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Titre : Communications par rétrodiffusion ambiante dans les futurs réseaux mobiles.
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Résumé : Comment rendre les villes, les usines et les
maisons a la fois intelligentes et sensibles aux
hommes ? Pour y parvenir il est possible d'équiper les
personnes, les villes, les usines et les maisons de
dispositifs radio pour communiquer des messages,
grace a lInternet des objets. Cependant, les
émissions radio permanentes s'accompagnent d'une
dépense énergétique rédhibitoire.

La technologie de communication par rétrodiffusion
ambiante (AmBC) permet de communiquer sans
émettre d'onde radio supplémentaires, en exploitant
les ondes radio ambiantes (Wifi, diffusion TV ou FM,
cellulaire, etc.). Les dispositifs AmBC rétrodiffusent le
champ électromagnétique ambiant grace a une
antenne connectée a une impédance variable.
L'information est alors communiquée a un récepteur
en modulant I'impédance du dispositif AmBC. Grace
a leur trés faible consommation, ils peuvent étre
alimentés par un systéeme de récupération d'énergie.
Cependant la portée et le débit restent encore trés
limités.

Dans ce travail, nous nous focalisons sur |'étude des
améliorations de cette technologie en tirant profit
des réseaux mobiles du futur.

Premiérement nous montrons que les antennes
compactes reconfigurables peuvent
avantageusement remplacer les antennes a
impédance ajustable dans les dispositifs AmBC.

Ces antennes compactes reconfigurables utilisent
différents diagrammes de rayonnement et
différentes polarisations pour rendre plus robuste
la communication.

Deuxiemement nous démontrons que les antennes
existantes au sein des réseaux 5G peuvent étre
utilisées dans les systemes AmBC afin d’améliorer
significativement leur débit et leur portée.

Dans un scénario 5G, I'antenne « massive Multiple-
Input Multiple-Output » (MMIMO) de la station de
base peut étre utilisée comme source d'ondes
ambiantes pour créer des zones de forte puissance
et des zones de bonne réception grace a la
technique de précodage. Ces zones visent a
améliorer les performances de la communication
entre le dispositif AmBC et le récepteur. Nous
démontrons également que l'antenne mMIMO
peut aussi étre utilisée comme récepteur pour
améliorer la détection des dispositifs AmBC.

Enfin  nous montrons qu'une technologie
émergente pour la 6G, appelée surface intelligente
reconfigurable (RIS), qui permet de contrdler
partiellement le canal de propagation des ondes,
peut assister les systémes AmBC. Nous montrons
qu'il est possible d'exploiter la capacité de
formation de faisceau de maniére passive de la
technologie RIS pour améliorer la performance des
systémes AmBC.

Maison du doctorat de I'Université Paris-Saclay

2¢me &tage aile ouest, Ecole normale supérieure Paris-Saclay
4 avenue des Sciences,

91190 Gif sur Yvette, France




Title : Ambient backscatter communication in future mobile networks.

Keywords : Ambient Backscatter, Internet of Things, Spatial Modulation, 5G, 6G.

Abstract : How can cities, factories and homes be
made both intelligent and responsive to people? To
achieve this, it is possible to equip people, cities,
factories and houses with radio devices to
communicate messages, thanks to the Internet of
things. However, permanent radio emissions result in
a crippling energy expense.

Ambient Backscatter Communication (AmBCQ)
technology enables communication without the
need for additional radio emission, by exploiting
ambient radio waves (Wi-Fi, TV or FM broadcast,
cellular, etc.). AmBC devices, named tags, backscatter
the ambient electromagnetic field thanks to an
antenna connected to a tunable impedance. The
information is communicated to a reader by
modulating the impedance of the AmBC tag.
Therefore, thanks to their very low consumption, they
can be powered by energy harvesting. However, the
range and the data rate of these devices are still very
limited.

We focus this work on the study of improvements of
this technology by taking advantage of the future

mobile networks.

Firstly, we show that the compact reconfigurable

antennas can advantageously replace antenna with
tunable impedance in AmBC tags. Such compact
reconfigurable antennas use different radiation
patterns and polarizations to make the
communication more robust.

Secondly, we demonstrate that existing antennas
within 5G networks can be used in AmBC systems
to significantly improve the data rate and the range
of the AmBC tags. In a 5G scenario, the massive
Multiple-Input Multiple-Output (mMIMO) antenna
of the base station can be used as source of
ambient waves to create hot spots and good
reception spots thanks to the precoding technique.
These spots aim at improving the performance of
the communication from the tag to the reader. We
demonstrate also that the mMIMO antenna can
also be used as reader to enhance the detection of
AmBC tags.

Finally, we show that an emerging technology for
6G, called reconfigurable intelligent surface (RIS),
which allows to partially control the wave
propagation channel, can assist AmBC systems. We
exploit the passive beamforming capability of the
RIS technology to improve the performance of
AmBC systems.
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Chapter 1

Introduction

Internet of Things (1oT) designates the network that connects physical objects [1]. An loT
device is embedded with sensors and generate an important amount of data that are communicated
through the network, for example it can be a smartwatch, a wearable, a security camera, etc.
These devices can be of radically different nature to cover applications in various domains such
as healthcare monitoring, manufacturing monitoring, wireless sensor networks, smart home, etc.
As 10T evolves, new use cases and new applications are developed [2]. 10T is a recent and very
promising technology and the associated market is dynamic and growing. The number of IoT
devices is continuously increasing and according to studies it is believed to have reached 10
billion in 2018 and it is expected to reach 25 billion by the end of 2021 [3][4] [5][6][7].

The essential feature of an IoT device is the ability to probe some physical or biological
quantity and transmit this last to master device in order to analyze the data. Two different families
of technologies can be used to achieve these communications: wireless and wired ones. The wired
technology has been used extensively for communication, yet it is difficult to implement because
it requires deploying cables between the fixed devices and a gateway to the network. Wired
technology is therefore limited and expensive, however, it has the advantages of being very secure
and reliable. The second category corresponds to wireless technology that is more flexible and
for which devices can be deployed more easily and cheaply.

In the 10T context, wireless technology addresses two challenges which are the range of
communication and the lifetime of the device. Considering these two key points, new
technologies have been proposed: Radio-Frequency Identification (RFID) [8], Long Range WAN
(LoRAWAN) [9], Zigbee [10], Bluetooth [11], etc. Each technology provides specific advantages
for various applications, for example RFID is very low-power, while LoRaWAN can achieve
long-range communications. Depending on the requirement of the applications, different loT
solutions can be envisaged. A recent and promising technology filling the lifetime limitations is
the ambient backscatter communication (AmBC) [12]. This technology allows extremely low
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power communication, such that devices can be self-powered using energy harvesting of solar
light or even radio frequency (RF) waves. Similarly, to RFID technology, the ambient backscatter
devices transmit the data in a passive way but also exploit ambient electromagnetic (EM) waves.
The breakthrough with other wireless communication technology is that AmBC is “reusing” EM
waves from the environment.

More practically, in AmBC, a device named tag modulates the existing RF field coming from
an ambient RF source, also called source of opportunity, in the environment like a television (TV)
tower [12], a Wi-Fi hotspot [13], a base station, etc. Naturally, the signal radiated by the ambient
source is already modulated and meets the standards of the source technology. Nevertheless, the
ambient backscatter tag modulates the ambient signal at a slow rate such that the tag modulation,
can be considered as variation of the propagation channel by the legacy receiver of the ambient
signal and are therefore not impacted by the AmBC tags. However, a receiver dedicated to
AmBC, also called reader, is able to detect the information modulated by the tag in the ambient
signal. Usually the reader takes benefit of the variation of the amplitude of the backscattered field
induced by the tag. More precisely, in the simplest implementation a tag modulates the amplitude
of the ambient signal with two different states, in one state the tag reflects the ambient waves in
all directions, i.e. the tag backscatters the signal, while in a second state the tag is nearly
transparent to the EM signal and has almost no impact on the ambient signal. By electronically
switching from one state to another, the tag modulates the backscattered signal according to the
message to transmit, resulting in power level variations of the ambient signal at the reader side.
From these variations, the reader can decode the signal to recover the message of the tag.

Therefore this breakthrough technology allows devices to communicate information to a
reader without emitting additional waves. At a time when people are questioning the effects of
the radio EM waves, this recent technique aims at “recycling” EM wave and therefore improving
the spectral efficiency of radio signals. It also enables ultra-low power communication for the
IoT as the radio emission is one of the most consuming parts of a wireless device. This
characteristic is very important in the design of 10T devices, such that they could be deployed
without any battery and only powered by energy harvesting.

The research on low power communication technology fits another concern of our actual
world, the ecology and the energy consumption and in particular the emission of greenhouse
gases. Relatively to this concern, “information technology” counts for 4% of the global emission
of greenhouse gases [14], therefore it is essential to develop communication technology that
could reduce the global ecological impact.

In the telecommunication domain, new challenges are faced and need to be solved in order to
achieve a sustainable world. Considering the actual concerns, AmBC systems can be considered
as one step to future communication evolution [15]. As the fifth generation of mobile networks
(5G) is currently being deployed and targeting more important throughput, lower latency, and
connecting millions or more devices, the next generation may also take into account the
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ecological impact of the telecommunications. AmBC technology could be developed and if
satisfactory enough promoted to any normalization entity for next generations communications
standards.

1.1. BACKGROUND AND MOTIVATION

This promising technology that “reuses” ambient EM waves has also some drawbacks due to
the fact that the tag is not emitting any signal. Indeed, in its simplest form, this technology can
be subject to strong interference effects that dramatically reduces the communication range and
lower the data rate.

In this thesis, we aim to develop a theoretical framework for signal propagation in the context
of AmBCs, determine the limitations of such technology, propose improvements to these systems
considering latest research advances, and evaluate the performance of the AmBC systems. We
specifically investigate the evolution of AmBC considering actual technologies from the field of
spatial modulation (SM) [16], of 5G networks [17] and also latest technologies emerging for the
sixth generation of mobile networks (6G) [18].

We investigate three different evolutions of the AmBCs to improve the performance of such
systems, namely:

e In Chapter 3, we propose to exploit the polarization diversity of the propagation channel
to improve the performance and the robustness of AmBC systems. This chapter is
partially based on the results obtained in a project devoted to SM in order to increase the
data rate thanks to reconfigurable compact antennas.

e In Chapter 4, we investigate the potential of 5G networks to improve the performance and
overcome the limitations of AmBC. Indeed as 5G network is largely being deployed it
could bring benefits to AmBC, thanks to its new features. More precisely, we focus on
multiple-input multiple-output (MIMO) antennas used in the 5G networks to facilitate the
detection of ambient backscatter tags and to improve the quality of the backscattered
signal. We propose to make the ambient backscattered tags friendly 5G networks.

e In Chapter 5 we investigate reconfigurable intelligent surfaces (RISs), a recent technology
currently envisaged for future mobile networks. RISs have the ability to reflect signals in
a controlled manner. In the actual use cases, RIS could be deployed in the environment to
increase the channel diversity and therefore to enhance the signal quality within a
network. We propose to use RISs to assist AmBC systems by improving the link
performance between tags and receivers.

For each investigation we propose a method to evaluate the benefits of the proposed system
evolution. First, we define a reference system corresponding to current AmBC systems and we
determine with measurable data, a performance metric. Based on the reference system, we can
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determine the improvement or the deterioration due to the proposed evolutions. The performance
of this system is mainly evaluated based on two metrics:

o the achievable data rate: the number of bits that a AmBC tag can transmit per second.

e the range of the communication: it corresponds to the distance where tags can be
detected by a reader.

These two metrics are obviously strongly dependent. Consequently, in most of this work, only
one metric will be evaluated.

Other parameters exist, such as the energy consumption. In this work, we use conventional
diodes or varicap for which the energy efficiency has been already evaluated and shown that they
outperform other technologies. Therefore, the consumption aspect that is heavily related to
technological progress is not addressed in this work.

In terms of performance, the scenarios can be evaluated based on three different and
complementary approaches: theoretical, simulation or experimental. In this thesis, we investigate
potential evolutions of AmBC systems from these three perspectives. We propose to establish a
theoretical model of the system by considering and justifying different “simple” assumptions. We
evaluate, from the theoretical and simulation approaches, the system performance for various
configurations. Finally, thanks to experimentation taking into account the complexity of the
environment, we validate the theoretical and the simulation results for some specific
configurations.

1.2. CONTRIBUTIONS

Our main contributions are articulated as follows:

In Chapter 3 we consider an AmBC system composed of an ambient source, a reader and a tag
that is able to change the polarization of its antenna. We propose to improve the ambient
backscatter tag by using the reconfigurable antenna technology developed for SM. We introduce
a polarization-reconfigurable tag to improve the robustness of the tag-to-reader link against the
source-to-reader direct interference. We show that the reconfigurability of the tag antenna can
increase the spectral efficiency, similarly to SM. We use this property to improve the robustness
of the system.

We compare two coding schemes that exploit polarization diversity. In the first considered
coding scheme, the tag, as any standard two-state tag, sends its message by switching between a
backscattering state and a “transparent” state. In practice, this is realized by switching the antenna
between two different load impedances. With this approach, the tag sends the same message
several times, by using each time a different radiation pattern corresponding to a different
polarization state. Therefore, it is expected to receive a good quality signal over at least one
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polarization state. We introduce a second coding scheme, the data is encoded by switching among
different radiation patterns. According to the SM principle each pattern is associated to a
sequence of bits. Similar to the first scheme, we expect that an optimized choice of the
polarization states will improve the system performance.

To assess the benefits of the proposed tag, we introduce a simple model of the tag that can be
studied theoretically and numerically with the aid of an electromagnetic-based simulation
software based on the method of moments (MoM). We assess the performance of the system by
simulation using this model. Finally, we also experimentally evaluate the proposed
implementation by using different antennas, including reconfigurable antennas. This work lead
to the publication of two articles [19], [20].

We propose in Chapter 4 to improve the performance of the ambient backscatter system by
using 5G massive MIMO (mMIMO) equipment. Ambient backscatter tags in 5G networks could
be communicating with base stations or smartphones. We consider two configurations, uplink
and downlink 5G transmission, where the ambient source of signal can be either the base station
(downlink) or the smartphone (uplink).

First we investigate the downlink configuration and we exploit the mMIMO beamforming
feature of the source antenna. We propose to use the beamforming capability of the source
antenna to create “hot spots” for tags with very high power and “good reception spots” for
readers. We consider two types of good reception spots: a “quiet spot” with very weak source-
to-reader interference; and a “coherent spot” with source-to-reader interference, this interference
being coherent (i.e. in phase) with the backscattered signal. We developed a multi-step approach
consisting of:

- atraining phase during which the base station acquires the propagation channel to create
the precoding matrix

- a beamforming phase, in which the base station determines the precoding based on the
channel estimation and transmits the beamformed broadcast signal that creates the
different spots

- acommunication phase, in which, finally the tag backscatters the broadcasted signal to the
reader.

In the investigation, we compare three different precoders each having a different impact on
the backscattering signal. We assess the performance of the system for the three configurations
by simulation in a Rayleigh propagation channel. This work lead to the publication of one article
[21].

In a second scenario, we investigate the uplink configuration where the mMIMO antenna is
used on the reader side to detect the backscattered messages from the tag. We propose to exploit
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the channel spatial diversity using an antenna with 64 elements as reader. We experimentally
assess an uplink transmission scenario in an anechoic chamber. In a first step, a mobile device,
considered as the source, sends pilots to the mMIMO reader. The AmBC tag located between the
device and the reader impacts the propagation channel. As the considered tag has two states: a
backscattering state and a transparent state, the propagation channel between the device and the
reader depends on the tag state. On the reader side, the estimation of the propagation channel is
made for the backscattering and the transparent states of the tag. As each state encodes a bit of
the tag message, the reader is able to decode the tag message with a better sensitivity thanks to
the large number of antennas. We propose to evaluate the performance of the system using a least
square error (LSE) estimator to detect the state of the tag. This work lead to the publication of
one article [22].

We investigate in Chapter 5, future mobile networks and the emerging technology of RISs.
We propose a new practical RIS-assisted AmBC system, to be deployed on an information desk
exposing tags for the purpose of reading. In the proposed system, the RIS is used to enhance the
transmission between the tags and the reader locations. The benefit of RISs is to allow a partial
control of the propagation channel. This property is especially relevant in the case of AmBC
where the source cannot be controlled.

We evaluate the passive beamforming capability of the RIS in order to assist AmBC tags. We
propose a method where the RIS reflects the signal into the direction of the tag. First, the RIS can
pick a beam among a pre-defined codebook of beams. Each beam is designed to reflect waves
coming from the exact source location toward one of the pre-defined locations on the desk.
Second, the RIS can apply a common phase shift to all its elements. The RIS tests several pairs
of beam and common phase shift. Each time, the reader reports a performance quality feedback.
The RIS and the reader together search for the beam and common phase-shift pair that maximizes
the performance. We expect, with such approach, to improve the bit error rate (BER), with respect
to the scenario without RIS, either by creating a “hot spot” on the tag and boosting the
backscattered wave, or by creating “coherent spots” both on the tag and the reader, in such a way
that all waves reflected by the RIS combine coherently with all other waves, when arriving at the
reader to boost the received signal contrast. We propose to validate this approach through
experiments. This work lead to the publication of two articles [23], [24].
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1.3. THESIS ORGANIZATION

In Chapter 2, we provide an overview of the AmBC system and we present the technologies
investigated in the next chapters: the basic features of SM and reconfigurable antennas, we also
presents the MIMO technique in 5G network and the RIS technology. We also express the
challenges we face when designing an AmBC system. Chapter 3 presents a polarization
reconfigurable approach for the ambient backscatter tags. Chapter 4 investigates the mMIMO
antenna of 5G networks used as the source and the reader. Chapter 5 presents a new approach
considering RISs. Finally, Chapter 6 concludes the thesis and introduces our future perspectives.
Figure 1-1 illustrates the thesis organization.

