incident Angles (degrees)

Normal Component of the Poynting Vector (Pn) in W/m2

Figure 6.6: The normal component of the Poynting vector with respect to 6; for a metasurface design
at 30°.

The result in Figure 6.6 shows that P,, is less than zero for all incident angles, this indicates that
the condition of Eq.(6.6) is validated and the retro-reflector is lossless.

6.4.3 Design of Retrodirective Metasurfaces for various angles of inci-
dence

Following the design procedure and the general principle of operation for a super-cell design at 30°
that we have just defined, different metasurfaces are designed at 25°, 20°, 15° and 10° each with a
different periodicity with respect to A following the same principle and procedure.

To determine the retrodirectivity performances of each metasurface from the angular aspect, we
calculate the monostatic Radar cross section (RCS) of each design. The monostatic RCS is defined
as the wave’s energy which is sent and re-directed back to the at the same angle of incidence,
which is basically a similar case to that which is used in WPT as a pilot signal for tracking and
localization [319]. Moreover, each metasurface is compared to that of a flat metallic plate, this is
basically for efficiency studies and having the metallic flat plate as a reference which is well known
for its performance for retrodirectivity at normal incidence.

6.4.3.1 Monostatic RCS Performance for a Retrodirective Metasurface at 30°

After the design of a retrodirective super-cell following the general principle of operation at 14.7
GHz, an array periodic structure of 7 x 9 super-cells is printed on top of a Teflon substrate of
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Figure 6.7: a) Metasurface design at 30° Using Ansys HFSS, b) Metasurface prototype of 7 x 9
super-cells printed on a Teflon substrate of dimensions 14.3 cm x 9.2 cm and thickness 1.57mm.

relative permittivity ¢ = 2.2 as shown in Fig. 6.7. The dimensions of the strip lines are given in
Table 6.1.

For § = 30° the periodicity L, is equal to A according to Eq.(6.3). The monostatic RCS for the
design is given in Figure. 6.8 and compared to that of a conventional metallic flat plate.
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Figure 6.8: Monostatic RCS (dB) with respect to the incident angles (degrees) for a 30° metasurface
design of 7 x 9 super cells and dimensions 14.3 cm X 9.2 cm compared to that of a metallic flat

plate of similar dimensions.

The result in Figure 6.8 shows a high value of retroreflection at the desired angles as well as at -30°
and normal incidence, the symmetrical response of the metasurface is expected, this is due to the
similar response in both directions of the phase of the reflection coefficient from 117° to -182.68°
and from -182.68° to 117° which is given in Figure 6.5 .

6.4.3.2 Monostatic RCS Performance for Retrodirective Metasurface designs at 25°
and 20°

The same procedure is followed for the designs at 25° and 20° given to that at 30°. The periodicity
L, is 1.18)X and 1.462\ at 25° and 20° respectively. The dimensions of the strip lines of the unit cells
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for 25° and 20° are given in Table (6.2) and (6.3) respectively. The monostatic RCS of the given
designs is shown in Figures 6.9 and 6.10 respectively.

Phase Coefficient (degrees) Dimensions d, (mm)
-182.6812 10.2
-152.6812 7.12
-122.6812 6.618
-92.6812 6.12
-62.6812 5.87
-32.6812 5.63
-2.6812 5.38
27.3188 5.13
57.3188 4.63
87.3188 4.12
117.3188 1.56
147.3188 0
Table 6.2: Reflection phases with respect to the dimensions of the strip-lines d, with a phase gradient
¢n equal fPHAsdaCIdticienertdelrdesign at 257 Dimensions d, (mm)
-182.6812 10.2
152.6812 7.63
-122.6812 6.78
~92.6812 6.25
-62.6812 5.93
232.6812 5.68
-2.6812 5.43
27.3188 5.17
57.3188 4.7
87.3188 4.16
117.3188 2
147.3188 0

Table 6.3: Reflection phases with respect to the dimensions of the strip-lines d, with a phase gradient
on equal to 30° for the super-cell design at 20°

In Figure 6.9 a high value of retroreflection is given at 25° as well as at -25° due to the symmetrical
response of the metasurface design, whereas an absence at normal incidence compared to that for
the 30° design which is the result of a periodicity L, > A. In this case higher orders of diffraction are
present (at -58°) as the periodicity increases higher than A, as expected according to Floquet-Bloch
analysis [358]. Figure 6.10 shows the result of retroreflection for the design at 20° giving a high value
at 20° and -20° with a diffracted order at -44° with a significant value in terms of retrodirectivity.

6.4.3.3 Monostatic RCS Performance for Retrodirective Metasurface designs at 15°
and 10°

The design of a retrodirective metasurface is given in this case where the periodicity L, is equal
to 2\ and 2.88\ at 15° and 10° respectively. The dimensions of the unit cell elements of the given
designs are given in Tables (6.4) and (6.5).The monostatic RCS of the given designs is shown in
Figures 6.11 and 6.12 respectively.
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Figure 6.9: Monostatic RCS (dB) with respect to the incident angles (degrees) for a 25° metasurface
design of 6 x 5 super-cells and dimensions 6.1 cm x 12 cm compared to that of a Flat metallic plate

of similar dimensions.
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Figure 6.10: Monostatic RCS (dB) with respect to the incident angles (degrees) for a 20° metasurface
design of 7 x 5 super-cells and dimensions 7.1 cm X 15 cm compared to that of a flat metallic plate
of similar dimensions.

The result in Figure 6.11. shows a high value of monostatic RCS at 15°. It can be shown in this
case, that the symmetrical response in the opposite direction at -15° is lost, although the phase of
the reflection coefficient remains with the same response compared to that at 30°, 25° and 20° . Two
diffracted orders are present in this case showing a high value of monostatic RCS at -32° and -50°
as shown in Figure 6.11. The symmetrical response in terms of retrodirectivity for the metasurface
design is lost due to the high periodicity L, in this case, being > 2X and the presence of the higher
orders of diffraction [358]. Figure 6.12. shows the result of the monostatic RCS for a 10° designed
metasurface with a periodicity L,=2.88)\. A high value of monostatic RCS is present at the desired
angle with the absence of retrodirectivity in the opposite direction at -10° and two significant values
at the diffracted orders at -44° and -60°.
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Phase Coefficient (degrees) Dimensions d, (mm)
-182.6812 10.2
-152.6812 7.8
-122.6812 6.88
-92.6812 6.39
-62.6812 6
-32.6812 5.75
-2.6812 5.5
27.3188 5.24
57.3188 4.83
87.3188 4.29
117.3188 2.22
147.3188 0

Table 6.4: Reflection phases with respect to the dimensions of the strip-lines d, with a phase gradient
¢n equal to 30° for the super-cell design at 15°

Phase Coefficient (degrees) Dimensions d, (mm)
-182.6812 10.2
-152.6812 7.83
-122.6812 6.9
-92.6812 6.46
-62.6812 6.05
-32.6812 5.8
-2.6812 5.54
27.3188 5.29
57.3188 4.93
87.3188 4.33
117.3188 2.76
147.3188 0

Table 6.5: Reflection phases with respect to the dimensions of the strip-lines d, with a phase gradient
on equal to 30° for the super-cell design at 10°

6.4.3.4  Metasurfaces with Symmetrical Responses at -15° and -10° for periodicity
greater than 2)\

As mentioned before, the metasurface design for a periodicity > 2 shows a loss in the symmetrical
response of the metasurface design. Thus, a different design structure is proposed for the metasur-
faces at 15° and 10° by introducing a metasurface with two opposite directions as shown in Figure
6.13. The results for the monostatic RCS for the proposed design structure at 15° and 10° are given
in Figures 6.14 and 6.15.

Figures 6.14 and 6.15 show the comparison between the proposed metasurface designs at 10° and
15° to that of a flat metallic plate respectively. The results of the retroreflection in Figures 6.14 and
6.15, show a recovery of the loss in the symmetrical directions at -10° and -15° for the desired angles
of incidence using the proposed structure design for both cases with lower efficiency with respect to
that of the flat metallic plate, compared to that of the metasurfaces which show a high value only
for the angles at 10° and 15°, but regaining the loss of the symmetrical response of the metasurface
in this case.
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Figure 6.11: Monostatic RCS (dB) with respect to the incident angles (degrees) for a 15° metasurface
design of 7x5 super-cells and dimensions 7.14 cm x 19.7 cm compared to that of a metallic flat
plate of similar dimensions.
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Figure 6.12: Monostatic RCS (dB) with respect to the incident angles (degrees) for a 10° metasurface
design of 6x4 super-cells and dimensions 6.12 cm x 23.5 cm compared to that of a metallic flat
plate of similar dimensions.

6.4.3.5 Experimental Measurements for a 30° Metasurface Prototype

For the validation of of the numerical analysis of a 30° metasurface, a prototype has been fabricated
as shown in Figure 6.7b. with 7x9 periodic array of super-cells of dimensions 14.3 ¢cm X 9.2 cm,
printed on top of a Teflon grounded substrate of relative permittivity e=2.2 and thickness 1.6mm.
The measurements were carried out in an anechoic chamber at an operating frequency of 14.7 GHz.
The results have been compared to the simulation results as shown in Figure 6.17.