Introduction
(Chap. 1)

State-of-the-art

(Chap. 2)
Polarization-based Ambient backscatters- -
reconfigurable AmBC tags friendly 5G networks RIS-assm;ce:::m‘sB)C system
(Chap. 3) (Chap. 4) p-

Conclusionand
perspectives
(Chap. 6)

Figure 1-1  Thesis organization.
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Chapter 2
State-of-the-art

The main objective of this chapter is to present the AmBC and motivate the proposal of the
new wireless network techniques presented in the following chapters. We also highlight the
challenges one can face in designing an AmBC system. The main contributions of this chapter
can be listed as follows:

e Provide definitions and detailed explanations of the backscattering systems,

e Present a general description of the techniques implemented in mobile networks that
we developed in our contributions,

e Explain notations, definitions and theorems related to wireless propagation and
backscattering principle.

We start by providing the definitions and details on backscatter systems, with a specific
overview on AmBCs in Section 2.1. Then we present new wireless network techniques that are
used in our contributions, Section 2.2 presents spatial modulation features and similarities with
backscattering communications, Section 2.3 gives a general description of 5G and details on
MIMO technology, finally Section 2.4 presents promising technology of future 6G networks that
could be combined with AmBCs.

2.1. AMBIENT BACKSCATTER COMMUNICATIONS

2.1.1. Backscatter communications

The backscatter communication technology is similar to the heliograph technique that was
applied to communicate information by reflecting sunlight before the development of RF
technology. The heliograph, illustrated in the Figure 2-1, is a point-to-point reflecting-based
communication. On one side an operator controls the reflection of the sunlight by pivoting a
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mirror, the transmitter operator generally uses Morse to encode a message. On the other side
another operator observe the reflection of the mirror and decode the message. By pivoting the
mirror the operator modulates the reflected light, to transmit a message.

Figure 2-1  Heliograph, on the left, composed of a pivoting mirror allowing the transmission
of data in Morse code. On the right an operator decoding the message from another heliograph
[25].

However, instead of mirrors, backscatter communications take benefit of scatterers, i.e.,
objects with the ability of scattering the waves. A typical scatterer for an EM wave is made of
dielectric or metallic material and its size is smaller or of the order the wavelength. The word
backscatter composed of back- and scatter, means, in physics, “the deflection of radiation or
particles through angles greater than 90° to the initial direction of travel” [26]. The
backscattering is the reflection of EM waves in directions opposed to the direction of arrival and
is due to waves that meet a scatterer.

AAN L J ®

Figure 2-2  Illustration of an incident waves (a) transmitted by a source on the left that is
scattered in all the directions by an obstacle on the right (b) [27].

Actually rather than the heliograph, the backscattering communication principle is originally
based on the RADAR application invented in 1904 [28]. A RADAR transmits an EM wave in a
given direction. If an obstacle is located on the wave path, the RADAR detects the part of the
incident wave that is reflected back, i.e., backscattered toward it. By processing the time of flight
of the signals, the radar is able to determine the distance of the obstacle.

In the same manner, the modulated backscatter communication technique, introduced in 1948
by Stockman, enables communication by backscattering an RF signal [29]. In a backscatter
communication system, to transmit information, a backscatter device modulates and backscatters
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an RF signal instead of generating a new one as it is done in classical point to point
communications. The modulation is generally based on different scattering states in which the
device can be configured. These states, correspond to different scattering or absorption strength.
This modulated backscatter technique is very well known and is widely used today as it allows
low-cost and low-power communications. Technologies such as RFID use this technique
extensively [30]. In practice, for the RF waves in the frequency range of 20 kHz to 300 GHz, the
loading of an antenna is electronically controlled to tune the antenna scattering, more details on
these controllable scattering antennas will be given in the section 2.1.3.

We can separate backscatter technologies into 3 categories, illustrated in Figure 2-3,
monostatic backscatter communications (MBC), bistatic backscatter communications (BBC) and
AmBCs [31].

A MBC system is composed of a reader and a backscatter device, the reader both generates
the RF signal and detects the backscattered signal. The typical example of MBC system is
classical RFID technology, where a simple device reads the information encoded by passive
devices named tags. This technique is very effective for very short range communications.

In BBC systems, the generation and the detection of the RF signal are performed by two
separated devices: the carrier emitter, and the reader, respectively. The carrier emitter location of
a BBC system can be optimized to improve the coverage of the system [32][33][34]. BBC
systems are also more effective in systems composed of a large number of backscatter devices
[35] compared to MBC. However BBC systems are more expensive as they require more complex
equipments with a powerful carrier emitter.

——> Continuous carrier signals ~————3>  Ambient RF signals — — 3 Backscattered signals

() groen

Carrier

Read emitter
eader
Backscatter ; Leggcy
))) transmitter receiver
R Backspatter
L Bl l-f [ecelyer Backscatter | Backscatter —
))) transmitter  transmitter B oo
«————L- - - - - - .
Monostatic backscatter Bistatic backscatter Ambient backscatter
(@) (b) (©)

Figure 2-3  Categories of backscatter communication systems [31].

The third category, AmBC, is similar to BBC systems in the way that the RF wave source and
the backscatter reader are two separated devices. However, in AmBC the system uses an existing
ambient RF source as wave emitter, therefore the incident signal is not a dedicated signal, but it
is already modulated and originally addressed to a legacy receiver. For example, signals from a
TV broadcast emitter, a Wi-Fi hotspot or a network base station (BS) can be used for AmBCs.
These systems have the advantages to be cheaper to deploy compared to BBC systems as RF
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sources of signal are already existing in the environment.

2.1.2. Ambient backscatter communications principle

AmBC is a recent promising low-power and low-cost technique enhancing green
communications [15][36]. It is based on modulated backscatter technique and uses existing radio-
frequency waves in the environment to communicate information. An AmBC system is composed
of three equipments:

An ambient radio-frequency source (e.g., a TV or radio tower, a Wi-Fi hot-spot, a mobile
network base station, a smartphone, etc): the carrier frequency, the bandwidth and the modulation
depend on the usage of the source of opportunity. Basically, three families of sources exists.
Sources involved in wireless local networks (typically Wi-Fi) and sources used in cellular
networks and finally broadcast sources that radiates signal over a large coverage. For example,
TV signal can be detected (and backscatter) from several kilometers away.

A backscatter transmitter, also called tag, or ambient backscatter transmitter: is a device that
backscatters the RF signal generated by the source to communicate information. A tag is
composed of a reconfigurable scatterer that can be interpreted as an antenna for which the port
connected to a load that is controlled electronically [37], this principle is detailed in the section
2.1.3. Additionally to the modulation of the backscatter signal, the tag requires a coding scheme
to encode the data to transmit. Tags in AmBC systems are passive devices, in the way that they
do not generate RF signal, therefore tags are very low-power and can harvest energy from the
environment to be self-sufficient in terms of energy.

A backscatter receiver, or reader is the device that detects the data sent by the tags. The reader
is composed of an antenna to receive the ambient signal, and some computation power in order
to process the signal, to demodulate and to decode the message according to the coding scheme
of the tag. The most important challenge for the reader is to mitigate the interference effects to
detect the backscattered signal.

Legacy device Tag Reader

SR :

((g:})

Broadcasting source

Figure 2-4  Ambient backscatter communication system.

In the literature different kinds of readers have been implemented with different levels of
complexity. The simplest reader contains some analogic electronic and detects only the scattering
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states of the tag [12], therefore such reader can be very low-power. In the most complex ones,
the reader extract the backscattered signal of the tags from the source signal by demodulating the
signal from the source [38], or by cancelling interference algorithms [39].

In a backscattering system, as illustrated in the Figure 2-4. the reader receives samples y[n]
that is composed of the samples of the direct signal emitted by the source x[n] and the samples
of the backscattered signal by the tag, thus we have [12]:

yln] = x[n] + aB[n]x[n] + z[n] (2-1)

Where B corresponds to the modulation associated to the bits transmitted by the tag. The
complex coefficient a is the complex propagation coefficient of the backscattered signals relative
to the ambient signal. In this example the tag has two scattering state, resulting in an on-off keying
modulation. This amplitude modulation corresponds to a perfect backscattering state B = 1, and
to a perfect transparent state B = 0 where the tag does not backscatter any signal and is
transparent to EM waves.

In this configuration, the reader receives a different level of power depending on the state of
the tag, therefore a simple detector can be implemented such as an energy detector.

2.1.3. Antenna and backscattered field

The antenna of the tag is the element that interacts with the EM waves in AmBC system. The
scattering theory of antennas has been detailed in 1989 by Hansen [40]. The complex

backscattered field Escat of the antenna can be expressed theoretically as [41][42] :

Escat (ZL) = Eshort + Eant (ZL) (2-2)

This backscattered field of an antenna is composed of two terms: Ep,,, corresponding to the

structural mode when the antenna port is shorted and E,,,, (Z,) the antenna mode that depends on
the connected load impedance. The structural mode is independent of the load impedance,
however, the antenna mode can be adjusted by selecting different impedance on the port of the
antenna.

a) I b)

Figure 2-5  a) Equivalent circuit of the tag antenna receiving the ambient signal, b)
Transmitting antenna and radiated field. [43].
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From an electrical point of view, the antenna with an impedance Z, backscatters an amount of
signal depending on the load impedance connected Z,, illustrated in the Figure 2-5.a). From a
physical point a view the EM waves captured are converted into electrical signal inside the
conductive wires of the antenna. The electrical current in the antenna is flowing to the antenna
port where the load impedance is connected.

Based on the transmission line theory we can determine the signal reflected by the load that is
going to be backscattered. The reflection coefficient I" at the antenna port is the following:

Zy—Zy

=75z ° (2-3)

Therefore the signal reflected at the antenna port depends on the connected impedance and the

scattered field Eant(Z 1) can be determined by applying the superposition theorem [44], we obtain
[40][42][43][45] [46]:

Escat (Z) = Eshort — 2] Eq, (2-4)
a

Where

o Emt(z 1) is the scattered field when the antenna is loaded by a reference impedance
Zy;

e [, is the current induced by the field El-nc at the terminals when the antenna is short-
circuited;

o F?a is the field radiated by the antenna when the current at the terminals is I, and no
external incident wave is applied (Figure 2-5-b)

Table 2-1 Scattered field for various impedance values connected to the antenna.

Z | 1-T(Z) | E;a(Z) Signification

0 0 Esnort Short-circuited antenna

© 2 Eshore — 20E, Open-circuited antenna

Zg 1 Egnore —ME4 Antenna connected to an impedance

Depending on the load impedance the electromagnetic field backscattered E.,; can vary from
Espore — 20E, 10 Egpore With 1 the constant coefficient of the current ratio.

At the reader the side, a simple non-coherent detector averages and measures the variation of
signal to determine the tag state. The contrast amplitude of signal AA depends on the impedance
of the two states Z,, Z, of the tag.
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AA = ||Escat(zl)| - |Escat(zz) |; (2-5)

Each state of tag is associated to an impedance, for a two-state tags with Z; for the first state
and Z, for the second we obtain a contrast that depends on each state impedance. The Table 2-2
gives the maximum contrast amplitude for different combinations of impedances:

Table 2-2 Maximum contrast amplitude for different combinations of impedances.

Z, | Z, | max{AA}
0 | | [2nE,]

0 |Za"| [|nEfl

Za*| o |TIEa|

Previous works, [40][43][45] have demonstrated that the optimal choice for the two sates of
the tag is the short-circuit and the open circuit state. The result has practical benefits, as it is
simple to make tags with these two impedances. With an RF switch, we can approximate by open
circuiting or short-circuiting the antenna port, the two optimal values of impedance: Z; = 0
and Z, = oo.

The antenna characteristics (size, substrate, etc.) can be tuned to resonate at the frequency of
the corresponding ambient signal. In its simplest implementation, the antenna corresponds to a
dipole antenna. In general, a half-wavelength dipole antenna is used in AmBC, it consists of two
branches of conductive wires, one quarter of a lambda wavelength each.

2.1.4. Coding scheme

In section 2.1.1, we have seen that the signal received by the reader is the combination of the
backscattered signal and the forward signal. Due to the propagation, these signal may combine
constructively or destructively, depending on the location of the elements [47] [48]. This can be
an important weakness for these systems if it is not handled, the combination of the signals in the
presence of the tag, in a backscattering state, does not always correspond to an increase of the
signal power. Due to the “constructive” or the “destructive” combination of the backscattered
signal with the ambient signal at the reader, the backscattering state of the tag can be either
increasing or decreasing the signal level.

Additionally, in the literature, most of the considered readers are using an energy detector for
which the detection is based on the level of signal. To mitigate the detection problem, a
differential coding is applied on the data sent by the tag to facilitate the detection by the reader.

Different coding schemes have been used such as Manchester coding [49], FMO or Miller [50].
These coding schemes require twice the bits than original data, yet it ensures reliability on the
decoding side.
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In FMO coding scheme, each logic bit is associated to two sequences of 2 bits [50] that
corresponds to a FMO symbol. The FMO encoding has a memory effect that is why the logic data
can be encoded with one of the two symbols associated. The FMO coding scheme follows two
rules, illustrated in the Figure 2-6:

1. The phase of the signal is inverted at the boundary of each symbol.

2. The logic data “0” is represented with an inversion of the phase signal at the mid of
the symbol.

Data -0 Data — 1 ° 0
S2(t)

S1(t) 1

0 :
Time(t) T Time(t)
S3(t)= - S2(t) S4(t)=-S1(t)
Amplitude Amplitude

Figure 2-6  FMO coding scheme, FMO sequence of logic bits representation and state
diagram of the FMO encoding scheme [50].

For the Miller coding scheme, illustrated in the Figure 2-7, the coding scheme has similar
rules:

1. The phase of the signal is inverted at the boundary of the logic data “0”

2. The logic data “1” is represented with an inversion of the phase signal at the mid of

the symbol.
Data-0 Data-1 1
A S1O A Sy(t) o 1 1
1 © Ttime () 1 T time (t) 2 o &
o 4 . 5 > 0
Amplitud ! 0
mplitudg S4(6) = - Sy(t) 1
y Sx(H) =- S,
L : Arnplitude‘ 85 =- 5,

Figure 2-7 Miller coding scheme, Miller sequence of logic bits representation and state
diagram of the Miller encoding scheme [50].

These schemes are widely used in backscatter communication field [8] and also for AmBC
[12][51], some new schemes have been proposed but they are very similar to the existing
solutions and does not provide significant improvement [52].

2.1.5. Energy harvesting

In wireless communications for 10T, usually the radio part is the most consuming part of the
connected device. In wireless sensor networks for example, a lot of sensors are deployed to
monitor an area, a building, etc. Only few bits are required to be transmitted by each sensor, the
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sensing processing part of the node is well optimized for low power consumption, however, the
radio transmission consumption can attain more than fifty percent of the total consumption [53].
In this way, the backscattering technic is promising, as it does not use active radio transmission
the power consumption is very low.

As the AmBC devices require a small amount of energy to communicate data, the required
energy to power-up the tags can be harvested from the environment [54]. In the environment
different types of energy can be harvested, from vibration or movement, kinetic or piezoelectric.
Energy can also be harvested from electromagnetic waves, by using a solar panel to harvest solar
energy [55] or a rectenna to harvest radio electromagnetic wave energy [12][56]. Different
techniques can be used to collect energy in order to make the tags self-powered and self-sufficient
in energy.

A rectenna is designed to harvest energy from the radio electromagnetic waves, however,
usually this technic harvests a very small amount of energy and usually it is not enough to power
the entire device. For other applications with active radio transmission, the radio electromagnetic
wave energy can be used to power the transmitting device when the system is designed for that
purpose, for example in RFID, NFC or in wireless power transfer systems [57].

2.1.6. Detection scheme

In AmBC, different schemes have been used to detect backscatter transmitters. We distinguish
them into two categories: coherent and non-coherent detector.

. Envelope of the demodulated and filtered signal
RF Source Direct Path g

(((T,)) ...... P ’@"""LMW."

Receiver

Q) O

Backscattering Tag

Figure 2-8  AmBC non-coherent detector principle [58].

The non-coherent detectors do not decode the original transmitted symbols. They are very
simple and easy to implement, however, they are not very robust to perturbations and do not
perform at high rates. For example, a non-coherent energy detector consists in averaging the
ambient signal to obtain a value of the signal level of the modulated ambient signal and removing
the variations inherent to the ambient signal. Depending on the tag state, the level of the ambient
signal changes and the reader can detect the state and decode the message, as illustrated in the
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Figure 2-8 [29][59][60] [58].

The performance of such energy detector relies on the variation of the power level between
the two states. Therefore it has been demonstrated in [43] that the BER can be expressed as:

BER = ! f ad
_Zerc(f), (2-6)
where £ is the modulation noise, AA is contrast amplitude of signal at the reader.

More states can be used at the tag side in order to improve the data rate, hence the reader will
need a better sensitivity to detect the different states and the ambient signal must be stable enough.

Table 2-3 Performance metric for the coherent and non-coherent detectors.

EM field at the reader for a -
E?FF
transparent tag

EM field at the reader for a Fon

backscattering tag "

Non coherent Coherent
Performance metric . . 5 .
A4 = ||E9V| - [EeF|| AA = |EON — EOFF|

The coherent detectors, on the other hand, are more complex and require more powerful circuit
to be implemented. The coherent detector extracts from the received signal the transmitted
symbols by the source and the signal from the tag. The coherent detector requires a prior
knowledge of the channel that can be obtain thanks pilot estimation. The performance with such
detector is higher compared to non-coherent detector, it is also more robust to environment
perturbations [38][61]. The coherent detectors performance depends on the difference of signal
at the reader side and the scheme used.

2.1.7. Limitations

Traditional backscatter communication systems like RFID have some limitations. First, it
requires that the backscatter transmitter must be placed near their RF source, thereby limiting the
coverage area for tags. Second, the RFID reader requires to send RF signal to detect the
surrounding tags, thereby it spends a lot of energy by transmitting EM signal.