Figure 6.16 shows that the measurement results are in good agreement with the numerical results.

6.4.4 Design of Dual Polarized Retrodirective Metasurfaces

In some applications dual polarization can be essential. In this part we introduce the design of dual
polarized retrodirective metasurfaces following the same design procedure and principle of operation
explained before, the only change to be in the unit cell element chosen. This part has been presented
at the 2018 IEEE Radio and Antenna Days of the Indian Ocean (RADIO) Conference [359).
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Figure 6.13: A metasurface design with two opposite directions structure at 10° using Ansys HFSS.
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Figure 6.14: Monostatic RCS of the 10° metasurface proposed structure of 12x4 super-cells(Figure
6.13) of dimensions 12.224 cm x 23.5 cm compared to that of a flat metallic plate of similar dimen-
sions.

A design for an incident angle at 5° is given in this part for demonstration. L, is equal to 5.76,
N= 12 unit cells at a frequency equal to 14.7GHz and printed on top of a grounded substrate of
permittivity e=2.2. The super-cell designs are shown in Fig. 5.17 and 6.18. Fig 5.17 shows the patch
structure with two degrees of freedom P, and P,, whereas in Fig 6.18 the cross has been designed
having three degrees of freedom C,,C, and w which are determined following the reflection phase
coefficient and the phase gradient in (5.5). L, and L, define the dimensions of the super-cell and
d, for that of the unit cell in both cases.

6.4.4.1 Numerical Results for A Dual-Polarized Retrodirective Metasurface Design

A cross structure and patch metasurface of 4x3 super-cells are given as shown in Figure 6.19 and
6.20 respectively.

The monostatic RCS for both metasurfaces is calculated for a propagating wave at 14.7GHz. The
results of the normalized monostatic RCS are shown in Figure 6.21 and 6.22 for the cross and patch
metasurfaces respectively.
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Figure 6.15: Monostatic RCS of the 15° metasurface proposed structure of 14x5 super-cells of
dimensions 14.28 cm x 19.7 cm compared to that of a flat metallic plate of similar dimensions.
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Figure 6.16: Normalized monostatic RCS with respect to the incident angles of the experimental
measurements compared to that of the simulation results for a 30° metasurface prototype.
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Figure 6.17: Super cell of dimensions L, and L, divided into subwavelength patch structured unit
cells

The results in Figures 6.21 and 6.22 show a high level of retroreflection at the 5° desired angle
for both polarization TM and TE, this indicates that this results in tracking enhancement for
both polarizations at oblique incidence. Measurements have been carried out for a cross structure
metasurface in an anechoic chamber at 14.7 GHz. The prototype is shown in Figure 6.23.

Measurements for both TM and TE polarizations have been carried out for the cross prototupe
metasurface. The results of both TE and TM measurements compared to the simulation results are
given in Figures 6.24 and 6.25.
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Figure 6.18: Super cell of dimensions L, and L, divided into subwavelength cross structured unit
cells
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Figure 6.19: Cross Structure metasurface of 4x3 super-cells.
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Figure 6.20: Patch Structure metasurface of 4x3 super-cells.

The results in both figures 6.24 and 6.25 for TE and TM measurements of the cross metasurface
agree almost perfectly with the simulation results, thus validating the results.

6.5 Design of a Multi-Angle Cascaded Retrodirective Meta-
surface based on Superposition

The aim of our study is to design retrodirective metasurfaces which can operate at wide range
of incident angles. This is to enhance the potential of tracking and localization from the angular
aspect of a target to provide wireless power for example in the application of WPT, specially for
extreme oblique incident angles. The Cascaded Multiple Incident Angle Retrodirective Metasurface
(C-MIARM) is designed based on superposing different designed metasurfaces at various angles. In
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Figure 6.21: Normalized monostatic RCS in dBl0norm with respect to the incident angles for a
cross metasurface structure at TM and TE polarizations
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Figure 6.22: Normalized monostatic RCS in dB10norm with respect to the

incident angles for a
patch metasurface structure at TM and TE polarizations
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Figure 6.23: Prototype of a cross metasurface structure for measurements carried on in an anechoic
chamber.

this case, the metasurface is designed by superposing designs at 30°, 25°, 20°, 15° and 10°, and
using the opposite metasurface structure for the designs at 15° and 10° as shown in Figure 6.13.
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Figure 6.24: Normalized monostatic RCS measurements compared to that of the simulation results
for TE polarization for the cross metasurface at 14.7 GHz.
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Figure 6.25: Normalized monostatic RCS measurements compared to that of the simulation results
for TM polarization for the cross metasurface at 14.7 GHz.

The C-MIARM design is shown in Figure 6.26.

The overall dimensions of the C-MIARM are 8.163 cm x 56.23 cm. The normalized monostatic
RCS with respect to the metasurfaces at various angles is given in order to determine the overall
retro-reflective performance of the designed metasurface as shown in Figure 6.27.

The results in Figure 6.27, have shown a wide range of retroreflection with respect to various incident
angles in the ranges between -30° to -10° and from 10° to 30°. A low value is present in the range
between -10° to 0° which can be said to be due to the absence of a metasurface design at 5° for the
simplicity of the numerical analysis, whereas an intermediate value was shown between 0° and 10°.

6.5.1 Comparison between the C-MIARM and the Conventional Corner
Dihedral

Different topologies of retrodirective reflectors have been shown in the literature including the corner
dihedral [360]. For performance and efficiency comparison purposes, The results and performance
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0 150 300 (mm)

Figure 6.26: Cascaded Multiple Incident Angle Retrodirective Metasurface (C-MIARM) with the
superposition of 4 x 8 30°, 25° and 20° super—cells each with 15° and 10° metasurfaces using
the mirror image form, where the MTARM has an overall dimension of 8.163 cm x 56.23 cm and
substrate of e=2.2 and thickness 1.57 mm.
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Figure 6.27: Normalized monostatic RCS in dB of the C-MIARM with respect to the overall per-
formances of the metasurfaces designed at 30° , 25° , 20° , 15° and 10° .

of the C-MIARM with respect to retroreflection is compared to that of the corner dihedral as shown
in Figure 6.28.

The results in Figure 6.28 show a 50 dB gain of monostatic RCS for the C-MIARM with repect to the
corner dihedral of dimensions 8 cm x 15.5 cm X 7.75 c¢m in the range between -30° to -20° and 20°
to 30°, whereas the corner dihedral was limited between -20° to 20° where the C-MIARM showed a
wide range between -30° to -10° and 10° to 30°. Giving a value up to 5 dB of monostatic RCS, the
C-MIARM was able to achieve this value with dimensions 8.163 cm x 56.23 cm compared to that
of a 3D structured corner dihedral of dimensions 8 cm x 15.5 cm x 7.75 cm. The advantage of the
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Figure 6.28: Monostatic RCS of the C-MIARM of dimensions 8.163 ¢cm X 56.23 cm compared to
that of a conventional corner dihedral of dimensions 8 cm X 15.5 cm X 7.75 cm.

C-MIARM is having a 2D structure making it easy for implementation for different application and
addressing extreme incident angles, and can be a complementary solution for such topologies.

In terms of frequency, the corner dihedral is broadband and can perform for a wide-band of frequen-
cies. On the other hand, the C-MIARM is narrow-band and can be sufficient at the given frequency
of 14.7 GHz, as well as a tolerance of 150 MHz around the selected frequency. This can be significant
for applications such as automotive radar systems. However, for applications where broadband is
needed, other type of unit cells [361] can be proposed to ensure a stable distribution of the reflection
phase at a wide-band of frequencies.

6.5.2 Experimental Measurements for the C-MIARM

A prototype of the C-MIARM has been fabricated and tested as shown in Figure 6.29. The di-
mensions of the prototype are 8.163 cmx 56.23 cm. The measurements were carried out in an
anechoic chamber using two Vivaldi antennas (transmitter and receiver) operating at 14.7GHz. The
measurements and simulation results have been compared as shown in Figure 6.30.
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Figure 6.29: Fabricated prototype of the C-MIARM of dimensions 8.163 cm x 56.23 cm.

The measurement results in Figure 6.30, are said to follow and be in good agreement compared to
that of the simulated results with some losses at the angles of 8° and -23° which can be due to

mechanical inaccuracies, as well as the coupling and phase shift present between the two Vivaldi
antennas.

The C-MIARM has shown remarkable results in terms of retroreflection at a wide range of incident

angles. It can be a complement solution for tracking and localization enhancement where it can be
needed such as WPT for IOT devices.
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Figure 6.30: Normalized Monostatic RCS with respect to the incident angles of the simulation results
compared to that of the measurements at 14.7GHz for the C-MIARM.

6.6 Multi-Angle Retrodirective Metasurfaces from Non Re-
ciprocal to Reciprocal: Impedance Modulation for High
Super-cell Periodicity Designs

In this part we introduce a different technique to design multi-angle retrodirective metasurfaces
based on impedance modulation. This work has been published in the journal Applied Physics A,
Springer entitled “ Retrodirective metasurfaces from non-reciprocal to reciprocal using impedance
modulation for high-super-cell-periodicity designs” [70]. Indeed, retro-reflection can be achieved
at a given incident angle, and it is well known that it can be directly achieved in the opposite or
reciprocal direction as given in equation (6.3) and in [53,349,362]. We recall in the work we presented
in previous sections that the design of retrodirective metasurfaces for various angles of incidence
at different super-cell periodicity designs [69], we have shown that, for retrodirective metasurface
designs with subwavelength super-cell periodicities L, the metasurface can perform retro-reflection
for both the desired direction and the opposite reciprocal direction as well as at normal incidence
[53,69,349,362]. However, according to Floquet-Bloch harmonic analysis [32,358], with an increase
of periodicity higher than the wavelength A, higher orders of diffraction can exist for the super-cell
design, which creates more apertures for wave propagation at different angles of incidence. For a
super-cell periodicity between A and 2\, retro-reflection for the metasurface at normal incidence is
shown to be lost [69] as we recall which is shown in Figures 5.9 and 5.10 . On the other hand, for
periodicities greater than 2\, the metasurface loses its conventional reciprocal property for retro-
reflection [69], which can be due to the existence of higher orders of diffraction and apertures where
the wave is propagating as was shown in Figures 6.11 and 6.12.

V.S. Asadchy et al. have introduced the concept of the surface impedance modulation [357], to
design multi-channel reflectors [32], under the assumption of lossless and reciprocal reflectors at a
periodicity of 1.064\. Although this concept has been demonstrated for an incident angle of 28°, it
can be interesting to study the design of retrodirective metasurfaces addressing lower incident angles
such as 10° where the periodicity can reach a level up to 2.88\. The main challenge is to retain
the conventional reciprocal property of a retrodirective metasurface at high super-cell periodicity
designs and achieve efficient retro-reflection at the higher orders of diffraction. In contrast to what
we have introduced in previous sections, where the concept of cascading has been introduced [69]
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and the design of opposite super-cell designs (Figures 6.26 and 6.13), we would like in to optimize
the association for several retrodirective metasurfaces without the loss of their performance, where
the cascaded metasurface [69] can be bulky and of large dimensions for some applications.

In this part, we demonstrate the possibility to design a retrodirective metasurface with a high super-
cell periodicity up to 2.88\ using the surface impedance modulation technique, this is, by retaining
its conventional reciprocal property at 10° and normal incidence with high efficiency using a single
designed super-cell. Furthermore, taking advantage of the high number of diffraction orders at these
periodicities and with a proper engineered surface impedance, one can extend the retrodirective
metasurface to operate at multiple incident angles simultaneously which can be a great complemen-
tary solution for tracking enhancement and of compact dimensions for ease of implementation.

6.6.1 Relation between Periodicity L, and Wavelength \

The performance of retro-reflection for the metasurface design depends directly on the relation
between the periodicity L, and the wavelength A, where 6; varies according to the incident angle
desired for retro-reflection as given in Equation (6.3). In this case, since L, is the periodicity of
the super-cell design, thus it can only be a positive value. Hence, in theory the metasurface should
perform retro-reflection for the desired angle #; and reciprocal angle -6; simultaneously. This has
been proved in previous work at subwavelength periodicity designs [32,53,349,362]. However, with
an increase of periodicity beyond A, the performance of the retrodirective metasurface differs and
shows direct relation between the periodicity L, and wavelength A as shown in Figure 6.31.

Normal Incidence Normal Incidence
Reciprocal Direction Desired Direction Reciprocal Direction Desired Direction

| |
x <A
(a) (b)
Normal Incidence
Reciprocal Direction Desired Direction

Lx 2 2A
(c)

Figure 6.31: a) Super-cell periodicity L, < A, retro-reflection is obtained in the desired direction
0;, the reciprocal direction and at normal incidence. b) Super-cell periodicity A < L, < 2\, retro-
reflection is obtained in the desired direction #; and the reciprocal direction, whereas for normal
incidence is absent. c¢) Super-cell periodicity L, > 2\, retro-reflection is obtained only in the desired
direction 6;, whereas the conventional properties of the metasurface are lost in the reciprocal and
normal incidence directions.

For a periodicity L, < A, retroreflection is obtained at the desired angle, reciprocal direction and
normal incidence as shown in Figure 6.31a (demonstrated in Figure 6.8). However, for A < L, < 2,
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the metasurface loses its performance for retro-reflection at normal incidence [69] as shown in Figure
6.31b (Demonstrated in Figures 6.9 and 6.10). On the other hand, with an increase of periodicity
beyond 2X (L, > 2)\), the retrodirective metasurface loses its conventional reciprocal property and
retroreflection is obtained only at the desired angle [69] as shown in Figure 6.31c (Demonstrated
in Figures 6.11 and 6.12). According to Floquet-Bloch analysis [358], for a metasurface design of
periodicity larger than A, higher orders of diffraction and open apertures can exist. This can explain
the loss of retro-reflection in the reciprocal direction and normal incidence, which is due to the the
existence of open apertures which allow the propagation of the wave in other directions. However,
the direction of the open apertures or higher orders of diffractions can be obtained as follows:

nA
0y, = in — 7
arcsin 7 (6.7)

x

where n defines the number of open apertures or diffraction orders and 0,.,, the direction of the
diffraction orders.

6.6.2 High Periodicity Reciprocal Metasurface Design Procedure: Sur-
face Impedance Modulation Technique

The main challenge in this work is to retain the conventional reciprocal property for a retrodirective
metasurface as well as at normal incidence. However, following the surface impedance modulation
technique, with a proper engineered surface impedance, for super-cell periodicities higher than 2\,
one can achieve efficient retro-reflection at the directions of the higher orders of diffraction. In
this section, we explain briefly the design procedure of a reciprocal retrodirective metasurface for a
periodicity design of 2.88\ operating at 14.7 GHz. We define the nominal super-cell following the
generalized phase law of reflection and the optimized super-cell design after introducing the surface
impedance modulation technique.

The retrodirective metasurface consists of optimized super-cells which are designed in two steps.
The starting point for the design of a gradient metasurface, is by defining a configuration based on
the generalized phase law of reflection.The designed nominal super-cell in shown in Figure 5.32.

Lx

W, g
v i

dx

Ly

—

Figure 6.32: Nominal super cell design discretized into 10 patch cells of dimensions d, (given in
table (6.6)) following the generalized phase law of reflection.

The periodicity L, and L, of the nominal super-cell define the length and width of the super-cell
respectively as shown in Figure 6.32. L, is determined according to Equation (6.3). The patch
dimensions d,, are determined following the phase of the reflection coefficient which are tuned with
respect to a phase gradient. In the second step the surface impedance optimization of the nominal
super-cell design is implemented. It has been shown [357] that in order to ensure efficient retro-
reflection of the designed metasurface, the surface impedance Z,; should be purely reactive at each
patch element ¢ with respect to the given periodicity, where the incident electric field E; is equal to
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that of the reflected electric field E, [32,357]. Assuming a given TM polarized wave Zrpr = 1 cos 6;,
Zg; is given as:

ZrM
tan(%)

Lg; = J

Equation (6.8) defines the surface impedance Z; needed for each patch element where ¢; defines the
phase of the reflection coefficient. To achieve a purely reactive impedance of the super-cell design,
post processing optimization using Floquet Periodic Boundary condition of the nominal super-cell
patch dimensions is followed. The process is done by tuning the nominal patch dimensions d, to
obtain the best combination with a purely reactive surface impedance. Figure 6.33 shows the super-
cell design after numerical optimization of the patch cells to a proper reactive surface impedance.

Lx

W,
T LT & [

dx

Ly

—

Figure 6.33: Optimized Super-cell after tuning the patches to the proper reactive surface impedance
of dimensions d,, (given in table (6.6)).

The nominal and optimized super-cells are divided into N unit cells where N = 10 in this case,
d, = L,/N, with the width of the patches being constant w = d, — 0.5 mm. d, defines the
dimension of the nominal patches which are tuned with respect to a phase gradient. The dimensions
of the patches are determined following the phase of the reflection coefficient ¢; shown in Figure
6.34.

-100
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Patch Dimensions (mm)

Figure 6.34: Phase of the reflection coeflicient with respect to the patch dimensions d, in mm for a
given frequency at 14.7 GHz

For a given frequency of 14.7 GHz and 6; = 10°, a progressive phase shift equal to 40.5° is introduced
between each patch element, to achieve the whole phase distribution given in Figure 6.34 for the
super-cell design. The periodicity L, = 2.88\ and L, = A\/2. Table (6.6) shows the nominal
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dimensions of the metallic patches with respect to ¢;, which are printed on a grounded substrate of
permitivitty € = 2.2, tan(d) = 1 x 10~2 and thickness 1.57 mm as shown in Figure 6.32.