On the other hand, the AmBC systems mainly suffer from the interference. The ambient signal
that is backscattered by the tags is not dedicated to this usage, therefore it is not optimally
designed for that purpose. The interference is inherent to AmBC, the principle being based on
reusing existing waves, the reader (dedicated to detect ambient backscatter tags) receives at the
same time the ambient signal coming directly from the source and the backscattered signal
coming from the tag. Due to this principle, ambient backscatter suffers from interference even in
line-of-sight (LoS) [48]. In [47] it is shown, by using simulation and experiments, that even in
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LoS, the signal contrast experiences deep fades when the tag is located on ellipses that have the
source and the reader as foci. These ellipses are regularly spaced by half a wavelength that we
observe in the Figure 2-9 showing the experimental of BER depending on the tag location, the
source and the reader being fixed

The main challenge for the ambient backscatter system is that the performance is highly
dependent on the location of the tag.
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Figure 2-9 (@) Setup of the experiment realized in [47] (b) Map of the BER performance as
function of the tag location.
Therefore to develop and improve such AmBC systems, it is required to:

e Improve the signal quality on the tag, by improving the amount of signal power level
at the tag, therefore the backscatter signal power will increase.

e Reduce the interference between the ambient signal and the backscattered signal at the
reader location.

In the thesis, we aim at proposing and developing improvements to AmBC systems to
overcome these limitations, and in the next section, we provide an overview of the basics of the
technologies that are studied in the next chapters.

2.2. FROM SPATIAL MODULATION TO AMBIENT BACKSCATTER

COMMUNICATIONS

The first technology studied is a recent technology named spatial modulation [16] that has
similarities with AmBC, it also exploits the channel propagation to transmit data and improve
spectral efficiency. Thanks to similarities it is expected that some techniques applied to this
technology could be transposed to AmBC systems.
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2.2.1. Principle of spatial modulation

Spatial
52 S1 :> Multiplexing % Y (a)
= |
Transmit
S2 i e T Diversity (b)
(OSTBC) SL [s27] Y

0 [ St
Spatial j 7
S :> Modulation % (C)

S2=0/1 T

Figure 2-10 Ilustration of three MIMO concepts: (a) spatial multiplexing, (b) transmit
diversity and (c) SM [62].

Spatial modulation is technique used in a MIMO system to transmit data while exploiting the
channel propagation. In a MIMO wireless system, the transmitter is composed of multiple
antennas that are used to spatially multiplex the signal or to exploit the channel diversity as
illustrated in the Figure 2-10 a), b). The transmitter uses precoding matrix to optimize the signal
to transmit on each antenna and multiplex the transmissions. In that case each antenna of a MIMO
system requires to be connected to an RF chain that is generating and amplifying the signal to be
radiated by the antenna. However, this system is very complex, it requires a lot of processing
power and one energy-consuming RF chain per antenna.

In SM, the principle is to improve the data rate by increasing the number of antennas and
keeping only one RF chain. The transmitter also exploits the channel diversity but it modulates
the transmitted signal by selecting one transmitting antenna among the multiple antennas, as
illustrated in the Figure 2-10-c) [62][63][64].

More precisely, in SM one RF chain is used for multiple antennas and by using a switch, the
transmitter can successively connect one antenna to the RF chain. The signal is radiated by the
selected antenna and on the reader side, thanks to signal processing, the reader is able to detect
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which antenna of the transmitter has been used. This principle exploits advantageously the
complex propagation channel: the more complex the propagation channel, the more the channels
between each transmitter antenna and the receiver are uncorrelated and the easier it is for the
receiver to distinguish the “signature” of the transmitting antenna.

In SM communication, during a first step the transmitter sends pilots to allow the reader to
estimate the channel. The channel estimation is done for each antenna of the transmitter and the
receiver store the channel estimations of each transmitter antenna. A binary sequence is
associated to each antenna of the transmitter, corresponding to the spatially modulated data. For
each regular symbol transmission, the transmitter selects the antenna to be connected to the RF
chain resulting in the transmission of the conventional symbol and the spatially modulated data.

This method improves the spectral efficiency by transmitting more bits without requiring
additional RF chains [65]. An RF chain compared to a single antenna is complex and expensive,
it is made of powerful electronics compared to an antenna that is very simple and cheap to
produce, mainly composed of conductive material and substrate. Therefore, spatial modulation
compared to MIMO is much easier and cheaper to implement.

SM - mapping table
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Figure 2-11  Spatial Modulation - Orthogonal Frequency Division Multiplexing (OFDM)
system [16].

An example of a spatial modulation system is illustrated in the Figure 2-11 based on [16], the
transmitter and the receiver are composed of N, and N, antennas. For a given constellation
diagram used to encode conventional data with M, constellation points, the number of bits
transmitted per sample with the conventional modulation is log,(M.). With spatial modulation
the transmitter and the reader share a mapping table that associates a bit sequence to the active
antenna. As the reader uses a complex detection algorithm like LSE or maximum likelihood, it is
able to determine the active transmitter antenna and decode the spatially modulated bits. The total
number of transmitted bits for SM-MIMO is then log, (N;) + log,(M.) [16][66].
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In this example the performance of the spatial modulation has been compared with other
configurations: Alamouti and V-BLAST schemes [67]. The performance of the configurations,
using N; X N, antennas, is illustrated on the Figure 2-12 and show that the SM technique
outperforms the other considered schemes. For the same spectral efficiency between the different
schemes, the BER of the different schemes is approximatively the same at low signal-to-noise
ratio (SNR), yet for high SNR the BER of the SM is lower than the other schemes.
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Figure 2-12 BER versus SNR for 6 bits/s/Hz transmission [16].

We also notice that SM allows to use less complex constellations to achieve the same rate. In
[68], it has also been demonstrated that for the same data rate spatial modulation uses a less
complex constellations and is therefore more robust than an equivalent more complex
constellation.

Spatial modulation technique is a very interesting possibility to improve the spectral
efficiency. Hence, even if only one RF chain is required the number of antennas is significant
and is not compact enough to be implemented in 10T devices, therefore new type of antennas,
detailed in section 2.2.2 have been developed to achieve SM in a compact manner.

2.2.2. Reconfigurable antenna

In spatial modulation the transmitter exploits the channel diversity by transmitting the signal
from one of its antennas. This requires that the transmitter is equipped with multiple antennas
connected successively to the RF chains with a switch controlling the transmitting antenna. To
achieve spatial modulation, the transmitter requires multiple antennas and the more antennas the
higher the data rate. In 10T applications, the goal is the same: to improve the data rate without
improving the energy consumption considerably, therefore SM can be a good solution to improve
the performance. The main drawback of the SM for 10T systems is the compactness, in order to
have sufficient channel diversity and to correctly detect the active transmitting antenna the
spacing between the transmitter antennas must be higher than half of the wavelength, to have
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uncorrelated enough patterns. For small 10T objects, even at high frequency the spacing can be
difficult to obtain and the 10T devices will loose in compactness.

2-3

Fig. 7: 8 Radiation Patterns in gain at 2.45 GHz at 2.45
GHz

Figure 2-13 Radiation patterns of a reconfigurable antenna [69].

To overcome this problem, reconfigurable antennas have been introduced for SM in [62]. This
method uses only one antenna usually larger than a regular antenna but this antenna can be
reconfigured in order to modify the radiation pattern. If the different radiation patterns are
uncorrelated enough, the reader may be able to distinguish each of them [70]. The large number
of antenna on the transmitter side can be replaced with a single reconfigurable antenna with
uncorrelated radiation patterns. An example of reconfigurable antenna from [69] is illustrated in
the Figure 2-13 that shows the antenna and the different radiation patterns.

Practically, the reconfigurable antenna is designed to radiate at a specify frequency. The
modification of the radiation pattern is obtained by creating resonance and changing the
circulation of the current on radiating conductive part of the antenna. Electronic components such
as diodes or switches can be used create short or open circuit on the conductive areas.

The combination of the SM technique and reconfigurable antenna has been experimentally
validated in [68] where an 10T device uses a compact reconfigurable antenna to transmit data
with spatial modulation, which is improving the data rate while keeping the device compact. In
this example the compact reconfigurable antenna achieves eight different states while using four
positive intrinsic negative (PIN) diodes [69].
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2.2.3. From active transmission to passive backscattering communication

In SM, the transmitter successively changes the radiating antenna, either by choosing one of
the multiple antennas to transmit the signal or by changing the radiation pattern of a
reconfigurable antenna. The transmitter exploits the channel diversity that allows the detection
of the transmitting antenna at the reader side based on the channel estimation. On the receiver
side, thanks to signal processing, the data associated to the radiating antenna are decoded and the
spatially modulated bits can be recovered.

This technology, combined with reconfigurable antennas, is then very interesting for loT
devices as it allows a high data rate without increasing the power consumption. Recently, research
has been further, in [71], it has been demonstrated that the receiver is able to detect the change of
state of the reconfigurable antenna without transmitting any RF signal with the reconfigurable
antenna. In the same manner as AmBC, if the SM transmitter is not transmitting RF signal, but
illuminated by an ambient signal the receiver can detect the variation of signal while the
reconfigurable antenna is being reconfigured. Therefore AmBCs have been successfully achieved
with a reconfigurable antenna designed for spatial modulation [71][72].

This technique requires a coherent detector on the reader side in order to detect the state of the
reconfigurable antenna. A reconfigurable antenna with a large number of reconfigurable states
can enhance AmBC by increasing the data rate of the passive transmitter.

Therefore, this technology from spatial modulation can be used at the tag side of AmBC
system to improve the performance. Yet, it requires that the reader use multiple antennas to
exploit channel diversity. Thankfully MIMO systems are being deployed with the fifth generation
of mobile networks. Indeed, one of the key features of the 5G is the mMIMO that is currently
being deployed. Massive MIMO is also an interesting technology that could improve the
performance of AmBC systems independently to the reconfigurable antennas.

2.3. AMBIENT BACKSCATTER COMMUNICATIONS IN A 5G NETWORKS
2.3.1. 5G network features

The 5G network has started being deployed in 2019 and the 5G network is still growing around
the world. The development of 5G has been guided to ensure three key points, illustrated in the
Figure 2-14:

e The capacity enhancement: more user equipments (UES) can be connected to the
network with more throughput,

e The reliability and the latency, for critical applications, like industrial and vehicular
automation,
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e The massive machine type communications, mainly to provide connectivity to 10T
devices.

Enhanced mobile

5G performance enabling new use cases broadband — FWA

Faster, more uniform user
experiences

Critical loT

Ultralow latency
and high reliability

Massive loT

Efficient communications
with deep coverage

# of devices / Power

Figure 2-14 5G features [73].

To ensure these key points the 5G network relies on new features [74][75]: new spectrum in
the 3.4-3.8GHz band for the first development phase, new low-density parity-check channel
coding (LDPC) [76], and new equipments like mMIMO [17]. All these technical aspects of the
5G are studied and evaluated in 3rd Generation Partnership Project (3GPP) meeting, it results in
specifications release, based on the meeting discussions, to determine the characteristics of the
5G equipment.

One of the major innovations introduced in the 5G networks is the MIMO technology. A
MIMO system is using multiple antennas on the transmitter and on the receiver side of a mobile
communication to improve the performance and the robustness of the network [77].

MIMO technique is a technological breakthrough, thanks to the large number of elements the
signal quality can be improved. The performance enhancement relies on three main features:
spatial diversity, spatial multiplexing and beamforming capability.

e Spatial diversity encoding: a single stream is transmitted on each of the antenna and a
coding scheme exploits the independent fading in the multiple antenna links ,

e Spatial Multiplexing: the signal is splitted in multiple streams to serve different users
at the same time. The different channels must be uncorrelated,

e Beamforming: the array of antennas is used to orientate and to control the beam or the
radio waves.

In previous mobile generation the number of antenna elements was limited, a maximum of
eight has been experimentally tested in 4G [78]. With the new generation of mMMIMO antenna,
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tens of radiating elements are allowed to be deployed per base station. Massive MIMO is the
evolution of MIMO system with a very high number of antenna elements on the base station side,
larger than the number of users in the cell [79][80]. In MIMO, each radiating element is
connected to an RF chain with a power amplifier, meaning that the radiated signal is
independently controlled for each of the elements.

Massive MIMO technology has shown very important improvement, yet implementation of
mMIMO is possible only in base stations that can be equipped with a large number of antennas
without any compactness or power consumption problematics. It is much more complicated to
integrate MIMO antennas in UEs due to their limited size.

For the second deployment phase of the 5G network, the frequency of the dedicated spectrum
is higher around 26 GHz corresponding to millimeter wavelengths (mmWave). In that frequency
band the small wavelength makes the integration of multiple antennas in a mobile facilitated. In
that case MIMO technology can be enhanced, with a larger number of elements on the UE side.

The multiplexing increases performance with the number of transmitting or receiving
antennas. Massive MIMO thanks to its large number of antennas performs better and its
capabilities are improved.

Practically, in a MIMO system the UE can send pilots signal in order to estimate the channel
at the BS side. By considering channel reciprocity, the estimation is used for the uplink and the
downlink channel. Therefore when the BS transmits data, it uses the estimation of the channel to
create the precoding matrix. In that case the BS can optimize the signal on each of the antenna
element to enhance the performance of the communication [81]. This relies on the condition that
the channel is stable enough during a sufficient time interval named coherence time longer than
the estimation and the transmission time. For a large number of antennas the channel at the BS
side can be considered stable for a long time interval thanks to channel hardening [82][83][84].

2.3.2. MIMO antenna for AmBC systems

The MIMO technique has been studied for backscattering systems like RFID to enhance the
system performance. It has been demonstrated experimentally [85] and by simulation [86] that
MIMO improves the bit rate and the range of the RFID communications. The Figure 2-15
illustrates the improvement brought by a MIMO system, where M, L, N is the number of source,
tag and reader antennas, respectively.

Thanks to the spatial diversity the signal detection from the RFID devices can be improved.

In AmBC systems, MIMO technology has been used to improve the signal quality and the
detection of the tags. Multiple antennas can be implemented on each element of the AmBC
system. A MIMO source can use the spatial multiplexing and the beamforming features to
improve the ambient signal quality. A multi-antenna tag can also be better detected, as the
backscattering tags are passive they are difficult to detect, hence multi-antenna tags can exploit
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channel diversity to be better detected [87]. A multi-antenna reader can also be used to improve
the detection of the AmBC tags [88][89].

O Simulation
1| = = = Asymptotic

Figure 2-15 BER performances of a MIMO RFID system using M=1 source antennas, L tag
antennas and N receiver antennas [86].

Considering the 5G signal as ambient signal for AmBC, the BS and UE can be considered in
two different scenarios as the source of signal depending on the type of 5G transmission: uplink
or downlink. For the downlink scenario, the tags can backscatter the signal from the BS to
transmit data to the UE, in this case the source of signal, the BS, is equipped with mMIMO
antenna. For the uplink scenario the tag can backscatter the signal emitted by the UE to transmit
data to the BS, in this scenario the reader (BS) is equipped with mMIMO antenna.
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Massive MIMO Base-station
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Massive MIMO channel Tens of users with singal antenna equipments

Base-station with tens or hundreds of antennas

Figure 2-16  Wireless system composed of a mMIMO with a large number of antennas on the
BS side and K users to serve.

In each scenario, the BS equipped with mMIMO antenna has better capabilities than classical
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MIMO AmBC systems studied previously, the BS can either be considered as the source to assist
the tag with the emission of a very good quality signal on the tag or considered as the reader to
detect the tag with a better diversity.

2.3.3. Downlink configuration

We first consider a system with an ambient source equipped with multiple antenna elements,
corresponding to the downlink scenario in 5G. Therefore, in this subsection, we analyze the
principles and the features of a transmitting equipment with multiple antenna elements toward a
UE receiving the signal with one antenna, as illustrated in Figure 2-16 considering a downlink
configuration. We present the precoding and beamforming capabilities of such multiple antenna
elements transmitter.

In this downlink example, the system is composed of a BS equipped with M antenna elements
and each element can be controlled independently. The channel between the transmitting BS and
the receiver R equipped with one antenna is denoted H € R, we have the received symbol
y € R at the receiver antenna defined by:

y = Hx + n, (2_7)
where x € RM*1 js the symbol transmitted and n the noise vector.

The precoding technique can be used to increase the SNR at the receiver side. The precoding
consists in multiplying the symbol to transmit by a precoding matrix P to improve the signal
quality at the receiver side by exploiting the spatial diversity.

Therefore, the vector x becomes:

X = Ps, (2_8)
where s is the normalized data symbol and P is the linear precoding vector.

Different kinds of precoding can be used with different purposes, for example the maximum
ratio transmission (MRT) aims to maximize the signal power at the receiver side [90][91]. The
Zero Forcing (ZF) is another kind of precoder for multi-user, the ZF precoder aims to transmit
multi-stream at the same time without interference at each user [92].

For example, in the MRT case and for the previously given channel H, the precoding vector
is P = aH", where a is the normalization factor and (-)* the Hermitian function. At the receiver
side, it is received after simplification y = as [91].

Generally, the precoding technique requires a prior knowledge of the channel state information
(CSI) that can be obtained from channel estimation based on pilots. This channel knowledge is
used at the source side to create the matrix P. In wireless networks, the precoding technique
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enables to maximize the signal power at the receiver output.

However, if the channel state information is not known at the transmitter side, the signal power
at the receiver can be improved by beamforming the transmitted signal. The transmitter can
transmit signal in specific directions by creating a directive beam. The beamforming is a spatial
filtering obtained for a transmitter with multiple antennas. This technique improve the directivity
of the global antenna the more antennas the more the signal is directed and the beam is narrow.
The transmitter can successively steer the beam into different directions to make sure that
wherever the receiver is, it will receive a stronger signal. For the beamforming feature, the
transmitter needs to apply specific phase shift coefficients depending on the location of the
transmitting antennas [93][94]. The precoding vector can be calculated with a phase-shifting law
for a given direction to target.

Figure 2-17 Beamforming principle with a multi-antenna base station [94].

2.3.4. Uplink configuration

In a second scenario, the tag can use as ambient signal the signal emitted by a UE (transmitter)
intended to a BS (receiver), corresponding to an uplink transmission. In that case the transmitter
is equipped with one antenna while the receiver is equipped with multiple antenna elements.

In that case the receiver has an important sensitivity and is capable of detecting small changes
in the channel, a mMIMO receiver has an important diversity gain [95]. Additionally, a base
station has an important processing power that permits to implement complicated detection
scheme. A mMIMO BS is therefore able to process the received signal, perform channel
estimation and apply algorithms such as a LSE detector [96], a minimum mean square error
(MMSE) detector [97] or a maximum likelihood detector.