The surface impedance of the nominal super-cell shown in Figure 6.32 has been calculated at the
given frequency 14.7 GHz and incident angle 10° for a TM polarized wave where Z; = 11.5 —j524.25
using Floquet Periodic Boundary Condition. The patches are tuned to a level where the real part
of Zs is approximately equal to zero, this is determined by post processing numerical optimization
using Ansys HFSS and finding the best combination between the designed grounded patches for the
super-cell design using Floquet boundary conditions. The optimized dimensions d,, have been given
in Table (6.6). The surface impedance of the optimized super-cell design in Figure 5.33 has been
optimized to a value of Z;, = 0.9 — j267.3 at 14.7 GHz, where the real part is approximately equal
to zero thus eliminating the ohmic losses of the designed super-cell.

¢;° Nominal Optimized

Dimensions d, (mm) Dimensions d,,(mm)
-134.27 6.73 6.38
-93.7 5.88 5.61
-53.2 5.408 5.306
-12.7 4.969 5.102
27.8 4.489 4.898
68.3 3.979 5.915
108.8 2.306 2.04
-210.7 10.2 10.2
-170.2 9.28 8.673
-129.7 6.53 6.73

Table 6.6: The nominal dimensions d,(mm) of the patch cells following the generalized phase law
and the phase of the reflection coefficient ¢;° shown in Figure 5.34 with a phase gradient equal
to 40.5°, as well as the optimized dimensions d,, after implementation of the surface impedance
modulation.

6.6.3 Metasurface Design and Results

Two metasurfaces have been designed with similar dimensions 5 cm x 23 cm using Ansys HFSS;
The first one of 5x4 nominal super-cells(Figure 6.32) as shown in Figure 5.35a and the second using
5x4 optimized super-cells(Figure 6.33) given in Figure 6.35b.

Figure 6.35: a) Metasurface design using Ansys HFSS of 5x4 nominal super-cells b) Metasurface
design of 5x4 optimized super-cells .

To compare the performances in terms of retrodirectivity of both metasurfaces, the normalized
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monostatic RCS is determined to calculate the energy which is redirected back to the direction of
the transmitter as shown in Figure 6.36.
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Figure 6.36: Normalized Monostatic RCS of the optimized metasurface (Figure 6.35b) after im-
plementation of the impedance modulation compared to that of the nominal design (Figure 6.35a)
following the generalized phase law of reflection operating at 14.7 GHz and of similar dimensions
5.1 cm x 23.5 cm.

First for the case of the nominal or initial metasurface design in Figure 6.35a, the results in Figure
6.36 show a high a level of retro-reflection for the nominal metasurface at 10° due to the proper
periodicity and desired angle chosen. Other peaks in terms of retro-reflection are present but with
low efficiency compared to the desired angle of incidence (10°) such as, -20°, -44°, -32° and -60°. This
is expected, since according to Floquet Bloch analysis in Equation (6.7), higher diffraction orders
can exist and the direction of the apertures can be calculated. Thus, for L, = 2.88), the range of
values of n are limited to n = 0,41, £2. Hence, five open apertures or higher orders of diffraction
are expected at 0; = 0, £20.3°,+44°. The presence of two other higher orders of diffraction at
+32°,460° can be due to the level of periodicity which is approximately equal to 3A. However, we
can observe that, the reciprocal direction at -10° and normal incidence are absent and of very low
efficiencies, which is due to the propagation of the wave in the direction of the higher diffraction
orders which are said to be uncontrollable.

Second for the case of the optimized metasurface design in Figure 5.35b, after the implementation
of the surface impedance modulation technique, we can observe from Figure 6.36 that the retro-
reflection in the reciprocal direction at -10° and normal incidence have been retained and achieved
with high efficiency. This is due to the control of the high diffraction orders by optimizing the
surface impedance, as well as, retro-reflection was also obtained with higher efficiency compared to
that of the nominal case, in the direction of the diffraction orders at +20.3°, £32°, £44° and +60°.
To determine the efficiency of retro-reflection for the optimized metasurface at the eleven angles of
incidence, the metasurface is compared to that of a metallic flat plate of similar dimensions 5.1 cm
x 23.5 cm, which well known for its high efficiency in terms of retro-reflection at normal incidence.
The simulated results comparing both performances are shown in Figure 6.37.

The results show a high level of monostatic RCS or retrodirectivity for the optimized metasurface
design for the following incident angles at normal incidence and 4+10°,+20.3°, +32°, +44° 4+60°
compared to that of the metallic flat plate which only re-directs the wave back in the same direction
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Figure 6.37: Monostatic RCS (dB) of the optimized metasurface design(Figure 6.35b) compared to
that of flat metallic plate with respect to the given incident angles at 14.7 GHz of similar dimensions
5.1 cm x 23.5 cm .

at normal incidence which is 6 dB in this case. The gain (dB) of monostatic RCS for each incident
angle of the optimized metasurface compared to that of the mettalic flat plate are given in Table.
(6.7). Some angles such as that at 420.3°, are subject to more attenuation due to the surface
resistance. In terms of frequency and polarization, the metasurface is said to operate at 14.7 GHz, as
well as a tolerance of 2100 MHz around the operating frequency. On the other hand, for applications
where broadband and dual polarization is needed other unit cell designs can be considered [359,361].

0;° Gain (dB)
-60 +17
-44 +23
-32 +22
-20.3 +21
-10 +32
0 -4
+10 +32
+20.3 +23
+32 +24
+44 +27
+60 +21

Table 6.7: Gain in dB of monostatic RCS of the optimized metasurface compared to that of a flat
metallic plate of similar dimensions 5cm X 23 c¢m for the given incident angles 6; at 14.7 GHz.

6.6.4 Fano Resonance Based Multiple Angle Retrodirective Metasuface

In this section, we use dolmen fano-resonating structures [363,364], which are based on spectrum
engineering for highly sensitive devices, and introducing a phase gradient by tuning the sub-radiant
modes following the generalized phase law of reflection, particularly for retro-reflection, while fixing
the super-radiant mode. The unit cell structure is shown in Fig. 6.38.

The dimensions of the dolmen unit cell are given as follows: the two sub-radiant modes are of same
dimensions in the x-direction, L;= 6.5 mm and W;= Imm. Whereas, for the super-radiant mode
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Figure 6.38: Unit cell dolmen structure of 3 elements, two sub-radiant modes in the x-direction of
dimensions L; and W7, and one super-radiant mode in the y-direction of dimensions Ly and Wj.
With a gap g between the two sub-radiant modes and the super-radiant mode.

in the y-direction, Lo= 2mm and W= lmm, with a gap ¢ = 1lmm between the sub-radiant modes
and the super-radiant modes.

In this case, 6 is chosen at 5° for a frequency of 24 GHz, thus L, is equal to 5.74\. According to
Floquet Bloch analysis [358] for a metasurface design of periodicity larger than A, a high number of
open channels can exist where retrodirectivity can be achieved in addition to choosing the desired
angle. For a periodicity of 5.74)\, the design becomes very lossy and complex in terms of optimization.
The usage of a Fano-resonance structure can be a good candidate to suppress the losses for super-
cells with high periodicities. The super-cell is divided into 8 unit cells, where the dimensions of the
sub-radiant modes L; are both tuned similarly in the x-direction. The phase gradient ¢= 27/8 =
45°. The dimensions of the sub-radiant modes are determined following the phase of the reflection
coefficient which is shown in Fig. 6.39.
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Factor X
Figure 6.39: Phase of the reflection coefficient with respect to that of Factor X which is multiplied
with the dimensions of the sub-radiant modes at 24 GHz.

The tuned dimensions are given as Ly (jn;tia) X Factor X with Ly (initiary= 6.5mm, which is determined
in Fig.6.39 with respect to a phase gradient 45° . The Factors X and the dimensions of the tuned
cells are given in Table 6.8.

In order to achieve high efficient retro-reflection at the open channels, the surface impedance should
be properly engineered and optimized to be purely reactive. The initail surface impedance of the
dimensions given in Table 6.9 was calculated to be Zs = 15— j326 using Floquet boundary conditions
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i° Factor X L; (mm)
-122.4 1 6.5
=774 0.6 3.9
-32.4 0.55 3.575
12.6 0.5 3.25
57.6 0.44 2.86
102.6 0.37 2.405
147.6 0.1 0.65
-167.4 1 6.5

Table 6.8: Dimensions of the sub-radiant modes L; (mm) tuned with a phase gradient equal to 45°
following the phase of the reflection coefficient in Fig. 6.39, where the dimensions Li(initiar) = 6.5

mm are multipled by Factor X to form a gradient metasurface.

Initial Dimensions L (mm) Optimized Dimensions L; (mm)
6.5 6.5

3.9 4.095

3.575 3.705

3.25 3.38

2.86 3.055

2.405 3.9

0.65 1.3

6.5 6.5

Table 6.9: Optimized and initial dimensions of the sub-radiant modes L; following the surface
impedance optmization and modulation to a pure imaginary value.

for one super-cell design. The surface impedance has been optimized by tuning the initial dimensions
to achieve a purely reactive surface impedance determined as Z; = 1 — j133 where the resistance is
almost tuned to zero. The optimized dimensions are given in Table 6.9.

A metasurface of 4x3 super-cells of dimensions 25 mm x 215 mm is designed using the optimized
dimensions given in Table 6.9. The dolmen structures are printed on top of a grounded substrate of
relative permittivity €,.=2.2 and thickness 1.6 mm operating at 24 GHz. The metasurface is shown
in Fig 6.40.

Figure 6.40: Metasurface design using the optimized dimensions of 4x3 super-cells, of dimensions
25 mm X 215 mm, with a ground plane and substrate of permittivity ¢,=2.2 and thickness 1.6 mm.

The metasurface has been excited with a plane wave with the electric field in the X-direction of the
sub-radiant modes, at a range of incident angles from -70° to 70°. The monostatic RCS has been
calculated to determine the performance of the metasurface Fano-resonance based design in terms of
retro-reflection. The monostatic RCS of the metasurface has been compared to that of a flat metallic
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plate with similar dimensions to highlight the efficiency of the metasurface for retrodirectivity. The
result is shown in Fig.6.41.

The result shows high level of retrodirectivity for almost 17 different incident angles (-60°,-52°,-44° -
38°-32°-21°,-18°,-10°,-5°, normal incidence, +5°, +18°, 421°,+25°,4-32°,444° +52°) which is due
to the high periodicity of the super-cell design and high sensitivity of the designed Fano-resonant
dolmen structure for high efficiency and accuracy.
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Figure 6.41: Monostatic RCS (dB) of the metasurface design in blue compared to a flat metallic
plate of similar dimensions in dotted green, when the electric field of plane wave is in the direction
of the sub-radiant modes (x-direction) at 24 GHz .

The metasurface has also been excited with a plane wave with the electric field in the direction
of the fixed super-radiant mode in the y-direction. The monostatic RCS has been calculated and
compared to that of a metallic flat plate.

Monostatic RCS (dB)
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Figure 6.42: Monostatic RCS (dB) of the metasurface design in blue compared to a flat metallic
plate of similar dimensions in dotted green, when the electric field of plane wave is in the direction
of the super-radiant mode (y-direction) at 24 GHz .

The result in Figure 6.42, shows a high level of retro-reflection at three angles of incidence -44°,
normal incidence and 44° compared to that of a flat plate of similar dimensions. This is due to
the coupling present between the sub-radiant modes and the super-radiant mode, giving rise for
retro-reflection for different angles with independent polarization for specific angles of incidence.
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6.6.5 Metasurface Experimental Measurements

To validate the feasibility of our metasurface design, a prototype of the optimized metasurface of
10x 7 super-cells and dimensions 10.2 cm x 41.125 cm has been fabricated. The surface design has
been printed on top of a Roger Duroid 5880 grounded substrate of dielectric constant e=2.2 and
thickness 1.6 mm. The prototype is shown in Figure 6.43. The measurements were carried out in an
anechoic chamber using two vivaldi antennas, one acting as a transmitter and the other as a receiver.
The antennas were place next to each other and isolated using absorbing material to eliminate the
coupling. The operating frequency of the antennas was 14.7 GHz. The metasurface design was
placed on top of a rotating mechanical platform and both antennas were fixed at a distance of 3
meters from the target. The far-field monostatic RCS has been calculated. Since the metasurface
prototype used for measurements was of larger dimensions compared to that of simulated design
(for less computational time analysis), the normalized monostatic RCS of the measurements have
been compared to that of the simulation results in order to highlight the performance of the design
in terms of retro-reflection at each angle of incidence as given in Figure 6.44.
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Figure 6.43: Realized Metasurface prototype of 10 x 7 super cells of dimensions 10.2 cm x 41.125
cm.
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Figure 6.44: Normalized Monostatic RCS (dB10norm) with respect to the incident angles of the
simulation results compared to that of the measurements at 14.7 GHz for the optimized metasurface.

The experimental measurement have shown very good agreement compared to that of the simulation
results and good performance in terms of retro-reflection of the optimized metasurface at multiple
incident angles (+10°,+20.3°, £32°, +44° 4+60° and normal incidence) as shown in Figure 6.44.

6.7 Conclusion and Future Work

In this chapter, we have introduced the application aspect and concept for wireless power transfer,
where tracking and localization can be essential such as that for IOT devices and wireless sensor
nodes. We have shown that many researchers have focused on enhancing the efficiency of the
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WPT system for better tracking and power supply. In our case, we introduced a novel concept for
tracking enhancement, where we control the surrounding and environment of the device, this is by
implementing retrodirective metasurfaces along side the device which is being fed.

Wave control and manipulation in the environment, has gained lot of attention by researchers recently
specially based on metasurfaces, this is due to their substantial physical properties, high efficiency
and reliability. Retrodirectivity on the other hand, has shown to be a great feature for backscattering
and localization enhancement for different targets. Moreover, in this chapter, we basically focus
on investigating the potential of designing multi-angle retrodirective metasurfaces and study their
reliability in terms of retro-reflection enhancement at a wide range of incident angles, where it can
be of great usage for applications where tracking and localizing enhancement is needed from the
angular aspect.

We have introduced the design of retrodirective metasurfaces at various angles of incidence for
retro-reflection. The starting point was the generalized phase law of reflection, which states that
for a non homogeneous surface design, an EM wave can be controlled in an anomalous direction.
The main challenge was to achieve a design or metasurface topology which can operate at multiple
incident angles simultaneously in terms of retro-reflection. A design based on superposition of
multiple unit cells, each designed for a specific angle of incidence, was proposed. The retrodirective
metasurface showed remarkable results in terms of retro-reflection for a range of incident angles, and
was compared to a conventional corner dihedral. On the other hand, another study for multi-angle
retrodirective metasurfaces was also presented, to investigate more efficient, reliable and compact
design. The study was based on impedance modulation of the surface impedance of the retrodirective
super-cell design. A retrodirective metasurface for eleven angles simultaneously was achieved. As
well as, using this technique, we were able to retain the conventional properties of a retrodirective
metasurface for high periodicity designs specially in terms of reciprocity and retro-reflection at
normal incidence. Prototypes of different designs were fabricated and tested in an anechoic chamber
to validate the concept and simulation results.

Retro-directive metasurfaces have shown interesting and unprecedented physical properties in terms
of retroreflection specially for multiple and a wide range of incident angles. The metasurface designs
have shown remarkable results in terms of retroreflection, specially from the angular aspect compared
to any conventional topology. The importance of these designs specially in terms of application, that
they can be used for tracking and localization enhancement, and a very reliable solution specially
with their passive, compact and easy implementation properties. Form the application aspect,
for WPT, they can be of great use when implemented along side a target needed to be fed, for
better redirecting a pilot signal back to the system specially for applications where the target can
be at extreme oblique incidence away from the supplier. In Future work, it would be interesting
to demonstrate such topologies for WPT applications, specially for IOT and WSN in the railway
environment which is a topic under investigation nowadays, where WPT can be an alternate solution
that can be used along side energy harvesting.



Chapter 7

Metamaterial Energy Harvesters
Based on Absorption: Challenges
at Low MHz Frequencies For
Railway Applications

7.1 Introduction

Nowadays, energy harvesting in the railway environment has become an interesting topic for re-
searchers [8-10,49,103-110] with a gain of popularity for railway transportation systems. Several
low-power energy harvesting systems have been developed and deployed in the railway environ-
ment [92, 365, 366] based on the existing sources in the railway infrastructure from mechanical vi-
brations [367], disturbances and electromagnetic fields [123]. The interest is supplying low power to
feed sensors in wireless sensor networks [2,113] deployed for instance for railway health monitoring
thus reducing maintenance, inspection costs and constraints. 3,125, 368].

Several types of energy harvesting technologies have been deployed; they are popular in railway
applications due to the fact that they are based on mature technologies and that the sources present
have a sufficiently high amplitude to yield the required power for feeding sensors or devices. Some
of the harvesters that we can mention can vary from piezoelectric energy harvesting systems [118] to
electromagnetic [89] and solar-based energy harvesting technologies for railways [11]. Piezoelectric
harvesting systems have been developed to harvest mechanical vibrations and pressure induced by
the moving trains to the rail and convert it to electrical power [7,119,127,369]. In the field of
electromagnetic energy harvesting systems in the railway environment, different systems have been
deployed which are mostly based on mechanical vibrations at very low frequencies. [9,10,49,92,109,
122].

However, in electromagnetics a high level of electromagnetic energy is present; it has been experi-
mentally observed recently by Marc Heddebaut et al [13] for frequencies as high as the microwave

125
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region. Moreover according to the EMC standard EN 50121-3-1 [14] for EM emmision limits in the
railway environment, a high level of electromagnetic energy can exist at a wideband of frequency
from 10 kHz up to 1 GHz. To propose the design of a rectenna system [20,21,134] for such application
can be a challenge due to its low efficiency and incompatibility at low frequencies.