For example, in the least square detector, the principle is to globally minimize the error. In a
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first step the channel is estimated by the receiver while the transmitter sends pilots, the receiver
stores the estimator for the next detection step. For the detection phase the receiver globally
compares the received signals y € RN*! to the ones received during the estimation phase y and
minimize the error to determine the estimated symbol §, the detector perform:

(8} = arg min{Ily - yII%}, 2-9)

It has been demonstrated for different algorithm schemes that the performance of the detection
increase with the number of antennas at the receiver side [80]. Thanks to the number of antennas,
the global estimation is more precise and the minimization of the error is reduced.

In AmBC system using multiple antennas at the reader side, allows the reader to reduce
interference from the ambient signal, hence provide higher bit rates. More precisely, in [89], a
non-coherent detector decodes without phase information the backscattered signal by performing
matrix inversion on a digital representation of the received signal. The multi-antenna receiving
detection, illustrated in Figure 2-18, is designed for a low-power reader and show significant
improvement. Therefore, with a more powerful reader like a multi-antenna BS more complex
schemes can be implemented that should additionally improve the performance of the detection.

MMO Receiver Scatterer

Figure 2-18 Multiple antenna reader designed for AmBC [89].

We have seen that by considering 5G networks and the mMIMO deployed equipments, the
performance of the AmBC can potentially be improved. In the next section we will see that the
AmBC systems can also take advantages of the next generation of mobile networks thanks to a
new RIS technology.

2.4. 6G FUTURE MOBILE NETWORKS

The deployment of 5G enables a lot of new possibilities and new applications thanks to the
large capacity or the low latency. At the same time, new research challenges have emerged and
new requirements have been identified for 6G. New technologies have been proposed to face
them for this new generation, in the continuity with the previous generations, the capacity and
the latency of the network should be improved. One of the new challenge to face is to control the
channel within the network, the propagation channel separating the transmitters and receivers has
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inherently been perceived as not controllable, yet the network performance is highly dependent
on the quality of this propagation channel. The control of the channel allows to boost the quality
of the signal to the intended user while limiting the electromagnetic field exposure of the non-
intended users [18]. Recently, RISs has shown a significant interest as it enables to partially
control the propagation of the EM waves [98][99][100].
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Figure 2-19 a) Current operation of wireless networks: communications, b) Smart radio
environments: communications [98].

An RIS is an electronically controlled surface composed of passive reflecting cells, which can
reflect RF waves. Deployed in a wireless network, RISs allow operators to improve the efficiency
and the coverage of their network, without requiring any network densification [101]. For
example, as illustrated in the Figure 2-19 a), within a current deployed network if the link between
the base station BS; and the mobile M is blocked by an object Oz, the mobile is served by BS..
Yet, the signal received by M is not strong enough for high-data rate transmission due to the large
distance between BS; and M

In a smart network, as shown in Figure 2-19.b), the RISs can be largely deployed on buildings
to improve the reflection and the control of the propagation environment. RISs on buildings can
reflect the signal to avoid blockage and improve the signal at the receiver. In this scenario the

channel propagation can be partially control to be considered as a “smart radio environment”
[98][102].

2.4.1. RIS model

A RIS is composed of a large number of cells, the cells are mainly passive: the incident signal
is scattered by the cell without amplification of the EM signal. The RIS does not require any
power amplifiers, some energy is used to power the smart controller that tune the RIS. Each cell
can modify the signal and depending on its design, the phase-shift, the amplitude or even the
polarization of the incident signal can be tuned [103].
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Figure 2-20 RIS-assisted wireless communication with a blockage between the transmitter
and the receiver [103].

Different experimental prototypes have been proposed in the literature, in [104], a transparent
RIS is presented with three modes: full penetration of incident RF waves, partial reflection of
incident RF waves and full reflection of all RF waves. In [105], a large RIS is presented where
each cell can be controlled to reflect or not the incident signal. Depending on the design the RIS
features are different and the model should be different, to go further in details about RIS models
we focus on an example [106], illustrated in the Figure 2-20. In this example, the wireless
communication between a transmitter (Tx) and a receiver (Rx) is considered where the line-of-
sight path is blocked by an obstacle. Each cell of the RIS is identical, hence the electric field at
the receiver corresponds to the superposition of the electric field reflected by all unit cells toward
the receiver. For an RIS of N rows by M columns of elementary cell, the signal power at the
receiver can be expressed as [106]:

,2

1 M N
Gr Gtde dylz 2 2 \’ Fnc'?nmblne Fn'm _jzn(rﬁ,m‘l'rrf,m)
b =h 6413 Z Z rt rr € g ’
nmm,m (2-10)

e G, G, G are the gain of the reader antenna, the transmitter, the unit cell, respectively,
o T, is the reflection coefficient of the cell in the n™ row and m™ column,
e d,,d, are the size of each unit cell along the x axis and y axis respectively,

o [Efombine corresponds to the effect of the normalized power radiation patterns on the
received signal power.
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T o Tam, represents the distance between the transmitter and the cell, and the distance
between the cell and the receiver.

The signal at the receiver corresponds to the sum of all the contributions of the elements.
Thanks to the signal reflection of the RIS, the reader is able to receive signal from the transmitter.
Deployed in a wireless network, this kind of devices can extend the coverage to non-line-of sight
location of the base station.

In this example, the reflection coefficient I}, ,,, models the phase-shifting and amplitude
modulation capabilities of the RIS. As the reflection coefficients of the cells can be tuned
independently, the RIS can combine all the reflected signals to partially control the propagation
channel. Therefore, the RIS can be tuned to achieve passive reflection beamforming and similarly
to beamforming weights of MMIMO antennas a “precoder” of reflection coefficients can be
calculated to passively reflect the signal toward a privileged direction.

reflection refraction absorption focusing
polarization splitting analog processing collimation

A;MM

Figure 2-21  Function of the unitary cell [103].

Depending on the structure and the reconfigurability of the elementary elements, RISs can
achieve different functions illustrated on the Figure 2-21.

2.4.2. Implementation and optimization

From a theoretical point of view, a precise and independent control of the reflection
coefficients allows to perfectly beamform or focus the reflected signal. However, on a practical
side, the RIS controls the reflection coefficients by adjusting the impedance of the elements.
Therefore, it is much more complicated to achieve a complete control of the phase shift and the
amplitude of the RIS elementary cells.

In the literature, different structures have been used to electronically adjust the impedance and
to control the phase shift of RIS cells:

e PIN Diodes [107], they allow a two-state control, the diode can be configured in
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reverse or forward direction to control the flow of the current. In this case, the
elementary cell is a complex structure where the diodes connect or disconnect some
part of the cell. The elementary cell is designed such that depending on the state of the
five diodes (ON or OFF) the currents on the surface of the cell will flow in different
directions. It results in a discontinuous control of the phase shift applied to the reflected
signal. As illustrated in the Figure 2-22 the cell can be design with multiple PIN diode
to control the current paths. In the Table 2-4 we observe the phase-shift and the
magnitude response for the four possible configurations of this elementary cell.
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Figure 2-22  a) Elementary cell structure with PIN diodes b) RF current path for different
configurations of the cell [107].

Table 2-4

Phase-shift and amplitude of the reflection coefficient for different

configurations of the cell [107].

Configuration | Phase Shift | Magnitude Response
1 —205.5% —1.1dB
2 —383.2% —1.2dB
3 —290.2° —0.8dB
4 —110.3% —0.8dB

Varactor Diodes [108][106]: they allow a continuous control of the phase-shift. The
capacitance of a varactor varies as function of the continuous (DC) voltage applied
between its terminals. In [108], varactors are also located on the surface and connecting
two areas of the cell. As the impedance of the varactors is changing, it modifies the
total impedance of the cell resulting in modification of the behaviour of the cell. Mainly
by tuning the varactors, we can control the phase shift of the reflected cell in a
continuous manner. However the range of the phase shift may be limited and the
amplitude of the reflection can also be varying as we observe in the Figure 2-23.

In a network environment, the RIS reflection coefficients must be configured by taking into
account the phase shifting possibilities allowed by the RIS. The significant challenge is to find
the optimal reflection coefficient to apply to the cells, different strategies can be envisaged for
that purpose.
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Figure 2-23  a) Elementary cell structure with varactors diodes b) Phase-shift and amplitude
of the reflection coefficient for different voltage configurations of the varactors [108].

The reflection coefficient can be optimized based on the knowledge of the propagation channel
thanks to channel estimation. This is a significant difficulty for a fully passive RIS that has no
radio resources and no signal processing capability to send or receive pilots. Yet the channel
estimation can be realized at the transmitter and/or receiver side. In [109] the channel estimation
is developed based on a MMSE, and thanks to the estimated channels, the phase shifts of the RIS
are optimized by using a gradient ascent algorithm. Various other channel estimation protocols
have been proposed for RIS without radio processing capability, and based on cascaded channels,
training sequences, joint optimization, etc. [110].

Another way to optimize the reflection coefficients of the RIS is to use machine learning (ML)
algorithms. ML is a very useful technique performing in the case where the mathematical models
are too complex. Recently lot of research proposed to applied ML algorithms to wireless
communication, like in mMIMO optimization, scheduling, etc. [111][112][113]. ML can also be
used to optimize the phase shift of the RIS, it has been demonstrated that a trained neural networks
can perform better than conventional approaches [114]. Another neural network approach is
detailed in [Huang] and show the possibility to focus the signal. ML is considered to be a potential
enabler for smart networks using RIS.

The RIS technology shows a good potential to enhance wireless networks, therefore thanks to
its capabilities RISs could be use in AmBC systems to improve the signal quality on the tags an
reduce interference on the reader.

2.5. CONCLUSION

In this chapter we have presented, the backscattering communication principle and we detailed
the specifications of the AmBC systems. Such systems are composed of a ambient source of
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signal generating a signal originally intended to legacy receiver of a wireless network, a tag
transmitting data by modulating the backscattering of the ambient signal and a reader that is
detecting and decoding the signal from the tag. Ambient backscatter tags transmit information
without generating additional waves, by recycling EM waves from their environment, thus this
technique enables very low power communication.

In this chapter we have seen that the AmBC systems have promising capabilities and face
multiple challenges. Indeed, some limitations remain and need to be overcome, mainly due to
interferences and due to the low power feature. Hence we will proposed in the next chapter to
improve AmBC systems thanks to recent technologies that are used in actual networks or that are
envisaged for future networks. In this state-of-the art we have seen that three recent technologies
can be investigated for AmBC system enhancement.

First we propose to implement reconfigurable antennas used in SM system to improve the
performance of AmBC systems without increasing the tag compactness. Such antennas can be
used to improve the reliability and the data rate of the system.

Secondly, we propose the mMIMO technique that is used in 5G networks. The mMIMO
technology exploits the channel diversity and enables multi-stream transmission, beamforming
or complex decoding algorithm. This technigue can be implemented to increase the signal quality
and to improve the detection in AmBC systems.

Finally, we propose to investigate RISs that are promising and that are a potential candidate
for future 6G networks. RISs deployed in a network, can enhance the radio propagation
environment, thanks to the reconfigurability of the elementary elements, the signal quality can be
improved and blockages can be avoided. This RISs deployed in the environment could be used
to improve the performance of AmBC systems.



Chapter 3

Polarization-Based Reconfigurable Tags for

Robust Ambient Backscatter Communications

The main objective of this chapter is to study the improvement brought by the polarization
effect of reconfigurable antennas on AmBC tags. We develop an analytical method to improve
AmBCs by optimizing the polarization match between the source, the tag and the reader. We
formulate an analytical solution to the optimization problem, and we evaluate the benefit of this
approach by simulation based on the MoM. Finally, we experimentally validate the polarization
reconfigurable tag principle and we show a significant performance improvement.

3.1. INTRODUCTION

Although AmBC is a promising low-power technology, we have seen in 2.1.7 that it suffers
from different limitations. Indeed, for some locations due to interference effects between the
source-to-reader direct path and the backscattered path, the signal contrast is weak and the energy
detector performance is poor. Such deep fades locations of the signal contrast also occur in
scattering environments. In addition, even if the tag is not at such locations, the contrast level
may not be good enough if the polarizations of the tag, reader, and source are not matched [31].
Channel polarization is an important aspect that has been studied for RFID tags and RFID readers
in [115]. To guarantee a minimum polarization match, a circular polarized antenna at the reader
side has been proposed in [116], however, this solution is not optimal.

More recently, a tag based on a compact reconfigurable antenna has been proposed to achieve
higher data rates for application to AmBC systems [71]. The antenna switches between four
radiation patterns with distinct dominant linear polarizations. Such compact polarization-based
reconfigurable (PR) antennas have been proposed for spatial modulation application [69][70].
These PR antennas are used in [69] and [70] to spatially modulate the transmitted signal thanks
to different patterns with low inter-correlation. In this chapter, we propose to use these PR
antennas to backscatter the ambient signal and to improve the robustness of AmBC systems as
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well.

To perform the detection of tags equipped with such antenna some solutions based on the
minimum mean square error can be implemented, instead of the conventional energy detector
[88]. Because these solutions are highly complex, we propose to study the lower complexity least
square error estimator.

We introduce a PR tag to improve the robustness of the tag-to-reader link against the source-
to-reader direct interference. In Figure 3-1, we consider a PR tag embedded in a rich scattering
environment. Instead of using the PR tag to increase the spectral efficiency and the data rate of
the tag-to-reader link [71], we use it to improve the robustness of the tag-to-reader link against
noise and source-to-reader interference.

Ambient source

Legend:
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/ Antenna orientation
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Figure 3-1  Tag with different polarizations that is illuminated by an ambient signal in a rich
scattering environment, and that backscatters its message to the reader.

In this chapter, we consider and compare two different coding schemes that exploit
polarization diversity to improve the performance. In the first one, the tag, as any standard two-
state tag, sends its message by switching its operation between a backscattering state and a
“transparent” state. In practice, this is realized by switching the antenna between two different
load impedances. This coding scheme is referred to as “Backscattering/Transparent Scheme”
(BTS). With this approach, the tag sends the same message several times, but using a different
configured radiation pattern (and corresponding different polarization) at each transmission time.
The rationale of this approach lies in the possibility of receiving a good quality signal over at
least one polarization state.

To make an initial assessment of the benefits of the proposed tag, we introduce a simple model
of the tag that can be studied theoretically and numerically with the aid of an electromagnetics-
based simulation software (NEC2) based on the MoM, and that can be tested experimentally by
using dipole antennas. We model the tag as a device that can switch between N, polarizations.
This is obtained by rotating a dipole antenna across N, different orientations. The dipole is
connected to a load impedance with two different values in order to create the backscattering and
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the transparent transmission states.

In addition, we introduce a second coding scheme, according to which the tag backscatters
ambient signals with different polarization patterns. The information bits are encoded by
switching among a subset of available patterns, according to the spatial modulation principle
[66][62][117][118][119][120][121]. This coding scheme is referred to as “Polarization Coding
Scheme” (PCS). Similar to the BTS scheme, we expect that an appropriate (optimized) choice of
a subset of polarization states will improve the system performance. The proposed
implementation is assessed experimentally by using a compact reconfigurable antenna that is
made of a split ring resonator antenna and a cross-polarization antenna.

The rest of this chapter is organized as follows: Section 3.2 introduces the system model and
the methodology for performance evaluation. Section 3.3 reports a theoretical and simulation-
based performance analysis of the BTS coding scheme. In particular, the best direction of
polarization is identified under LOS propagation conditions. Section 3.4 reports the simulation
and experimental validation of the proposed approach under a rich scattering propagation
environment. Section 3.5 focuses on a performance comparison between an energy detector and
a least square error receiver. Section 3.6 presents simulation and experimental results that
compare different compact reconfigurable antennas. Finally, Section 3.7 concludes this chapter.

3.2. SYSTEM MODEL AND METHODOLOGY OF ANALYSIS

3.2.1. System Model

We consider a system composed of a source, a tag and a reader. The source radiates an ambient
signal at the carrier frequency f corresponding to a wavelength A. The source and reader are
equipped with a half-wavelength linearly polarized dipole antenna of length [? = 1/2. The radius
of the conductors is assumed to be much smaller compared to all other dimensions (thin-wire
approximation).

The Cartesian coordinates of the center of the dipole antennas of the source, the tag, and the
reader are denoted by (x5,y5,z%), (xT,yT,zT) and (xR, yR, zR), respectively. The orientation
angles of the dipole antennas of the source and reader are denoted by (¢°,65) and (¢, 8%),
respectively.

The antenna of the tag can switch among N, radiation patterns with distinct dominant
polarization states. The complex signal received by the reader antenna is y € C:
y = (hSR + yhSTATR)/PTx 4 v, (3-1)

where hSR € C, hST € C, K™ € C and are the channel coefficients of : the direct path
between the source and the reader, the path between the source and the tag, the path between the
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tag and the reader. The complex number y is the modulation factor that corresponds to the state
of the tag (i.e., “transparent” state or backscattering state), v € C is the Gaussian noise at the
reader and PT* is the power transmitted by the source. By introducing the aggregated channel
g = hS® + yhSThTR with g € C, the received signal can be rewritten as follows:

y=gJP™* +v (3-2)

Let Pmoise = E[||v||?] denote the received noise power. The signal-to-noise ratio, denoted by
SNRT* is defined as the ratio between the power transmitted by the source and the noise power
at the reader:

Tx

SNRT* = (3-3)

~ pnoise

To allow a fair comparison between different types of tags, the transmitted power and the
noise power are assumed to be fixed. Hence, SNR™* is assumed to be fixed. Also, we introduce
SNReartured tq denote the average the signal-to-noise ratio SNR, which is given by the ratio of
the power captured by the reader (PR¥) when the tag operates in the transparent mode and the
noise power at the reader:

Rx

SNRcaptured — (3-4)

Pnoise

We consider a sequence of R bitsb = b, ...b, ...br sent by the tag and we denote b =
b, ...b, ... by the sequence of R bits detected by the reader. The BER is defined as follows:
25=1|Br - br|2
R )

We consider that the quality of service is met by the tag-to-reader link when a given BER!@79¢t
is achieved. The outage probability is hence defined, for given values of SNR™* or SNRcaptured,
as the probability of the event such as BER < BER®9¢t,

BER = (3-5)

3.2.2. Propagation environment

Different propagation environments are analyzed.

a) LOS. The LOS environment corresponds to a free space propagation environment between the
source, the tag, and the reader.

b) Scattering Environment. In this case, we consider different elements including scatterers and
reflectors. A scatterer is modelled as a conductive line defined by its length 15¢. The number of
scatterers is denoted by NS¢. Reflectors are modelled as reflective planes, such as the ground
plane and their number are denoted by N®?. Each scatterer is randomly positioned but the
distance between any dipole antenna and the scatterer is DS¢~* > A. The distance from each
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randomly distributed scatterer and the reader is constrained to be DS¢~R < 104. Dipoles antennas
are spaced at least half of the wavelength apart.

3.2.3. Reconfigurable Antennas for the Tag

In order to implement the tag, we consider three types of reconfigurable antennas.

a) Rotating Dipole Antenna. The tag is a half-wavelength dipole antenna with linear polarization
which is rotated mechanically. The polarization is controlled by changing the orientation of the
antenna. This implementation allows us to have an antenna that is “continuously” reconfigurable
in polarization. More specifically, three types of tags are considered: 1) an “ideal” polarization
reconfigurable (IPR) tag that is able to be configured for any directions of polarization; 2) a more
realistic 4-polarization reconfigurable (4PR) tag that can realize four directions of polarization;
and 3) a non-reconfigurable (NR) tag with a fixed polarization. As an illustrative example, Figure
3-2 shows the orientation angles of a tag. The angles are denoted by (¢7, 7).

4

v

Figure 3-2 3D model of the system for a dipole tag.

b) Split Ring Resonators (SRR). Antenna. In this case, the tag is realized by using split ring
resonators (SRR) [71] [69]. More precisely, the tag is composed of four resonators and four PIN
diodes. By controlling the PIN diodes, one can connect or disconnect the resonators and, hence,
change the polarization pattern of the SRR antenna. In this chapter, we consider only four patterns
in order to compare the SRR antenna with the 4PR rotating dipole antenna. For performance
optimization, the four patterns are those that provide the most distinguishable polarization states.
The polarization patters are provided in Section 3.6 (Figure 3-16).

c) Cross-Polarization Antenna (XPOL). In this case, the tag is realized by using a cross-
polarization antenna [10]. The polarization state is changed by using PIN diodes. In particular,
only four polarization states of the eight possible polarization states are considered [71]. The
polarization patters are provided in Section 3.6 (Figure 3-17).
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3.2.4. Coding scheme

As explained, to transmit in a reliable manner the R bits from the tag to the reader, two coding
schemes are analyzed.

a) Backscattering/Transparent Scheme (BTS). The tag sends its message, for a given polarization
of the antenna, by switching between two states corresponding to different load impedances
connected to the antenna. The two states are: (i) the backscattering state that is obtained by short-
circuiting the dipole antenna strands; and (ii) the transparent state that is obtained by open-
circuiting the dipole antenna strands.

The two different states are used to encode the bits. Basically, in (3-1), the backscattering state
corresponds to a modulation factor y( = 1, i.e., g™ = AR + hSTATR  and the transparent state
corresponds to a modulation factor y(® =0, i.e., g(® = hSR. According to the BTS coding
scheme, the tag repeats the message several times by using a different radiation pattern and
polarization at each transmission instance in order to make the transmission more robust and
reliable. It is expected, in fact, that at least one polarization pattern is more reliably detected by
the reader.

b) Polarization Coding Scheme (PCS). The tag sends the message by switching between two
polarization patterns of a pair of patterns (among several available pairs of patterns) and each
pattern corresponds to a different bit. Similar to SM, the reader is able to determine the
polarization pattern used by the tag. In this coding scheme, tag is always backscattering but with
different polarization patterns, so the modulation factor is equal to 1. In particular, bit 1 is encoded
by one polarization pattern and bit 0 is encoded by a different polarization pattern. In (3-1), the
bit 1 corresponds to g(* = SR + RSTRTRW = and the bit 0 corresponds to g(® = hSR +
hSThTRO) Here h'™RM stands for channel between the tag and the reader while considering the
i-th radiation pattern. It is expected this scheme to be quite performant if the detector can easily
distinct the two states of the tag, since it takes advantage of uncorrelated polarization patterns.

3.2.5. Detectors

At the reader side, two different detectors are analyzed.

a) Energy Detector (ED). An ED measures the voltage at the port of the dipole antenna, which is
induced by the total received signal. The ED, in particular, determines whether the received
average power is above or below a threshold level in order to detect that transmitted bits. The
voltages measured at the dipole antenna port of the reader when the tag is backscattering and
when the tag is transparent are denoted by VON and VOFF respectively. From the measured
voltages, the corresponding signal amplitudes (JV]) AN and ACFF can be deduced for each state.
The signal contrast AA is defined as the difference of the received signals between the two states
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of the tag:
AA = |AON — AOFF), (3-6)

The noise amplitude level is denoted by A™°%¢, Using this notation, the BER is defined as

follows [47] :
BER = 0.5erfc (i) (3-7)

Anoise
where erfc() denotes the complementary error function.

b) Least Square Error (LSE) Detector. This detector operates in two phases. First it estimates the
channel for the states of the tag based on the coding scheme. Then, during the transmission of the
tag, the transmitted bits are detected. The output of the detector can be formulated as follows:

9 = arg min{||z — y||?} withz € {g®, g™}, (3-8)

where § € C is the estimate of y. For each bit b,., the reader calculates § for the two states
g©@ and g™ that correspond to bit 0 and bit 1, respectively. The estimated bit b, corresponds to
the smallest y.

3.2.6. Channel Modeling

Three different channel models are considered, and are analyzed analytically, and by using
simulations and experiments.

a) Analytical Model. In order to assess the performance of the considered backscattering system,
we introduce a model for the polarization-based dipole antenna in a LOS propagation
environment. This is discussed in Section 3.3.

b) Numerical Electromagnetic Code (NEC) Simulator. The dipole antennas are studied by using
the NEC2 simulation software. NEC2 is a software based on the MoM. By using NEC2, it is
possible to model and configure the dipole antennas, the source, the tag, the reader, the NSC
scatterers, a ground plane, the load impedances, and the physical characteristics of the dipole
antennas. In particular, this tool allows us to (i) configure the state of the tag (transparent or
backscattering), by changing the load impedance; and (ii) to measure the resulting voltage at the
reader port.

c) Experiments. Besides analysis and simulations, we perform measurements to estimate the
channels. The obtained empirical channels are used to validate the analytical model and the
simulations.

3.2.7. Summary of Case Studies Analyzed

Table 3-1 lists all systems and performance evaluation methodologies considered in this
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chapter. We note that the XPOL and SRR antennas radiation patterns are complex to be modeled
analytically and through the MoM software. Therefore, these cases are analyzed only through
experiments.

Table 3-1 Case Studies and evaluation methodologies.

Section Environment Antenna Coding | ypacor (Channel model-
Scheme ing

3.3 Analytical
3.4.1and 3.4.2 LOS
3.4.1and 3.4.2 . ED ANEC2
3.5.1 and 3.5.2 Rowting BTS

3.4.4 P Experiments
3.5.1and 3.5.2 Scattering ANEC?

3.6.2 LSE

3.6.2 SRR PCS Experiments

3.6.2 XPOL P

3.3. ANALYSIS IN LOS ENVIRONMENTS

In this section, we consider a LOS propagation environment, i.e. NS¢ and N®? equal to zero.
Only the source, the tag and the reader are considered. We consider a rotating dipole antenna, a
BTS coding scheme, and an ED detector. The carrier frequency f is set to 2.4 GHz. We limit the
study to an IPR tag in order to find the best polarization for the tag and some upper bound
performance.

3.3.1. Selection of the Optimal Polarization

In this section, we propose an approach to find the orientation of the linear polarization that
maximizes AA. We assume that the source, the tag and the reader have a perfect linear
polarization. Under these assumptions, the direction of the electric field is given by the orientation

of the dipole antennas. Let S be the normalized incident electric field vector and let T and R be
the unitary vectors that determine the orientations of the dipoles of the tag and the reader,
respectively. Each path contribution is proportional to a polarization factor that lies between 0
and 1. For a given position and orientations of the dipole antennas, the polarization factor of the

direct source-to-reader path S%7e¢t is given by the projection of S over R. As for the source-to-
tag-to-reader polarization factor (S24¢¥), it is approximated as the projection of S over T, then on

—

R:
gdirect — |§ . ﬁ)" (3-9)
gback — |(§ . T) (T’ . ﬁ)' (3-10)

where - is the inner product. The objective is to maximize the polarization factor of the
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backscattering path S22 while limiting the polarization factor of the direct path S#7ect, For a
fixed vertically polarized source (¢° = 0), we obtain the following optimal solution:

0T = 9R [2m]
R 3-11
¢ =2 [2n) (10

From (3-11), we conclude that there exists an optimal orientation for the tag. Therefore, an
IPR tag is expected to outperform an NR tag. The derived optimum orientation of the tag can be
interpreted as follows: the best orientation of the IPR tag is obtained when the tag simultaneously
maximizes the received signal from the source and maximizes the backscattered signal to the
reader. This is obtained when the angle between the source and the tag is equal to the angle
between the tag and reader.

3.3.2. ANEC2-based Validation

We validate the proposed analytical result by using simulations. The 4NEC2 simulation tool
takes into account the following elements that are not taken into account in the analytical model:
the wire length, the coupling between the elements, the LOS propagation, and the radiation
diagram. For a given set of source, tag and reader locations and for a given set of reader
orientations, we determine by simulation, through an exhaustive search, the orientation of the tag
that maximizes AA. The numerical search is performed over a reduced number of angles due to
the  symmetry: (¢%,60%) in  ([0,10,..,90],[0,10,..,90]) and (¢T,087) in
(fo,10,...,90],[0,10,...,180]) degrees. For a given reader orientation, once the optimal tag
orientation is found, we compare two unitary vectors giving the best orientation of the tag
according to two different methods:

o TPest=th ghtained through the analytical method;
o Thest=simu ghtained through exhaustive search.

Figure 3-3 illustrates the inner product between T?est=th and TPest=simu A high inner product
(close to 1) means that the polarization found with the analytical model matches the polarization
obtained by exhaustive search. Figure 3-3 shows that the optimal polarizations match for more
than 80% for reader orientation 8% > 50° or ¢® < 45°. The analytical approach is, therefore,
valid in most cases. The cases where the model is not valid correspond to the source being out of
the “donut” diagram of the reader dipole and are therefore of low interest.
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Figure 3-3 Comparison of the best orientation obtained by using the model and an exhaustive
search (inner product of Tbest=th gng Test-simuy,

3.3.3. Takeaway Messages from the Analysis

Based on our analysis, we conclude that, in a LOS propagation environment, the optimal

orientation of the IPR tag corresponds to the average between the orientation of the source and
the orientation of the reader.
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n as5° o I Tag
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Figure 3-4 Example of optimal angle for a given source (¢5,85) = (0°,0°) and reader
(R, 0%) = (90°,90°) configuration.

The advantage of a PR tag is in the worst case scenario, i.e., the source and the reader are
orthogonal to each other, i.e. the source is 90° from the reader. In this case, the reader cannot
receive any signal from the source. The current study shows that the IPR tag is better detected by
the reader, when it is transmitting its message, with the direction of its linear polarization being
at 45° from the source and 45° from the reader, as shown in Figure 3-4.
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In a real environment, in addition to the LOS propagation path studied in this section,
additional propagation paths exist (due to scatterers and reflectors). This is studied in the next
section.

3.4. ANALYSIS IN A RICH SCATTERING ENVIRONMENT

In this section, we consider a rich scattering environment, with a large number of scatterers
and a few reflective planes. We consider rotating dipole antennas, the BTS coding scheme, and
an ED detector.

Table 3-2 System model parameters.

Parameters Definition Value Units
(x5,y5,25) Source localization (0,0,0.3) m
(¢5,05) Source orientation (0,0) deg
(xR, yR, zR) Reader localization (100,0,0.3) m
(pR,67) Reader orientation (90,90) deg
(xT,yT,z1) Tag localization (xT,y7,0.3) m
[5¢ Length of scatterers /2 m
ZR Reader load impedance 50 Q
BER'areet Target bit error rate 1072

The carrier frequency f is set to 2.4 GHz. We consider the three different types of tags. As
mentioned, the 4PR and NR tags have N, = 4 and N,,; = 1, respectively. The IPR tag has
Ny = 81. The considered simulation environment accounts for NS¢ = 20 scatterers and one

ground plane (N®? = 1). The waves travel from the source to the reader through the LOS path
and through multiple non-line-of-sight (NLOS) paths due to presence of the scatterers in
proximity of the reader and the ground plane. Whereas the linear polarization of the wave remains
unchanged along the LOS path, it may change on the NLOS paths. Hence, at the reader side, the
source-to-reader signal results from the combination of incident waves with distinct linear
polarizations. It is expected, however, that the linear polarization of the LOS path is dominant.

3.4.1. Numerical analysis of Polarization and Performance

In this section, we illustrate the best linear polarization of the tag by using NEC2 simulations.
Source and reader orientations are fixed and orthogonal to each other, as it is a worst case scenario
in terms of received SNR. We analyze the performance of the communication link as a function
of tag’s coordinates (x7,yT), i.e., we illustrate 2D spatial maps of the BER. Other simulation
parameters are detailed in Table 3-2. We study the three types of tag for different configurations
of their orientation and for different environments (LOS or with scattering). Figure 3-5 illustrates
BER maps of some of the configurations in Table 3-3 by assuming SNR™ = 116 dB. The spatial
maps of the BER show the locations where the tag can be detected by the reader with the target
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QoS (BER < BER®%r&et), Light colors (yellow or red) indicate where QoS can be achieved and
dark colors (blue) indicate locations where QoS cannot be reached. Each subfigure of Figure 3-5
is accompanied by a “velvet carpet” illustrating the tag’s best orientation depending on the tag’s
location. Each position on the velvet carpet corresponds to a tested position of the tag. The thread
of the carpet at a given position illustrates the best orientation of the tag for the considered
position. The velvet carpet illustrations in Figure 3-5-a,c,d) show that the orientation is uniform
for NR tags and Figure 3-5-b,e,f) show that the orientation is non-uniform for PR tags.

Table 3-3 Tag and environment configurations.

LOS Scattering
NR tag in the worst LOS-NR-Worst SCAT-NR-Worst
orientation
NR tag in the best LOS-NR-Best SCAT-NR-Best
orientation
4PR tag LOS-4PR SCAT-4PR
IPR tag LOS-IPR SCAT-IPR

In Figure 3-5-a) and in Figure 3-5-b), we show the results obtained for the configuration in a
LOS environment. Figure 3-5-a) illustrates the BER for the optimum orientation in LOS: 87 =
90° and ¢T = 45°. Figure 3-5-b) shows the contrast map in a LOS environment for the IPR tag.
We observe that a PR tag has limited effects in a LOS channel if the source and the reader have
a cross-polarization.

The following rotating dipole antenna tags are compared in a scattering environment.

e NR Tag: We study the performance of the NR tag when its fixed orientation is, on
average, the optimal one. We determine numerically this best orientation. We observe
that even in a scattering environment (Figure 3-5-c)), we obtain the same best
orientation as in a LOS environment. Indeed, the optimum orientation in LOS,
obtained by applying (3-6) to the parameters listed in Table 3-2,is 87 = 90°and ¢ =
45°. This is due to the fact that our studied scattering environment is close to a LOS
environment. For comparison, Figure 3-5-d) illustrates the performance of the NR tag
when its fixed orientation is, on average, the worst (87 = 90° and ¢ = 90°), i.e., for
which a very small amount of backscattered signal can be detected by the reader.

e 4PR tag: The compact reconfigurable antennas presented in [71] have four patterns
with distinct dominant linear polarization directions. The 4PR tag is a simplified model
of such existing antennas. The angles of the 4 polarizations are set to (xT,yT) =
{(0,90), (45,90),(90,90), (135,90)} and correspond to the main polarization
directions of one of the antennas from [71]. The SNR contrast maps are computed for
the 4 polarizations of the tag.

e IPR tag: We consider an IPR tag with N, = 81. The orientations of the IPR tag
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(xT,y") are uniformly distributed in ([0,180],[0,180]) degrees. We compute the
BER maps for each of N,,,;polarizations.
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Figure 3-5  BER maps showing the tag location that guarantees QoS (in orange) for the
configurations : (a) LOS-NR-Best, (b) LOS-IPR, (c) SCAT-NR-Best, (d) SCAT-NR-Worst, (€)
SCAT-4PR, (f) SCAT-IPR. On the left of each subfigure, the tag orientation map (i.e. the velvet
carpet) is illustrated.

As for the IPR and 4PR tags, we determine the polarization of the tag that minimizes the BER
for every location of the tag based on the Ny, computed maps of each tag. We obtain the
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corresponding optimal BER maps as illustrated in the Figure 3-5-e,f). As expected, Figure 3-5
shows that the IPR tag outperforms all types of tags. We also observe that the more realistic 4PR
tag, with 20 times fewer available polarizations than the IPR tag, offers performance that is close
to the IPR tag. The 4PR tag outperforms the NR tag, even if the NR tag employs the optimal
orientation of the LOS system. Compared to the NR tag, the 4PR tag is more robust to the impact
of scatterers and polarization mismatch.

In the next sub-section, we study the performance of the tags as a function of SNRT*.

3.4.2. Outage probability analysis

In the previous section, we have shown that a PR tag can improve the performance of an
AmBC system in terms of BER. In this section, we numerically evaluate the outage probability
for each configuration listed in Table 3-3. The outage probability is computed over a target
coverage area, i.e., over tag’s locations (in meters) defined by DT=® € [0.54, 31], where DT~R
corresponds to the Euclidian distance between the tag and the reader. The BER is calculated as a
function of SNRT*, for every tag location and orientation and for a given environment
configuration of the source, the reader, the scatterers and the reflective planes. We compute the
outage probability, based on (3-6), for the three types of tags.