To date no mature technology has been proposed for such applications and frequency range. We
are interested in proposing the design of a novel electromagnetic energy harvesting system based
on metamaterials, and investigate their potential in terms of efficiency and miniaturization at low
MHz frequencies. Metamaterials [370] have become a subject of interest for researchers nowadays,
specially of their exceptional and unprecedented physical properties that can be applied for dif-
ferent applications, due to the generality of their design techniques and methods [371,372]. They
are characterized by their subwavelength and periodic structures, as well as the ability to control
an electromagnetic wave in different manners such as abnormal reflection [27] [69], cloaking [373],
enhancing the performance of antennas [374], collimating orbital angular momentum vortex waves
at microwave frequencies [375], absorption [376,377] and energy harvesting [38].

Particularly, for metamaterial absorbers, different techniques have been presented to achieve high
efficient absorption [35] such as using bending shapes [241], high resonance metamaterial structures
with narrow band absorption [242] , as well as other techniques for multi-band [243] and ultra-
wideband absorbing metamaterial designs using multi-layer structures [244] and designs with a low
quality factor [245]. On the other hand, metamaterial energy harvesters do not just require full
absorption, but also the dissipation of the absorbed energy across a load resistance [38]. Therefore,
it is interesting to investigate the potential of metamaterial energy harvesters for the range of
frequencies between 300 MHz - 1 GHz, specially for the application of railway environment.

In this chapter, we introduce other concept that can interesting and compatible for our application,
specially at low microwave frequencies, to overcome the challenges of low efficiency and miniatur-
ization. Thus, we investigate the potential of metamaterial energy harvesters based on absorption,
with designs at operating at a single frequency and multi-band frequencies. The results show high
efficiency at the given frequencies specially for power dissipation to the load resistance.

7.2 Proposal of High Efficient Metamaterial Energy Har-
vesters at Low MHz Frequencies

In this part, we propose an EM energy harvester based on metamaterials at low MHz frequencies,
specially for that which is compatible with our application and measurements which have been
provided by SNCF Reseau in chapter 1 Figure 1.31. The aim is to overcome the challenges of low
efficiency and bulkiness that existing EM energy harvesting systems can have. This work has been
presented at the 13th European Conference on Antennas and Propagation (EuCAP2019) [378] and
the International Workshop on Antenna Technology (iWAT2020) [379].

7.2.1 Challenges

Rectenna systems are well known existing technologies used for EM energy harvesting and wireless
power transfer. A simple rectenna system consists of a dipole antenna with an RF diode connected
across the dipole elements. In terms of railway applications, where electromagnetic sources are
proved to exist at low kHz and MHz frequency bands, the aim is to design an electromagnetic
energy harvesting system which is compact and highly efficient. The implementation of a rectenna
energy harvesting system [134] can be a challenge where antennas can have a large size as well as poor
efficiency and hard to implement for such applications. We propose and investigate the potential of
metamaterial energy harvesters at low MHz frequencies in terms of efficiency and miniaturization
which can be compatible for the railway applications.
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7.2.2 Principle of Operation and Concept

Metamaterials [213] and metasurfaces have become a remarkable subject of interest nowadays for
many researchers, this specially due to their unprecedented physical properties in terms of wave
control [69,380], cloaking [381], focusing [382] and high efficiency absorption [383-385].

Particularly, an important feature for metamaterials is perfect absorption [34], in which a media is
designed neither to transmit nor reflect an incoming EM wave. A metamaterial absorber is usually
designed in a way composed of a metamaterial inclusion printed on top of a substrate with a metallic
ground plane on the bottom of the design to prevent transmission. Since transmission is neglected
with the presence of the ground plane, for perfect absorption and zero reflection, the metamaterial
inclusion should be designed and optimized where the surface impedance is equal to that of the
impedance of air n = 377 2.

However, for EM energy harvesting, starting from the design of a perfect metamaterial absorber, the
energy should be dissipated and collected for energy conversion. A concept has been introduced by
Thamer S. Almoneef and Omar M. Ramahi [38], where a via is inserted connecting the metamaterial
inclusion to a load resistance placed at the ground plane, thus dissipating the energy absorbed by
the metamaterial in which a rectenna system can be placed at the bottom part of the metamaterial
collector.

In our application, for railways, we want to investigate the potential of metamaterial energy har-
vesters for low MHz frequencies in terms of efficiency and miniaturization. The choosing of the
right metamaterial inclusion and its optimization can be a challenge. To be able to have a design
operating at low MHz frequencies this is directly related to the inductance and capacitance of our
design as defined in equation (7.1).

1
= Vi (7.1)

where f represents the resonance frequency, L the inductance and C the capacitance of the meta-
material structure. We can see that with structures with high inductance and capacitance we can
achieve a metamaterial design operating at low frequencies.

7.2.3 Design of a Single Band Metamaterial Energy Harvester

A spiral inclusion is designed and optimized in this case as shown in Figure 7.1. The spiral metama-
terial design is chosen in this case, this is due to its loop structure having a high effective inductance
resulting in resonance at low frequencies for the given dimensions which can be suitable for our
application.

The spiral has been printed on a Rogers TMM4 grounded substrate of relative permittivity e=4.4,
loss tangent 0.002 and dimensions 6 cm x 6 cm (A/14) and thickness t= 10 mm (A/100). To ensure
a highly efficient absorption at the resonance frequency, the surface impedance of the metamaterial
structure should be optimized to be equal to that of air n = 377 Q. The structure has been designed
to the following dimensions given in Figure 7.1 where w= 0.5 mm refers to the gap between the spiral
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L=2mm §
g=lmm <3

VIA

W= 0.5mm Z

Figure 7.1: Spiral structure design with the given dimensions printed on top of a substrate with a
via connecting the inclusion to the ground plane.
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Figure 7.2: Simulation Results of the reflection coefficient S11(dB) with respect to frequency(MHz)
using Ansys HFSS.

and the substrate, g= 1 mm is the gap between the spiral lines and L= 2mm is the width of the
spiral. A via is inserted, in which it connects the spiral structure to the ground plane. The resonant
frequency and the surface impedance have been calculated using Ansys HFSS as shown in Figure 7.2
and 7.3 where the structure has shown to resonate at 350 MHz having a surface impedance which
has been optimized to a value approximately equal to 377 €.

Figure 7.2 shows a resonance of -38 dB at 350 MHz, this indicated that the energy is perfectly
absorbed at the resonant frequency. Figure 7.3 shows the surface impedance of the metamaterial
structure which is approximately equal to 377 which is that of the impedance of air.

However, to obtain the amount of energy absorbed by the metamaterial design at the resonant
frequency, the absorption rate is calculated according to the following equation (7.2):

A(w) = 1= | 811 |* — | Sa1 |7 (7.2)
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Figure 7.3: Real Re(Zs) and Imaginary Im(Zs) parts of the surface impedance Zs of the spiral
metamaterial design with respect to frequency(MHz)
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Figure 7.4: Absorption rate of the spiral design with respect to frequency(MHz)

In Eq. (7.2) Sy1 presents the reflection coefficient of the metamaterial slab, whereas S2; is the
transmission coefficient. In this case, the structure is printed on top of a grounded substrate thus
So1 is said to be zero. The absorption rate of the design has been calculated at the resonant frequency
as shown in Fig. 7.4.

The results in Figure 7.4 show a level of absorption up to 98%, this indicates that our design is a
perfect absorber at the resonant frequency 350 MHz. The second step is to have a design which
can be used for energy harvesting, thus we connect a load resistor (lumped port) to the end side
of the via, this is in order to calculate the amount of dissipated energy at the load with respect to
the energy absorbed by the metamaterial. To ensure total power delivery to the load resistors, the
impedance of the load should be matched to that of the spiral structure design. An impedance study
has been done from the load side in order to calculate the appropriate value of the load resistor as
shown in Fig. 7.5.

Figure 7.5 shows the impedance from the load side of the design. The results show a real value to
match the metamaterial structure of 8.5 k{2 at a frequency of 382 MHz. The shift in frequency is
expected due to the presence of the load resistance. Moreover, the resonant frequency from the load
side has been calculated for a 4x4 array of metamaterial unit cells as shown in figure 7.6.
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Figure 7.5: Impedance Z of the load resistance real and imaginary parts in Ohms with respect to
frequency(MHz).
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Figure 7.6: Reflection coefficient S1; (dB) from the load side of the design structure.

The results in Figure 7.6 indicate that the design with the load resistance is well matched at the
resonant frequency 382 MHz. However, it is important to calculate the power efficiency of the energy
dissipated to the load from the absorbed energy by the metamaterial design. The amount of power
dissipated to the load from the absorbed energy is shown in Figure 7.7.

The results in Figure 7.7 show a power efficiency of 84% dissipated to the load resistance. This
indicates that most of the energy absorbed by the metamaterial is delivered to the load.

In this part, we have given a first proposal and design of a high efficient energy harvesting system
based on metamaterials at a given frequency where 84% of the absorbed energy was dissipated
across an 8.5 k) load resistor. The design has shown to be high efficient and of low profile of unit
cell dimensions A\/14 x A/14 and thickness A\/100 compared to other existing energy harvesting
systems [20, 21, 38] which can be an important feature specially at low frequencies. The frequency
at 350 MHz has been chosen as an example to prove the idea that metamaterial energy harvesters
can be highly efficient and of subwavelength structure at low frequencies which can be a solution for
applications such as railways.
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Figure 7.7: Power efficiency of the energy dissipated through the given load resistor with respect to
frequency (MHz).