E -+SCAT-IPR

'8 0.9 -SCAT-4PR

g SCAT-NR-Best
0 0.8 --SCAT-NR-Worst
- -+LOS-IPR

0.7 LOS-4PR

g k -=-LOS-NR-Best

o ‘ : ‘ ‘ ‘ -~ -~LOS-NR-Worst
g 106 108 110 112 114 116 118

SNR™ (dB)

Figure 3-6  Outage probability simulated as a function of SNRT*.

Figure 3-6 shows that the IPR tag attains the best performance. It provides the lower bound
performance for this environment configuration. The NR tag, even configured to operate at the
optimal orientation, has a low outage probability, since it is not robust to scattering. Figure 3-7
shows the average captured SNR for each configuration as a function of SNR™*. In LOS, the
amount of received power corresponds to the power backscattered by the tag, which depends on
the tag polarization. However, as expected, in scattering environment, the SNR¢*P*“7ed does not
depend on the tag polarization (as it is measured when the tag is transparent) and only depends
on the scattering. In the LOS-NR-Worst configuration, the NR tag and the reader are orthogonal
to the source, thus the reader receives close to zero signal from the source and from the tag. We
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observe that the increasing the number of reconfigurable polarizations Ny, of the tag improves
the system performance. In addition, this improvement is boosted by the presence of scatterers.
Finally, we observe that, even with a limited number of polarization orientations (N, = 4), the
performance of the 4PR tag is close to the IPR tag.
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--LOS-NR-Worst

i ~SCAT-IPR

< 10 ~SCAT-4PR

s SCAT-NR-Best
5 0ol ~~SCAT-NR-Worst
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3': .10/ LOS-4PR

2

v

166 1(58 1iO 112 1i4 116 118
SNR™ (dB)

Figure 3-7  SNRcaptured py the reader as function of the SNRT*.

3.4.3. Impact of the scatterers

Figure 3-8 illustrates the amplitude of the signal A%FF, respectively A°Y, received by the
reader when the tag is transparent, respectively backscattering, as a function of the position of the
tag in space, for two different propagation environments (LOS and with scattering), for two
different tags (NR-Best and IPR), and for the ED detector. As the presence of scatterers results
in additional paths in the source-to-reader propagation channel (in addition to the LOS path), the
amplitude of the signal A°FF | when the tag is in the transparent state, is much higher in scattering
condition compared to the received signal A°FF in LOS condition. As a consequence, in the
scattering condition, the additional path due to the tag being in backscattering state is much less
visible by the reader, compared to the LOS condition.
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Figure 3-8  Amplitude maps for the transparent and backscattering state of the IPR and NR
tags in scattering and LOS environment.

3.4.4. Experimental Verification

In the previous section, we have shown, with the aid of simulation, that a PR tag outperforms
an NR tag. In this section, we validate this observation through experiments conducted in a semi-
anechoic chamber. In our experimental set-up, we reproduced, as closely as possible, the
conditions modeled in the simulation environment. Instead of scatterers made of conductive lines,
we deploy reflective planes in the environment (NS¢ = 0, NS¢ = 6). Each of them has a different
surface area and is placed randomly around the system, with different orientations and locations,
as illustrated in Figure 3-9 and Figure 3-10. The source is located at a shorter distance from the
tag and the reader (0.35m) as compared with the simulation results (100m). This is necessary
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because of the limited size of the semi-anechoic chamber. To measure the signal contrast maps
experimentally, the source and the reader are installed at fixed locations. The mechanically
rotating dipole antenna of the tag is mounted on two motorized rails whose length is 0.3m.

- Reflecting surface

2D motor bench

Scattered path

Direct path
==y Backscattered path

Source

canning Area

X

USRP |rx

Arduino

Figure 3-9  Experimental setup.

Figure 3-10 Photo of the experimental setup.

Each element is composed of a dipole antenna made of two strands with a total length of 6.25
cm. We connect the source and the reader to two different ports of a USRP B210. We use GNU
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Radio to control the USRP and process the source and received signals. The tag’s antenna is
connected to an Arduino platform that controls the impedance connected to the two strands using
a PIN diode.

We place the source at the origin of the axis, (x5, y5,z5) = (0,0,0), with a vertical orientation
(¢p5,0%) = (0,0). The reader is placed at position (x%,yR, z®) = (0.35,0,0) and is in cross-
polarization with the source (¢&,8%) = (90,90). The tag is moved along a linear trajectory
perpendicular to the line connecting the source and the reader, such that x” = xmin + nx x step
and yT = ymin + ny X step. We define xmin = 0.03m and ymin = —0.15m so that the tag
scans the area between the source and the reader, given the limited range of 28 cm. The step of
the tag displacement is step = 0.01m along the x and y axis and nx,ny € [0,1, ...,28].
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Figure 3-11  Experimental maps for four fixed orientations of the NR dipole tag (¢7 =
0°,45°,90°,135°,87 = 90°) and the map for the 4PR tag: the optimum signal contrast map
obtained after selection of the best polarization among the 4 available ones.

We measure the maps for the power of the backscattering and transparent states, POV, pOFF
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AA
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contrast maps for each angle of the 4PR tag. We obtain 4 maps for signal contrast as shown in
Figure 3-11.

respectively, the noise power P™°%¢ and then calculate the

maps. We measure the signal

We process these maps to determine the map with the best signal contrast. Experimental results
show that selecting among four polarization orientations improves the performance of an AmBC
system (Figure 3-11). Even though the experiment is not a perfect replica of the simulations,
experimental and simulation results are consistent: both show that, in a complex environment,
the maps depend on the orientation of the polarization of the tag, and that a PR tag is more robust.

3.4.5. Takeaway Message from the Analysis

Based on our study which relies on simulations and experiments, we conclude that the use of
a PR tag improves the performance of an AmBC system in a rich scattering environment and that
a simple 4PR tag provides good performance similar to an ideal tag.

3.5. IMPACT OF THE READER DETECTION SCHEME

In this section, we compare the performance of the ED and LSE detectors. We consider
rotating dipole antennas, the BTS coding scheme, and a scattering environment. The
configuration of the system is given in Table 3-3. We evaluate the BER maps for locations of the
tag around the reader. The three dipole tags IPR, 4PR and NR are considered. The map is shown
for a fixed SNReePtured = 12 dB, which is equivalent to SNR™ = 116 dB in the scattering
configuration.

3.5.1. Visualization of the Polarization and the Performance

Figure 3-12 shows the BER map for the three tags and for the two detectors. Similar to the
previous section, the IPR tag provides the best performance for both detectors. The LSE detector,
however, yields better BER performance and a larger coverage area. Even the NR tag that uses
the best polarization orientation and the uses the LSE detector provides better performance than
an IPR tag that uses an ED detector. The LSE detector has better performance than an ED as it
compares the amplitude and the phase of the received signal with the estimated channel.
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Figure 3-12 BER maps showing the tag location that guarantees QoS (in orange) for the
configurations : (a) LSE-NR-Best, (b) LSE-4PR, (c) LSE-IPR, (d) ED-NR-Best, () ED-4PR, (f)
ED-IPR. On the left of each subfigure, the tag orientation map is illustrated.

3.5.2. Outage Probability Analysis

In this section, we numerically evaluate the outage probability for each configuration setup
reported in Table 3-3. The outage probability is computed over a target coverage area, defined
such as the Euclidean distance D7~R between the tag and the reader lies in the range
0.5 < DT-R < 3. The BER is calculated as a function of SNR¢Ptured for every tag location
and orientation and for a given configuration of the source, the reader, the scatterers and the
reflective planes.

In Figure 3-13, we observe that the LSE detector improves the performance compared with
ED detector. The IPR tag combined with the LSE detector outperforms the IPR tag combined
with the ED detector. The 4PR has good performance that is close to the IPR tag. In conclusion,
the LSE detector strongly outperforms the ED, and the 4PR tag with LSE provides close to ideal
performance.
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3.6. IMPACT OF THE ANTENNA RADIATION PATTERN

In this section we compare the performance of the SSR antenna, the XPOL antenna, and the
4PR rotating dipole antenna. We consider a PCS coding scheme and an LSE detector.

3.6.1. Experimental Setup

Table 3-4 Antenna configurations.

Coding . Number of receiving
Antenna Channel Modeling
Scheme antenna
SRR PCS Experimental 3
CrossPolar PCS Experimental 3
Dipole 4PR PCS Simulation 1

The configuration setups studied in this section are reported in Table 3-4. The propagation
channel is extracted from measurements conducted in a reverberation chamber. The reverberation
chamber has the advantage to provide a time invariant environment and multipath.

Figure 3-14 and Figure 3-15 illustrate the experimental setup of the system for the two compact
reconfigurable antennas. For each antenna we consider 4 polarization patterns as depicted in
Figure 3-16, Figure 3-17, Figure 3-18. Based on the PCS coding scheme, the tag switch between
two polarization patterns in order to transmit bit 1 and 0. We evaluate the performance depending
on the two chosen patterns for each antenna.
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Figure 3-16 SRR polarization patterns according to the state number.
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Figure 3-17 XPOL polarization patterns according to the state number.
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Figure 3-18 4PR polarization orientation according to the state (¢p” = 0°,45°,90°,135°,

Table 3-5 Configuration of the PCS based on the state of the antenna.
Configuration 2:1 3:1 4:1 3:2 4:2 4:3
Bit 1 State 2 | State 3 | State 4 | State 3 | State 4 | State 4
Bit 0 State 1 | State 1 | State 1 | State 2 | State 2 | State 3
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3.6.2. Results

In this section, we evaluate numerically the BER as a function of the SNRc@Ptured  The results
are reported in Figure 3-19,Figure 3-20, Figure 3-21.

--Configuration 2:1
-+Configuration 3:1
Configuration 4:1
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Figure 3-19 BER rate for a the different configurations of the PCS of the SRR antenna.
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Figure 3-20 BER rate for a the different configurations of the PCS of the XPOL antenna.
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Figure 3-21 BER rate for the different configurations of the PCS of the 4PR antenna.
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From the figures, we evince that the performance depends on the selected polarization patterns.
For example, it is easier for the LSE detector to detect the bits if the two patterns are uncorrelated.

From Figure 3-19, we observe that the best configuration for the SRR corresponds to the states
2 and 1, which have an envelope correlation coefficient lower than 0.1 [69]. Also, the
configuration with the states 3 and 2 is one of the worst and has a correlation coefficient close to
0.5 [69].

From Figure 3-20, we observe that the BER performance of the XPOL depends on the
configuration of the chosen states. The best configuration is obtained for the states 3 and 2, and
for the states 4 and 2. In both cases, we observe that these states have completely opposed pattern
directions (see Figure 3-17). This property, in fact, reduces the correlation between the patterns
and the states are more easily detectable.

From Figure 3-21, we observe that the performance of the 4PR tag is worse compared to the
XPOL and the SRR tags. This can be explained by the fact that the patterns of the dipole antennas
are more correlated. We can note that the configuration with the states 4 and 2 has the best
performance because these two states correspond to the best orientations of the dipole (see
Section 3.3.1 and because these states are cross-polarized (Figure 3-18).

In conclusion, our analysis shows that the SRR antenna is the best antenna, thanks its low
inter-patterns correlation properties

3.7. CONCLUSION

In this chapter, we have shown the advantages of using a polarization reconfigurable tag in
AmBC systems. Such a tag takes advantages of different polarizations in order to improve the
robustness of the communication against direct source-to-reader interference. In this preliminary
study, we proposed to use a very simple model of polarization reconfigurable tag to focus our
study on polarization. In our model, the compact reconfigurable antenna is modelled by a rotating
dipole. We have proposed a simple method to determine the tag orientation that maximizes the
performance in a LOS sight environment. We have made a first numerical assessment of the
improvement in terms of outage probability, obtained with a polarization reconfigurable tag in
both a LOS and richly scattering environments, by simulation and experiments. With the aid of
analysis, simulations, and experiments, we have shown that a realistic 4-polarization
reconfigurable tag provides performance that is similar to an ideal tag having 20x polarization
states.






Chapter 4

Ambient backscatter-friendly 5G networks

In this chapter, we propose to study the AmBC systems within the 5G network. More
specifically we propose to improve the performance of the ambient backscatter system by using
5G mMIMO equipment. We consider the uplink and downlink configuration of 5G
communication, where the ambient source of signal can be either the base station (downlink) or
the smartphone (uplink).

In the section 4.1, we consider a downlink scenario and we propose to use the base station as
the source to beamform the ambient signal to create “hot spots for tags” with very high power
and “good reception spots for readers”. We assess the performance of the system for three
different precoders each having a different impact on the backscattering signal.

Secondly in section 4.2, we investigate the uplink configuration where the mMIMO antenna
is used as the reader to enhance the detection of the backscattered message from the tag. We
exploit the channel spatial diversity with a reader equipped of 64 antenna elements.
Experimentally, we assess the AmBC in an uplink scenario in an anechoic chamber. We evaluate
the performance of the system using a least square error estimator to detect the state of the tag.

4.1. CREATING HOT SPOTS FOR TAGS AND GOOD SPOTS FOR READERS

4.1.1. Introduction

In this section we consider a downlink scenario, where the source of signal is a mMIMO
antenna. In the literature, such multi-antenna source have been envisaged and to overcome the
limitations of AmBC, [122] proposes to use transmit beamforming at the source side and a joint-
detection of the source and the tag signals at the reader side. In [122], it is assumed that the source
perfectly knows the three channels: the tag-to-reader, the source-to-tag and the source-to-reader
channel. Then, the source computes a beamformer that optimizes the detection of the tag, under
a constrain (a target detection probability of the source signal). The limit of this technique is that
the reader is highly complex and the acquisitions of the three channel state information at the
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source side, seems very difficult in practice, especially, with an energy harvesting tag.

5G base stations can perform beamforming thanks to mMIMO antennas composed of several
dozens, to a few hundreds of antenna elements [123],[124]. In the field trials conducted in [124],
sounding reference signals (SRS) [125] are sent by the mobile device in the uplink direction to
enable the BS to acquire the channel state information at the transmission (CSIT) side, channel
reciprocity is exploited to perform beamforming.

In this section, we propose to use 5G networks and devices to create “hot spots for tags” with
very high RF power and “good reception spots for readers” with a four-step approach. We
consider two types of good reception spots: a “quiet spot” with very weak source-to-reader
interference; and a “coherent spot” with source-to-reader interference, this interference being
built to be coherent (i.e. in phase) with the backscattered signal. During a first step illustrated in
Figure 4-1-a), the locations of the spots are indicated by visual signs such as panels or stickers.
During a second step, illustrated in Figure 4-1-b), 5G “training devices” send SRS to the network
to enable the network to acquire the CSIT . During a third step, illustrated in Figure 4-1-c), the
network performs MRT beamforming (to create a hot spot for the tag) or ZF beamforming (to
create a hot spot for the tag and a quiet spot for the reader simultaneously) [126], or a new
coherent combining (CC) beamforming (to create a hot spot for the tag and a coherent spot for
the reader). Once the hot spot and the good reception spot are created, the 5G devices can be
withdrawn and replaced by a tag and a reader, respectively, during a fourth step illustrated in
Figure 4-1-d) and Figure 4-1-e), for ZF and CC, respectively. The tag is then strongly illuminated
by the 5G source and better detected by the reader. In the case where the reader is on a quiet spot,
the tag-to-reader signal is free of direct 5G source interference. In the case where the reader is on
a coherent spot, the tag-to-reader signal coherently combines with the direct 5G source
interference. In this latter case the source must transmit successively different phase shifted
beams and the reader must analyze the received signal for each beam and feedback the beam
index, which maximizes the performance, to the source. Thanks to these methods, the tag and
reader remain advantageously simple, low cost and low power (for the tag at least), as they do
not need to send SRS or to make complex joint detection. The reader can remain a simple energy
detector and performance depends on the difference of power between the backscattering and
transparent states. Even in the case of CC beamforming, the reader only needs to feed back a
beam index.

There are two important requirements though. First, such scheme requires the channel to be
stable between the time when the smartphone performs the sounding and the time when the tag
and reader communicates with each other. Such stability has been observed experimentally for
mMIMO channels in [83][84]. Secondly, the channel must be highly richly scattering with strong
angular. This assumption ensures that applying the ZF, MRT or CC precoder does not reduce the
broadcast signal power received by legacy devices, and that the beamforming gain is important.

The section is organized as follows: sub-section 4.1.2 presents our system model, sub-section
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4.1.3 presents simulation results in a richly scattering environment (with a Rayleigh channel
model) and section 4.1.4 concludes this study.
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Figure 4-1  Proposed system.
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4.1.2. System Model

4.1.2.1. Spatially correlated channel model including backscattering

As shown in Figure 4-2, we consider a system composed of a source (S), a tag (T), a reader
(R) and a legacy device (D). The variable dSR (respectively d5T,d™) defines the distance
between S and R (respectively Sand T, T and R).

Scatterer 1 Scatterer MZ‘Z

4

/

S \, " e

Scatterer 3 ... Scatterer m

Figure 4-2  Propagation model.

The source is equipped with a mMIMO antenna composed of K transmit antennas. A uniform
planar antenna array (with k™ lines, k@ columns and k(M k® = K) is considered. The source
illuminates the tag and the reader through a complex multipath propagation environment due to
scatterers.

As illustrated by Figure 4-2, we assume that the source is located far from the tag, the reader
and the device. In the model we consider that the tag and the reader are closed to each other and
experience a spatially correlated channel. On the contrary, we consider that the legacy device is
very far from the tag and the reader. As a consequence, the source-to-legacy-device channel is
assumed to be uncorrelated with the source-to-reader and source-to-tag channels.

We consider a multi-carrier waveform as in 5G standard [125]. We assume that the channel is
frequency flat on a subcarrier and therefore study the system on a subcarrier basis. With this
assumption, the channel can be modeled by a complex coefficient. Let hS% € C**X be the vector
of the K coefficients of the small scale fading channels between an arbitrary point in space Z (in
the proximity of the tag and the reader) and the K antennas of the source. We model the channel
by a Rayleigh channel model with M paths. For each path m € [1, ..., M], a planar wave leaves
the source with a random angle of departure AoD;.T, is scattered by the scatterer m, and finally
hits the point Z with a random angle of arrival AoAST. The wave has a random initial phase ¢,,
and a normalized Gaussian complex gain «,,,. AoD;T, AoAST and ¢,, are uniformly distributed
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in [0, 2n] and E[|a,,|?] = % With these assumptions, the expression of h3Z, the k™ element of
h5Z, is given by:

M
2T O m
h$Z = Z ame ¢ TPm (4-1)

m=1

where, c is the light velocity, f is the carrier frequency, (xg, ) are the Cartesian coordinates
of the source antenna k, (x%,y?%) are the Cartesian coordinates of the point Z relatively to a
position in the area including the tag and reader, and 8y ., is a path difference given by: 6y, =
(x5 — x3) cos(AoDSE) + (yi — y3 )sin(AoDyZ) + x% cos(A0ASE) + yZ sin(AoASE).