7.2.4 Design of a Multi-Band Metamaterial Energy Harvester

In this part, we introduce another type of metamaterial energy harvesting design based on absorption
for multi-band of frequencies. We follow the same concept we introduced before for the energy
harvester at a single band. Researchers have introduced different design types and concepts for
multi band absorbers, where different methods have been introduced from multi-layer [244], to
bending shapes [241] and low quality factor designs [245].

However, in terms of energy harvesting, we introduce a coil spiral unit cell design given in Fig.
7.8a. This type has been chosen specially due to the metamaterial structure’s high inductance and
ability to resonate at low MHz frequencies, which can be suitable for our application for railways.
Moreover, an air gap is given between the metamaterial unit cell and the ground plane, to ensure a
low quality factor design structure.

The metamaterial design is printed on top of an FR4 substrate of permittivity e=4.4, dimensions
80 mm x 80 mm and thickness 1.6 mm. An air layer gap separates the metamaterial structure
from a ground plane with thickness 60 mm. This is to ensure a low quality factor of the design
and multi-band resonances. On the other hand, for the dissipation of the absorbed energy, a VIA
is connected from the top layer to the ground plane with a load resistance of 282 € at the end part
of the VIA as shown in Fig. 7.8b. The coil spiral structure shown in Fig.4.15a consists of 12 turns,
width w = 2 mm, the gap between the turns g = 0.75 mm and the inner radius is equal to 1.5 mm.
The unit cell design is shown in Fig.7.9.

After introducing the concept and optimization of our design structure, the resonant frequency S11
(dB) of the given design is calculated using Ansys HFSS. The result are given in Figure 7.10.

The results in Figure 7.10, show that our metamaterial is well matched and resonates at eight
multiple frequencies simultaneously. The frequencies and the S1; in dB are given in Table 7.1.

The next step is to calculate the absorption rate of our design at the resonant frequencies following
equation (7.2). Since our design is with a ground plane, thus transmission is neglected. The calcu-
lated absorption rates at each frequency of our design is shown in Figure 7.11. The absorption rates
percentages at each frequency of the metamaterial design are given in Table 7.2.
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Figure 7.8: a) Coil spiral structure of 12 turns, width w and gap g; b) Side view of the proposed
design

Figure 7.9: Unit cell design of the metamaterial structure with the direction of the electric field E
and magnetic field H
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Figure 7.10: Reflection coeflicient of the proposed design S11 in dB with respect to frequency (MHz)
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Frequency (MHz) S11 (dB)
462 -12
520 -23
582 -24
652 -37
725 -31
800 -28
875 -28
970 -12

Table 7.1: The resonant Frequencies in MHz and the value of the reflection coefficient S1; (dB)

Figure 7.11: Absorption rate of the proposed design with respect to frequency (MHz)
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Frequency (MHz) Absorption Rate (%)
410 36
462 73
520 93
582 93
652 98
725 98
800 98
875 98
970 73

Table 7.2: The resonant Frequencies in MHz and the value of the Absorption Rate (%)

The results in Table 7.2 show that our design is perfect absorber at multiple frequencies simul-
taneously and well optimized and matched. Moreover, in order to design an energy harvesting
metamaterial system, a load resistance has been inserted at the end part of the VIA. To ensure total
power dissipation across the load, the resistance should match the impedance of the metamaterial
design. Thus, a 282 Q was given and connected at the end part of the VIA. A 6 x 6 of unit cells
metasurface structure has been designed as shown in Figure 7.12.

Figure 7.12 shows the metasurface of dimensions 48 cm x 48 c¢cm and thickness 61.6 mm. A load
resistance of 282 ) is connected at each end part of the VIAs, and a plane wave has been illuminated

with the given polarization.

Moreover, the power dissipated from the absorbed energy by the
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Figure 7.12: Metasurface design of 6 x 6 unit cell structures of dimensions 48 cm X 48 cm and
thickness 61.6 mm consisting of an FR4 substrate of thickness 1.6 mm and e=4.4 and an air of
thickness 60 mm , as well as load resistance of 282 ) connected to each unit cell end part.

metasurface across each given load 282 €2 has been calculated as shown in Figure 7.13. The results
of the power dissipated at the load from the absorbed energy at each frequency are given in Table
7.3.

100
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Figure 7.13: Power Efficiency % of the absorbed energy across the 282 € Load Resistance.

The results in Table 7.3 indicate that the energy absorbed by the metasurface design is mostly
dissipated at the load resistance given. This makes us conclude that our design can work as perfect
EM energy harvester with high efficiency. Furthermore, the full setup of an EM energy harvester
that can be introduced along with the metasurface design is shown in Figure 7.14. The concept
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Frequency (MHz) Power Efficiency Dissipated at the
Load from the absorbed energy (%)

410 93

462 93

520 80

582 93

652 95

725 98

800 93

875 93

970 93

Table 7.3: The resonant Frequencies in MHz and the value of the Power efficiency Dissipated at the
Load from the absorbed energy (%)

is a full wave rectification system that has been introduced by F. Erkmen et al. [386], where one
rectifying system can be used for an array of unit cells.

Metasurface

Plane Wave

l d
E

Full-Wave
Rectifying System

Figure 7.14: Full wave rectification energy harvesting system along side the metasurface design.

In this part, we have introduced a high efficient and miniaturized metasurface energy harvesting de-
sign, operating at multiple frequencies. This can be suitable and compatible for railway application,
specially for lower MHz frequencies in the microwave region specially following the measurements
and frequencies which have been introduced by SNCF Reseau in chapter Figure 1.31.

7.3 Conclusion and Future Work

Different challenges are faced from low efficiency technologies to bulkiness for EM energy harvesting
in the railway environment. We proposed other interesting solutions with metasurfaces, where
we investigated the potential of metamaterial energy harvesting systems based on the concept of
absorption. Different designs have been given for a single band of frequency and also multiple
bands. The metamaterial energy harvesting designs have shown remarkable results in terms of
efficiency and miniaturization at low MHz frequencies, which can be suitable and reliable specially
for railway applications. However, different designs have been introduced in the literature based on
this concept [38,212,247]. Moreover, the fabrication and design of such metasurfaces can be complex
specially with the need of multiple rectenna designs at multiple frequencies.

In future work, we can investigate wide band metamaterial absorbers have been that are introduced
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[37] following different concepts in the literature. We can study the potential to design wide-band
metmaterial energy harvesters following the same concept we introduced for our designs in this
chapter. Moreover, fabrication of a prototype and testing will be done for validation of our results.

Conclusion of the part

In this part, we defined a solution to overcome the challenges that can arise in the railway system
using conventional EM EH and WPT systems. We showed the potential of metasurfaces to be a
complementary solution to existing technologies. The novel concept based on focusing metasurfaces
has shown remarkable results to enhance the performances and efficiency of existing rectenna sys-
tems, specially for ambient EM energy environments. The system was test on site in the railway
infrastructure in the presence of a GSM-R base station. Different configuration were tested , in which
the focusing metasurface prevailed when used along side the rectenna system in terms of received
power. We achieved a power of 10 pW which can be beneficial to supply and wake up low input
power devices such as WSNs. Alternative solutions were also introduced to enhance the performance
of WPT systems that can also be used to supply power. We introduced multi angle retrodirective
metasurfaces to enhance the system in terms of tracking and localization, which can be a great
solution for challenges such as line of sight specially from the angular aspect. Metasurfaces based
on absorption for multiple frequencies were also designed and introduced which showed potential
results for higher efficiency and miniaturization at low microwave frequencies. A summary is shown
in Figure 7.15.

+ Focusing

\[[SIE ST g (o =4 + Retro-Reflection
+ Absorption

Mature EM EH
and WPT
systems

* Compatible for the
Railway application

Overcome the
challenges of
conventional

systems

« Efficiency
* Miniaturization
¢ Line of sight

Test and
validation on site

measurements

Figure 7.15: Summary of the conclusion of part two on metasurfaces.



Conclusion and Future work

Main contributions of the thesis

The aim of this thesis was to introduce novel techniques to enhance the performances of EM energy
harvesting and wireless power transfer systems, based on metasurfaces, which are compatible for the
application of supplying low input power devices in the railway environment. This thesis work ad-
dressed novel concepts using metasurface designs based on absorption, retro-reflection and focusing.
The main goal was to use metasurfaces as a complementary solution, to enhance the performance
of existing EM energy harvesting and wireless power transfer systems, as well as proposing an EM
energy harvesting system that can be tested in the railway environment.

The main contributions of this work include the following:

e Identifying existing energy harvesting and wireless power transfer systems in the
railway infrastructure. The major goal was to identify existing technologies and energy
harvesting systems already implemented based on various sources from acoustics, vibrations,
solar, wind to piezoelectric, and highlight their drawbacks in terms of harvesting, as well as,
the study of electromagnetic sources that exist in the railway environment, and highlight that
no mature technology has been integrated for such application to date.

e Defining a solution for enhancing the performance of EM energy harvesting sys-
tems and wireless power transfer based on metasurfaces. Many challenges can arise
for EM EH and WPT systems specially for the application of the railway environment. In
terms of EM energy harvesting, the scattering of ambient energy, to low frequency EM waves
in the microwave region, can be a challenge for existing technologies in terms of dimensions,
efficiency and ease of implementation. On the other hand, for WPT, line of sight, tracking and
localization can also be a challenge in order to supply a certain device. Metasurfaces with their
remarkable physical properties, can be an important solution to overcome such challenges, and
give rise to better performing technologies.
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e Novel Concept for enhancing the performance of EM energy harvesters based on
focusing metasurfaces. Energy harvesting of ambient EM energy in an environment can
be a challenge for different existing technologies specially rectenna systems. Moreover the low
efficiency and design complications at low frequencies can be a drawback for such devices.
We proposed a novel concept based on focusing metasurfaces to be a complementary solution
to existing EM harvesting technologies and enhance their performances and make them more
efficient. The concept is based on designing a focusing metasurface following the hyperboloidal
profile of the generalized phase law. The metasurface focuses the incoming EM energy in the
environment at a focal point. A rectenna system is then integrated at the focal point where the
energy is focused and harvests the energy converting it to electric current. The metasurface
has shown remarkable results when integrated along side the rectenna system giving a gain of
up to 8 in linear compared to when a commercialized rectenna system is implemented alone.
This concept can be an interesting solution in the field of EM energy harvesting specially for
ambient energy environments where low power is received by the collector.

e Integration and testing of the focusing system in the railway environment. One
of the aims of this thesis, is to test and implement a mature and novel system in terms of EM
energy harvesting compatible for railway applications. Many sources of energy can exist in
the railway environment. However, in our case we designed a system compatible for GSM-R
frequencies existing in the railway, where the use case is to be able to charge low power input
devices such as IoT and WSNs. The minimum required power to wake up WSNs is 10pW [387].
The system was implemented in the railway environment with the presence of a GSM-R base
station in the far field. The measurements were carried on in Paris in collaboration with SNCF
Reseau. The aim was to validate the potential of our novel concept in terms of EM energy
harvesting on the field for the desired application. The rectenna system along side with the
focusing metasurface was able to harvest 10 nW whereas it showed low potential when imple-
mented alone with a power of 1 nW. This is an interesting result, specially for such application
for WSNs where 10 pW is required as wake up energy.

e Proposed solution for tracking and localization performance enhancement of WPT
systems based on retrodirective metasurfaces. Line of sight and tracking can be a chal-
lenge from the angular aspect for WPT systems, specially in the railway application. We
proposed a solution using the remarkable physical properties of metasurfaces in terms of wave
control following the generalized phase law. The aim was to design a metasurface capable
of redirecting back the wave or signal in the same direction which can be useful in various
applications. The challenge however is to design a passive retrodirective metasurface that
can operate for multiple angles simultaneously. We introduced novel techniques to design
such metasurfaces based on the cascading method [69] and surface impedance modulation
for high periodicity designs [70]. We have also proved that such metasurfaces can lose their
conventional property of reciprocity and introduced the technique how to regain it [70]. The
metasurfaces have shown remarkable results and physical properties in both methods in terms
of retro-reflection at multiple angles simultaneously. Such metasurfaces can be of great use for
different application where tracking and localization need to be enhanced for different systems.
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e Proposed solution for compact and high efficient collectors at low microwave fre-
quencies, using metasurface energy harvesters based on absorption. Metasurface
energy harvesters can be a remarkable solution when compared to low efficient and large di-
mension receiving rectenna systems specially at low microwave frequencies. We proposed two
designs based on the concept introduced in [212,246]. The concept is introducing a via be-
tween the metamaterial absorber and a load resistance where the energy is dissipated, which
is basically equivalent to a rectenna system. We introduced a single and multi band meta-
surface energy harvesters at low microwave frequencies, which can compatible and a solution
for the application of EM energy harvesting in the railway environment. The designs showed
remarkable efficiencies in terms of energy harvesting up to 90% at multi band frequencies.

Limitations of the proposed designs

This thesis work heavily relies on the use of the physical properties and characteristics of metasurfaces
from absorption, anomalous reflection to focusing for enhancing the performances of EM EH and
WPT systems. Although metasurfaces can be of high potential in terms of efficiency and design for
different applications, some limitations can arise such as bandwidth limitations, fabrication in some
cases, dimensions and implementations. The limitations that can arise for our proposed solutions
and designs in this thesis include:

e Multi rectenna systems required at multiple frequencies for the metasurface en-
ergy harvesting absorber. Although the metasurface energy harvester based on absorption
can be an interesting solution in terms of efficiency and miniaturization at low frequencies.
However, the metasurface absorber can be complex in terms of harvesting specially for multi
band frequencies where multiple rectenna systems would be required which can be difficult for
fabrication and design.

e Dimensions of the multi angle retrodirective metasurfaces at low microwave fre-
quencies. In terms of concept and physical properties, the multi-angle retrodirective meta-
surfaces have shown remarkable results using the different approaches proposed which can be
beneficial for various applications. However, for low microwave frequencies, the dimensions
and fabrication of the multi-band retrodirective metasurfaces can be complicated.

e Dimension of the focusing metasurface at low microwave frequencies. Although our
proposed design using the Jerusalem cross was miniaturized with respect to wavelength for a
focusing metasurface design, the dimension can be a drawback a low microwave frequencies.
However, for applications such as 5G communication systems the dimensions can be smaller
and device can be more reliable and compact.

Future work and Perspective

Research on the topic of metasurfaces and metamaterials has been progressively and fastly developing
over the past few years. However, researchers and scientists have realized some limitations of passive
metasurfaces in realized applications, such as fixed wave control and manipulation properties and
tradeoffs that are usually taken with design structure. Recently, many researchers have put efforts
in the design of active and tunable/reconfigurable metasurfaces to externaly control the EM wave
with higher efficiency and a fixed manner [43,229,388-390]. With the high application demand and
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the rise of various technologies, this gives a press for the domain of metasurfaces to progress more
quickly.

Active or tunable metasurfaces are composed or consisted of artificial impedance surfaces with
nonlinear circuit components. It is then designed using artificial designed subwavelength periodic
unit cells. The surface impedance is designed to control or manipulate the surface waves and
incoming incident waves by anomalous reflection, absorption, wavefront manipulation and various
kinds of wave interactions depending on the desired application. An example of an active tunable
power dependant metasurface abssorber is given in Figure 7.16.

E L8

| cascade 9 unil calls |

(c)

Figure 7.16: a) Active unit cell structure. b) Picture of the fabricated unit cell. ¢)An EM simulation
model with nine cascaded unit cells. [43]

The design procedure and mechanism for active metasurfaces unit cell construction is given in
Figure 7.16a. The unit cell is constructed of a metamaterial design structure with non-linear diode
components attached in opposite directions. Vias are added where they are connected between the
structure and ground plane. At low powers, the diodes are off, and the metasurface appears as
an ordinary frequency selective surface (F'SS) or metasurface absorber. The diodes turn on when
illuminated by high power, and the metasurface is electrically transformed to a resistor-loaded high
impedance surface, which can be highly lossy near its resonance frequency. Other type of unit cells
have been introduced for active metasurfaces by the group of Prof. SN burokur [44] using varactor
diodes as shown in Figure 7.17.

For passive metasurfaces, the resonance and absorption frequency is controlled by the design and
structure dimensions of the unit cell and metasurface. However, this can limit the use case for
different applications. In Figure 7.17, by introducing a varactor diode with the unit cell design
structure, one can control the capacitance of the metasurface by introducing a different bias voltage,
therefore controlling the surface impedance, and tuning the resonance frequency to the desired
application in use.

With the rise of technologies such as IoT, wireless sensor nodes and 5G communication systems,
recently the interest in reconfigurable smart metasurfaces has increased significantly [45,226, 391
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Figure 7.17: a) Illustration of the active metasurface design. b) Fabricated metasurface design. [44]

Operator
Radio Access Network Control

Figure 7.18: Smart radio environments: communications. [45]

395]. The idea is to be able to introduce a smart communication environment where the propagation
and scattering of the EM wave can be controlled in a desired manner. An example is shown in Figure
7.18.

With further progress in different technologies and communication systems such as IoT , WSN, 5G
and the progress work on 6G communication systems [396] , the control of EM and light propagation
can be of great interest for smart systems.

Metasurfaces with their unprecedented physical properties have shown to be of great use for different
applications, where wave control and performance enhancement for various technologies is needed.
This thesis work opens up further opportunities and aspects for the potential of metasurfaces in
the field of EM energy harvesting, wireless power transfer and where environmental wave control is
needed. With the fast rise of smart technologies and systems such as IoT, WSNs ,5G communication
systems and 6G in the near future, it will be interesting to investigate the potential of reconfigurable
metasurfaces which has been a hot topic for many researchers recently. These metasurfaces can help
solve some limitations found in passive metasurface designs such as bandwidth and design dependant
functionality limitations. Therefore, giving rise to smart technologies where environmental wave
control would be essential for such devices.
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