From equation (4-1), we can deduce the vectors h3®, h3T € C**X, of the source-to-reader and
the source-to-tag small-scale fadings, respectively, by replacing Z by R and T, respectively.

Free space propagation is considered between T and R and modeled with the Friis Formula as
T and the R are supposed to be closed to each other. With these assumptions, the tag-to-reader
channel K™ € C is given by:

TR A —izndTR
h =4ndTRe ! (4-2)

The total signal received by the reader is the sum of the direct signal from the source and the
signal from the source backscattered by tag. We obtain the following expression of the equivalent
channel héd € C**X between S and R (after propagation, including backscattering):

hed = VG(yh™hST + hSR) (4-3)

where, G € R* is the long-term average propagation gain due to slow shadow fading and the
distance. This term also includes the antenna gains, differential cross sections and impedances of
the system that remain constant in the model. y corresponds to the modulation factor of the tag.
y € [0,1] takes two distinct values: y°N when the tag is backscattering and y °FF when the tag is
transparent.

4.1.2.2. Precoders

h3T
type
PP
| hgT
TR
data p,Pe hSR h
: ° h{R

Figure 4-3  Precoder principle.

As introduced in 1, we propose to use precoders exploiting the knowledge of the channels hSR
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and hST (estimated by the source thanks to pilots sent by the training device), to improve the
ASNR metric. We emphasize that in our proposed schemes, h™ remains unknown, contrary to
the solution given in [122].

As illustrated in Figure 4-3, we consider and compare the following four different types of
precoder p € CX*1:

the reference precoder pREF (no precoding);

the MRT precoder pMRT;

the ZF precoder pZ¥;

the CC precoder p°¢.
The reference (REF) precoder is defined by pREF = 1, with K = 1 antenna.
For all next precoders, K > 1 is considered.

The expression of the MRT precoder is given by pMRT = gMRT(hST)T where ()T is
hermitian operation and aMRT is a normalizing factor such that ||pMRT||2 = 1, where ||. ||? is the
Frobenius norm. The precoder pMRT creates a maximum of power or “hot spot” on the tag.

The ZF precoder pZF is determined in several steps. First the channel matrix H € C?*X is

defined as follows:
n=fi 7
Then, the following zero forcing matrix is computed:
Q=HT(HH")™ (4-4)
Finally, p%F is extracted from Q as follows: p%f = a%FQ, , for k = 1...K, with aZF is a

normalizing factor such that ||p%F||? = 1. The precoder pZF creates a maximum of power or “hot

spot” on the tag and a zero of power or “quiet spot” on the reader.

The CC precoder p©C is based on ZF precoder to which we apply a phasing matrix T, a
power allocation matrix D and combining matrix S:

pilt=a’“xQxTxDxS (4-5)
. 1 0 0 0 1
With, T = [O ol D= [0 *1—62] and S = [1]

a ¢ is a normalizing such that |[|p¢||? = 1. The precoder p°¢ creates a hot spot on the tag
and another hot spot on the reader. The signal on the reader is phased-shifted in order to combine
coherently source and tag signals at the reader location. As the power is shared between the two
hot spots, we use D matrix to optimally allocate this power and maximize the performance.
Optimal precoder is determined by optimizing the phase-shift variable ¢ and the power allocation
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variable §.
4.1.2.3. Performance metrics

The amplitude of the signal received by the reader is given by:

A(y) = |h*9p| /B, = |(yh™hST + hS®)p|,/R, (4-6)
where P, is the transmit power of the source. We define P,,,;s. as the receiver noise power at

the reader side and SNRiIm = %% the “jllumination” signal to noise ratio. SNRI™ reflects

noise

the average amount of illumination in the area located around T and R, from the source
(independently from precoding and small-scale fading effects).

The BER metric of the energy detector depends on the amplitude contrast AA between the
state when the tag is backscattering and the state when the tag is transparent as follows:

_ 1 AA
BER —Eerfc< > (4-7)

\/ Pnoise
where,
AA = |AON — AOFF| (4-8)

and A°N (A°FF | respectively) is the value of the signal amplitude A(y) at the reader, wheny =
vyON (y = yOFF, respectively), i.e. when the tag is backscattering (transparent, respectively). In
the rest of the chapter we consider yON = 1 and y°FF = 0, then the expression of the amplitude
contrast is:

A4 = ||(R™*BST + hS)p| — [hSRp|| /P, (4-9)

In the case of CC, to obtain the optimal matrix T and D, the BS determines the phase-shift
@™ and the power allocation §™#* that maximize AA, in two steps. First, the BS transmits
successively pilots with different p¢¢ precoders based on different ¢ and & values and the reader
measures the corresponding AA. Second, the reader feeds back the index of the optimal precoder
to the BS. Finally the BS transmits with the optimal precoder indicated by the reader.

To meet a given target quality of service (QoS) associated to a given target BER, BER'8et,
AA must verify: AA > AA™T8et where AA%@T8t = (erfc) 1(2BER) is the target amplitude
difference between the two states.

4.1.2.4. Metric measuring the impact on legacy device

Regarding the legacy device D, we assume that the legacy D is uncorrelated and far from R
and T. The coefficients of the vector hP? € C**K of the source-to-device channel are hence
generated as a Rayleigh channel model, independently from hSR and h5T.We assume that the
legacy device D under the average radio conditions (or illumination by the source) as T and R.
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With these assumptions, the received SNR at the device side is given by:

P .
SNRD — |\/Ethtyp€|2P_u = |thtype|ZSNRlllum (4-10)

noise
4.1.3. Simulation Results

This section presents simulation results based on the model depicted in 11, with the parameter
setting given in Table 4-1.

Table 4-1 Simulation Parameters.

Parameters Details Value | Units
M Number of Taps 100
k@ Number antenna elements per line 8
k) Number antenna elements per colums 8
K Number of antenna elements 64
f Frequency 24 | GHz
SNRillum Average amount of illumination received from the source 24 | dB
BERtarset Target Bit Error Rate 1073

We first present some visual results for a determined model and then more in depth and general
statistical results.

4.1.3.1. Visualisation of “hot spot” for tag and “quiet spot” for reader thanks to spatial
maps of SNR metrics

In this section, we consider fixed locations of the source, the reader and the tag, one sample
of the random propagation channel model and a fixed average illumination SNR!'™ of 24dB (as
defined in section 4.1.2.

We then compute, the SNR metrics defined in section 4.1.2, as functions of the (x,y)

coordinates of the point Z and visualize them into spatial maps, for each precoder (REF, MRT,
AOFF

W Proise

the tag and its surrounding area is illuminated by the source relatively to the noise. Figure 4-5

ZF and CC, namely) . Figure 4-4 illustrates the spatial maps of and shows to which extent

illustrates the spatial maps of

TR
A — |nTRRSTptype| P and shows the amplitude level of

Y, Pnoise W/ Proise

signal backscattered by tag. Finally, Figure 4-6 illustrates the spatial maps of =

W Proise

shows the locations where the reader can detect the tag with the target QoS (these are locations

AAtarget
where 44 > AAtargety 24

V Proise
colors (blue) indicate locations where the target QoS cannot be reached and light colors (yellow
or red) where QoS can be achieved.

maps and

is represented as the level where the scale color changes. Dark
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Thanks to Figure 4-4, Figure 4-5 and Figure 4-6 we can make a first comparison between the
four considered precoders. With REF, due to the weak illumination of the tag observed in Figure
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4-4-a), the backscattered signal observed in Figure 4-5-a) is weak, and consequently, the locations
observed in Figure 4-6-a) where the reader can detect the tag are very rare. With MRT, thanks to
the strong illumination (the “hot spot”) of the tag observed in Figure 4-4-b), the backscattered
signal observed in Figure 4-5-b) has a large coverage. However, the locations observed in Figure
4-6-b), where the reader can detect the tag, are randomly distributed. At a particular target
location of the reader, the target 44 is not guaranteed.
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With ZF, the “hot spot” on the tag observed in Figure 4-4-c) is very slightly weaker than in
MRT. Hence, the coverage of the backscattered signal observed in Figure 4-5-c) is also slightly
weaker than in MRT. This is due to the fact that ZF spends some of its power to cancel the source
signal on the reader location. However, thanks to this “quiet spot” for reader that can be observed
Figure 4-4-c), the target 44 is met at the target location of the reader as illustrated in Figure 4-6-
c). Finally with CC, we have plotted the maps for ¢ = ¢™**and § = §™** the phase-shift and
the power allocation that maximizes AA at the reader location. In Figure 4-4-d), the spot of the
tag and the reader are coherent. As the source-reader signal is phased-shifted, the backscattered
signal combines with the source signal and improves the detection. We observed in Figure 4-6-
d) a good detection spot where the reader can easily detect the tag.

Figure 4-6  Maps of

The previous results have been obtained for a given random sample of the Rayleigh channel
model. To get a more general insight on the performance, we propose to visualize statistics over
100 random samples of model parameters. SNRI"™  the locations of the source and the tag still
remain fixed. However, the location of the reader is variable and the ZF and CC beamforming
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“good reception spot” is adapted to the location of the reader. For each location of the reader,
given by the Cartesian coordinates (xR, yR), we define FO(xR, yR), as the probability that
ASNR > ASNR®™8et j e, that the reader detects the tag with the target QoS. Figure 4-7 illustrates

FO (in percentage) as a function of (xR, y®).
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Figure 4-7  Statistical maps, evaluating the condition 44 > AAt9¢t for 100 random

samples of the Rayleigh channel model.
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As expected, the reference case is the worst. MRT provides a good coverage, however,
coverage the target contrast cannot be guaranteed. ZF and CC guaranty a continuous coverage
inside a given range thanks to the quiet spot or coherent combining of the backscattered signal at

the reader side.
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The CC is very close to the ZF in terms of performance. We observe in the Figure 4-8 the
difference of contrast between the ZF and the CC precoders for one of the set of random samples
We observe that CC slightly outperforms the ZF, the contrast of the CC precoding is better than
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the ZF contrast. Thanks to the phase shift and the power allocation that are tuned, the CC
precoding is more optimized, yet it is more complex to implement as it requires a feedback from
the reader.

4.1.3.2. Impact on the legacy device
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Figure 4-9  CDF of the signal received by the legacy.

Furthermore, Figure 4-9 illustrates the cumulative distribution function (CDF) of the SNRP at
the legacy device side in four cases: when REF, MRT, ZF and CC precoders are used by the
source. No significant difference between the four curves is observed, which means that legacy
device is not impacted by the precoder, at least under Rayleigh propagation. In other terms, a
backscatter-friendly network that precodes its signals (initially intended towards legacy devices)
to help backscatter communications, does not degrade its legacy communications.

4.1.4. Conclusion

In this section, we have shown a practical method that could be implemented to improve
backscatter communications in 5G networks considering a downlink scenario with a mMIMO
antenna. This method improves the tag-to-reader range and the detection probability. Helped by
training devices, the mMIMO base station acquires a partial knowledge of the channel (only the
source-to-tag and the source-to-reader channels) and creates a hot spot to be later used by a tag
and a quiet spot to be later used by a reader. We have shown that MRT precoder improve the tag-
to-reader communication distances, however the detection probability target is reduced. ZF
precoder ensures a good of detection probability of the tag, with the target quality of service, for
a given tag-to-reader distances by creating a hot spot on the tag and a quiet spot on the reader.
CC similarly to ZF, ensures the QoS for a given tag-to-reader distance thanks to the coherent
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combining of the backscattered signal with the source signal. Moreover we have also shown that
precoding has no impact on legacy devices communicating with the 5G network, in Rayleigh
environment at least.

4.2. EXPERIMENTAL EVALUATION OF AMBC WITH A 5G MMIMO READER

4.2.1. Introduction

A 5G mMIMO antenna has been proposed as a smart source for AmMBC communications in
the previous section. In downlink configuration, the source can beamform the signal to create a
hot spot on the tag and to avoid interference at the reader side. These promising results were
obtained through simulations with simple models. In this system the reader was composed of one
antenna and was not exploiting the receive diversity to detect the tag.

In this section, we propose to evaluate experimentally an AmBC system using a mMIMO base
station as reader. As illustrated in Figure 4-10, we consider an uplink transmission scenario in an
anechoic chamber. First, a device, considered as source in the AmBC system, sends pilots to the
reader. The ambient backscatter tag, in the environment, impacts the propagation channel
between the device and the reader. The considered tag has two states: a backscattering state in
which the dipole antenna is short-circuited (null impedance) and a transparent state in which the
antenna is open-circuited (infinite impedance). The propagation channel between the device and
the reader depends on the tag state. The reader receives the signal and estimates the propagation
channel for the backscattering and the transparent state of the tag. As each state codes a bit of the
tag message, the reader is able to decode the tag message.

Massive MIMO antennas in 5G networks exploit the spatial diversity of the propagation
channel to increase the robustness or the throughput of the wireless communication link. It has
been shown in 2.1.7 that 5G MIMO antenna can provide large benefits for low power 10T devices.
Indeed, the space-time digital processing capability of the mMIMO 5G base station can be used
to detect low power connected objects.

In [127] and [128], an AmBC Wi-Fi system is proposed where source, tag and reader are
equipped with MIMO antennas. Such system exploits channel diversity thanks to multiple
radiating elements per antenna. However in experiments, the number of receiving antenna
elements was limited to a maximum of 4 elements for the source, tag and reader.

MIMO reader is studied in [88] to overcome the limitations of AmBC systems. A low
complexity algorithm is proposed for the multi-antenna reader to optimize the throughput.
However, tag used is not entirely passive and this system has not been experimented and tested
in real environment.

We propose to exploit the channel spatial diversity using an antenna with 64 elements as
reader. The considered mMIMO antenna is optimized for a carrier frequency between 3.6-3.8
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GHz. This antenna has been designed for space-time channel sounding and presented in [129].
The antenna is a Slant Uniform Planar Array (SUPA), composed of 32 elements in vertical
polarization and 32 in horizontal polarization with a uniform spacing of half-wavelength.

Tag
ON

MIMO | e
®
Reader| & < v !Device
hON
Tag
OFF
MIMO | o
[ ]
Reader "< \_/ !Device
hOFF

Figure 4-10 Backscattering system using MIMO reader in uplink configuration.

Based on the experimental channel estimation campaign, we propose to evaluate the
performance of the system using a LSE estimator to detect the state of the tag. The performance
is evaluated by adding additive white gaussian noise (AWGN) to the received signal based on the
real channel estimation. Hence, the performance can be evaluated as function of the SNR.

The study is organized as follows: sub-section 4.2.2 presents our system model, sub-section
4.2.3 presents experimental setup, sub-section 4.2.4 presents our results and the section 4.2.5
concludes this study.

4.2.2. System Model

4.2.2.1. Channel estimation

As illustrated in Figure 4-10, we consider an AmBC system, in an uplink configuration, with
a mobile device as a source and a mMIMO antenna as a reader. The reader is equipped with a
SUPA of K elements with uniform spacing of half-wavelength.

We consider a single-antenna tag with two states: a transparent state (OFF) and a
backscattering state (ON), depending on the tag state, the channel between the device and the
reader is slightly different as shown in Figure 4-10.

In order to use a realistic model of the mMIMO antenna and the propagation channel, the
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channel impulse response (CIR) is measured for each antenna element of the SUPA. The
measured CIR is a discrete channel acquired for a maximum excess delay T, With symbol
duration of T,. The channel coefficients are determined for a bandwidth B = 1/(Ts). The CIR is
measured M times in order to average the measurement noise. The m®" experimental
measurement of the CIR h™ is defined as:

Q-1

h™(e) = ) RS (t - qT), (4-11)
q=0

where h(™4) € C is a complex gain, g the time index and Q the number of time index. We
have (Q — 1)Ty, the maximum excess delay.

The estimated channel coefficient vector h is determined by averaging the M experimental
measurement. Therefore h is defined as:

M
1
h(qT,) = ) h™(qTy), (4-12)
m=1
The reader stores h for the two states of the tag. We denote h°FF) and h(®™) as the stored h
for the transparent and backscattering states, respectively.

The signal received for the g*" time index, over the K antenna ports of the reader is y(qT) €
CX*1, it is defined for the antenna k € [1...K] as:

Yk(qu) = hk(qu)\/Fu + vk(qu): (4'13)

where and hy (gT;) the normalized channel coefficient between the device D and the antenna

element k for the bandwidth B, v (qT;) is the noise for the element k of the reader, and B, is the

2
transmit power spectral density. We denote P, ;s = E[lIvil®]

, as the received noise power spectral

density, where ||. ||? is the Frobenius norm. We define a signal to noise ratio metric SNR:

P,

SNR =

(4-14)

Pnoise
4.2.2.2. LSE Estimator
The reader compares y and the stored estimation h and calculated y the mean square error:
0-1

9 = arg min] ¥ [l2(4T,) = y(@TI?
q=0 (4-15)

with z(qT,) € {h©OM(qT,), hOFP (qT,)}.

Based on the equation (4-15) we obtain two values of 7, for z = h®™ and for z = h(®FF)  the
estimator keeps the minimum value between the two. It associates an estimated bit equals to 1 if
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the backscattering state is detected (ON) and O if the transparent state is detected (OFF).

Bits sequence
b - b1 "'bR

b,. =1 /\ b_'_ =0

Measured Channel
h(ON](t) or h(OFF}(t)

s —

/‘- AWGN
y
. . Estimated
Received Signal
8 Channel
v
LSE
L] v
Detected bit Sent bit
b, b,
A 4 A 4
BER

Figure 4-11  Overview of system detector.

To evaluate the general performance of the system, we consider a random sequence of R sent
bitsb = b, ...b, ...bg, if b, = 1 (or 0 respectively) we use h = h(®™ (or h(OFF) respectively)
in equation (4-13). Then, we deduce a sequence of R bits from the LSE detectorb =
b, ...b, ...bg, we compare the detected bits b with the sent bits b and we calculate the BER as
follows:

Z§=1|Br - br|2
R

BER = (4-16)

4.2.3. Experimental Setup

CIR measurements were conducted in an anechoic chamber. The experimental system
consisted of a 64 elements mMIMO antenna, a device to illuminate a two states tag. These
elements are illustrated in the complete system in Figure 4-12 and in Figure 4-13 as separated
elements.

For a sample acquisition, the device, illustrated in Figure 4-13-c), transmits a pulse signal at
the carrier frequency of 3.7 GHz. The mMIMO antenna, illustrated in Figure 4-13-a), receives
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the device signal through the propagation channel acquires the signal on each of the 64 elements.
The system response is measured for a maximum excess delay of 4.10~8 seconds for different
antenna and bandwidth configurations.

—> Direct path == => Reflected path

Figure 4-12  Photo of the complete experimental system.

The two states tag is illustrated in Figure 4-13-b), we observe the half wavelength dipole
antennas and a switch that allows us to change the state of the tag. The switch can open-circuit
the antenna branch (transparent) and short-circuit the branch of the antenna (backscattering).

Figure 4-13 Photos of the 64 elements antenna (a), of the tag (b), of device and tag (c).

The channel has been measured for a distance separating the tag and the device equal to 2A,
and for a fixed position of the device, the tag and the MIMO antenna. The measurement has been
done for the two states of the tag (transparent and backscattering). Each channel acquisition was
repeated between M=5 to M=6 times.

Table 4-2 Experimental Parameters.

Parameters Details Value Units
K Number of Reader Antenna {1, 2, 4, 8, 16, 32, 64}
R Number of bits per sequence 106
db-T Distance between the Device and the tag 21 m
MOV Number of acquisition (ON state)
MOFF Number of acquisition (OFF state)
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The gains and the phases for each elements of the MIMO antenna are obtained with the
measurement campaign. Based on these acquisitions, the 64 channels are evaluated for the two
states of the tag.

In this simulation we evaluate the performance of the tag state detection using a LSE algorithm
for a SNR between -10 dB and 20 dB.

4.2.3.1. Massive MIMO Antenna

We evaluate the performance as function of the number of receiving antenna elements. The
different configurations are illustrated in Figure 4-14. The number K of antenna elements depends
on the number of active elements on the reader antenna. The configurations are chosen in such a
way that the total spatial occupancy of the active elements increases with K. This enables us to
emulate a large variety of readers: from small devices, laptops, tablets, small cells, MIMO base
stations, up to mMIMO base stations.

1 Element 2 Elements 4 Elements
] — —l
8 Elements 16 Elements 32 Elements

o i i

64 Elements

=m Active Antenna Element

| 1 _l | = Inactive Antenna Element

Figure 4-14 Configurations of the MIMO antenna.
4.2.3.2. Bandwidth
The performance of the system is also evaluated as a function of the bandwidth. We consider

3 different configurations for the bandwidth of the measured signal, detailed in Table 4-3. For
each configuration, we keep the same central frequency, as illustrated in Figure 4-15.

Table 4-3 Bandwidth Configurations.

Bandwidth Configuration Bl B2 B3

Bandwidth (MHz) : B 100 60 20

Number of time samples per acquisition : Q 5 3 1
Symbol duration (seconds) : T, 1.1078 2.10°8 5.1078
Maximum excess delay (seconds) : T;,qx 40.10°% | 40.107® | 40.10°8
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OMHz 50MHz 100MHz

Figure 4-15 Configurations of the bandwidth.

In order to allow fair comparison between the three configurations, the power spectral
densities of the signal and the noise are kept identical when changing the bandwidth. As a
consequence, when we consider a large bandwidth, the number of symbols increases but the SNR
(per symbol) is the same.

4.2.4. Results

This section presents experimental results based on the model depicted in 4.2.2, and the setup
given in Section 4.2.3.
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Figure 4-16 Example of CIR as function of the time for the first antenna element: a) real part
b) imaginary part.

We first observe in Figure 4-16 the amplitude of the experimental CIR of the system for the
first element of the reader antenna as function of the time. The channel has several echoes
corresponding to the tag and the support table. The support creates a non-negligible reflection
even if the material of the support is not very sensitive to electromagnetic waves.

In Figure 4-17, the 64 elements of the mMIMO antenna are positioned on a grid of 8 lines and
8 columns. The maps illustrate the spatial signature in line as function of the time for the two
states. The top maps (a) illustrate the amplitude of the CIR coefficients for gT, = 0 to 40 ns. The
bottom maps (b) illustrate the phase between -180° and 180° of the CIR. We observe the spatial
diversity of the mMIMO antenna. One can note that between the two states of the tag the
differences are visible in the phase domain. The amplitude of the signal received for each element
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of the reader is not significantly impacted by the state of the tag. However, the impact is more
significant for the phase domain.
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Figure 4-17 Example of CIRs for the 64 receive antenna elements configurations. a-1)
amplitude of the CIR for the transparent state, a-2) amplitude of the CIR for the backscattering
state, a-3) amplitude difference between the two states b-1) phase of the CIR for the transparent
state, b-2) phase of the CIR for the backscattering state, b-3) difference of phase between the
two states (on average equal to 16 degrees).
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Figure 4-18 Bit error rate as function of SNR for different K antenna elements
configurations.

Figure 4-18 illustrates the BER as function of the SNR for different configurations of K
antenna elements. Each antenna configuration is evaluated for the bandwidth configuration B1
(100 MHz). We observe that as the number of antennas increases the performance is improved.
The MIMO antenna exploits the channel diversity and this improves the reliability and the
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robustness of the detection.
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Figure 4-19 Bit error rate as function of SNR for different bandwidth configurations.

Figure 4-19 illustrates the BER as function of the SNR for different bandwidth configurations.
Each bandwidth configuration is evaluated for K = 64 antenna elements. We observe that the
performance is improved if the bandwidth increases. This is due to the fact that the frequency
diversity of the channel increases with the bandwidth. Indeed, the impact of the echoes, which
create frequency diversity, increases with the bandwidth. Diversity improves the performance of
the LSE detector. The performance of the bandwidth B = 20 MHz is poor because the bandwidth
is too reduced to have the impact of the echoes.

109,

-4: .
1920 10 0 10
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Figure 4-20 Bit error rate as function of SNR for different device to tag distance
configurations.

Finally, we evaluate the performance depending on the distance between the device and the
tag. Device location is fixed and the tag is located at 1.5 or 2 lambda of the device. In the Figure
4-20 we observe that the performance is impacted by the distance. This effect has been observed
in SISO with ellipses in [47] and was due to the phase of the signal. As we observe in Figure 4-21
the phase difference is more significant for the configuration d®~7 = 1.5 and may result in the
performance improvement. For further studies, remains the performance evaluation with respect
to the distance between the tag and the device in a MIMO reader configuration.
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Figure 4-21 Phase difference of the CIR between the two states (transparent and
backscattering) for different distance device to tag configurations. 64 elements of the mMIMO

antenna are positioned on a grid of 8 lines and 8 columns.

4.2.5. Conclusion

In this section, we have evaluated the performance of an ambient backscatter system with a
mMIMO antenna as a reader and a mobile device as a source, experimentally. A device sends a
signal to the reader that is backscattered or not, by a tag, depending on the tag state. The reader
estimates the channel for the two states of the tag (transparent and backscattering) and applies a
least square error algorithm to detect the bit sent by the tag corresponding to the state of the tag.
This experimental evaluation has been done for multiple values of signal to noise ratio. We show
that the spatial diversity of the reader antenna highly improves the performance of the detection.
We have also shown the impact of the number of receiving antenna and the bandwidth. Future
studies should assess the performance on more complex propagation channels, outside anechoic

chamber and using multi-state tags.



Chapter 5

Reconfigurable Intelligent Surface-
assisted AmBC

The main objective of this chapter is to investigate the impact of RIS deployment on AmBC
systems performance. We propose to use the RIS in order to improve the quality of the signal at
the reader and the tag locations. We first present the characteristic of our RIS prototype with
continuous phase-shifting. Then, we assess experimentally with the presented prototype a method
to improve the performance of the R1S-assisted AmBC system.

5.1. INTRODUCTION

In the literature, RISs have been proposed to increase the quality of the signal at the reader
location in an AmBC system [98]. More precisely, it has been shown by means of simulations in
rich-scattering environments that an RIS can modify the multipath channel and enhances the
system performance. Similarly, in [130] it has been proposed to use an RIS to assist a cognitive
backscattering communication system. However, these solutions proposed in [98] and [130] have
not been tested and verified experimentally. Indeed, the idea of using RISs in AmBC systems has
only been experimentally studied from the information-theoric standpoint in [131], where an RIS
communicates a message to a reader.

In this chapter, we propose a new practical RIS-assisted AmBC system, to be deployed above
an information desk on which tags are exposed for the purpose of reading. In our system the RIS
does not transmit any data but helps existing tags to transmit to the reader. In our proposed
system, the ambient source is the room Wi-Fi access point which position is fixed and in LOS of
the desk, and its location is known, i.e., registered at the RIS. On the contrary, the exact locations
of the tag and reader on the desk are unknown. The desk area is split into pre-defined locations.
The RIS is close to the desk and has two features. First, the RIS can pick a beam among a pre-
defined codebook. Each beam is designed to reflect waves coming from the exact source location
towards one of the pre-defined locations on the desk. Second, the RIS can apply a common phase
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shift to all its elements. The RIS tests several pairs of beam and common phase-shift. Each time,
the reader reports a performance quality feedback (a quantized contrast for instance). The RIS
and the reader together search for the beam and common phase-shift pair that maximizes the
performance. We expect, with such approach, to improve the BER, with respect to the scenario
without RIS, with a similar approach as in 4.1: i.c., either by creating a “hot spot” on the tag (and
boosting the backscattered wave), or by creating “coherent spots” both on the tag and the reader,
in such a way that all waves reflected by the RIS combine coherently with all other waves, when
arriving at the reader (to boost the received contrast). Finally, through experiments, we validate
our approach and show a significant performance improvement.

The rest of the chapter is organized as follows: Section 5.2 introduces the model of our
proposed new system, Section 5.3 introduces the RIS prototype with continuous phase-shifting
capability and discusses its characteristics, Section 5.4 describes our experimental setup for
validation, Section 5.5 illustrates the obtained experimental results and Section 5.6 concludes this

paper.

5.2. SYSTEM MODEL

5.2.1. Channel modeling

We consider the communication between one tag and one reader assisted by an RIS ina LOS
environment. Our system model, illustrated in Figure 5-1, does not take into account the mutual
coupling between the RIS elements (cells) [132]. First, the source transmits a signal originally
destined to a legacy device. The signal is then reflected by the RIS with M cells and also
backscattered by the tag to the reader.

The reader (R) receives the signal from the source (S) through the channel g composed of four
different paths between S and R. Among them, two paths are controlled by the RIS and two are
modulated by the tag (T). The direct path is denoted by “S-R”. The multi-hop path that is
modulated by the tag is denoted by “S-T-R”. The multi-hop path that is reflected by the RIS is
denoted by “S-R, RIS”. Finally, the path that is reflected by the RIS and is modulated by the tag
is denoted by “S-T-R, RIS”. Other paths, with more hops, are neglected. Multi-hop paths are
composed of single-hop paths: “S-T”, “T-R”. Table 5-1, defines, for each path, the path-specific
notation of the channel coefficient h, the amplitude « and the distance d. With such notation and
definitions, g is given by:

g = hS~R 4 yhS—T-R 4 hS—RRis 4 th—T—R,Ris’ (5-1)

where y is a scalar that can take two different values depending on the state of thetag (y = 1
if the tag is in the backscattering state and y = 0 if the tag is in the transparent state).
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Table 5-1 Notations of the propagation channel coefficients for all paths.

Phase of the
Channel ropagation _ _
Path coefficient i cﬁagnel Amplltu::ie DIStanie
(he©) coefficient (@€ RY) (d €RY)
(¢ €R)
S-R hS—R PSR 2SR ISR
S-T hS-T 5T 25T 5T
TR hTF pT R aT R dT-F
S-T-R hS—T-R ¢S—T—R S T-R J5T-R
S-R,RIS R S—R.Ris PS—RRis NA NA
S-T-R,RIS hS—T—RRis S-T-RRis NA NA

Whatever the path without RIS reflection is, the coefficient h of a propagation channel can be
approximated by:

h = ae’?, (5-2)

with ¢ = ?, where A corresponds to the wavelength of the signal. The channel coefficient

of a path between a point A and a point B, assisted by the reflection of the RIS, depends on the
channel coefficients of the sub-paths between A and each cell of the RIS, and the sub-paths
between each cell of the RIS and B.

RIS

EEEEEEEEEEEEEE S—R,Ris
EEEEEEEEEEE

—

ey pS—T-RRis

Figure 5-1  System model with the links between the source (S), the RIS, the tag (T) and the
reader (R).

Hence we define the channel vectors hRs—R € ¢M*1 hS—Ris € C1XM gnd hRis=T € CM*1 with
sub-paths defined in Table 5-2. For each sub-path, the sub-path-specific notation for the channel
coefficient h, its amplitude a and its phase ¢, is provided. Again, whatever the sub-path is, we
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have: h = ae’®.

Table 5-2 Notations for the RIS channel sub-paths.

Phase of the
Channel ropagation . .
.. propag Amplitude Distance
Sub-Path coefficient channel
. (a € RY) (d € RY)
(h,, € © coefficient
(pER)
S-cell m of the RIS hy, ks S—Ris aS-Ris dS7Ris
cell m of the RIS-R hRis—R Ris—R aRis—R dRis=R
cell m of the RIS-T hRis=T Ris—T aRis=T dRis=T

With the notations defined in Table 5-1 and Table 5-2, we obtain:

hS—T-R = pS-TpT-R (5-3)
RS-RRis = hS_RiSuhRiS_R, (5_4)
pS-T-R.Ris = hS—RisuhRis—ThT—R (5_5)

)

where u is the matrix of the reflection beamforming phase-shift coefficients applied to the
cells of the RIS. In this chapter, we consider an RIS that can only phase shifts the signal (without
amplitude modulation). Therefore, u is a diagonal matrix, of size M, of unitary complex
coefficients.

5.2.2. Energy detector: performance metrics

On the reader side, we consider an energy detector to detect the tag. The performance of such
detector depends on the amplitude of the signal contrast received by the reader Ag between the

two states of the tag, i.e. Ag = ||gy=1| — |gy=0||. The signal level received by the reader for each
state of the tag (y = 1 or y = 0) can be determined with the equation (5-1) and the amplitude of
the contrast can be expressed, with the RIS AgRs and without the RIS Ag™/, as follows:

Agref — ||hS—R + hS-T-R| — |hS—R||’ (5-6)
(5-7)

AgRis = ||hS—R + hS=T=R 4 pS=RRis . pS=T-RRis| _ |pS=R 4 pS-RRis|

In these expressions, only the terms hS—RRisand hS=T-R.Ris gre controllable by the RIS.
Considering an energy detector used by the reader to decode the tag message, the performance

is given, as in [47] by:

BER = 0.5 erfc (A?g), (5-8)
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where £ is the square root of the noise average power.

5.2.3. Codebook-based reflection beamforming

RIS
— ——

1 2 oo-@.no N

Figure 5-2  Codebook principle.

We propose to improve Ag with the RIS by using a codebook-based reflection beamforming
state approach. We first split the considered area (information desk) on which the tag and the
reader are placed into N predefined locations. For each location n, we compute the matrix of
predefined reflection beamforming coefficients b(™ that must be applied to the RIS, to create a
reflected beam targeting the considered location n, as illustrated in Figure 5-2. b(™ is a vector of
unitary complex coefficients of size M. The codebook B is defined as the set of reflection
beamforming vector B = {b™ ..b™, ..,b®}, each vector corresponds to a reflection

beamformer that targets a predefined location. We build the diagonal phase-shift matrix u as
follows:

U (1,8) = b, e, (5-9)

With this notation, bm(”) is a cell-specific beam coefficient to be applied to the cell m of the

RIS to target the location n, whereas § € A is a beam phase-shift applied to all cells, that is chosen

among a set of P pre-defined beam phase-shifts, A = {0, 2;” ---,Zn(i_l)}-

In order to compensate the phase shifts induced by the propagation channel (see equation
(5-2)) and therefore ensure a coherent focusing towards the target exact location n (as illustrated

in Figure 5-3), the predefined reflected beamforming coefficient bm(”) of the m™" cell of the RIS
is computed from:

) d%—Ris_'_d?}%is—n
b, ™ =g e "1 (5-10)

)

where a,, is the amplitude the unit cell reflection coefficient. Note that to compute the predefined

coefficient bm(”) the location of the source and the RIS, and the propagation channels, must be
known. The chosen spherical wave assumption for the phase dependence is suitable for the
considered scenario, where the source and the target are close to the RIS. Indeed, as illustrated in
Figure 5-3, in this case, the difference of beam coefficients between two successive cells is not



92 Reconfigurable Intelligent Surface-assisted AmBC

constant as it takes into account the exact distances between all elements. Note that this simple
computation method of reflecting beamforming coefficients does not take into account the mutual
coupling between the cells of the RIS. We thus expect this method to be accurate enough to
control for the direction of the main lobe of the reflected beam and less accurate for the control
of the side lobes of the reflected beams.
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Figure 5-3  Ilustration of the model for the cells coherently targeting the location n,

knowing the exact location of the source S.

Together, the RIS and the reader find, through an exhaustive search, the b € B and § pairs
that maximise the performance, e.g. Ag. We expect at least two types of such pairs to exist such
as AgRis>Agref'

In the first type of pairs, a “hot spot” beamformer b € B improves Ag®* by boosting
hS—T-RRis and reducing hS~RRiS ~ 0: thus, it creates a hot spot on the tag. In this case, equation
(5-7) becomes:

AgRis~ ||hS—R + hS—T=R 4 pS=T-RRis| _ |hS—R||_ (5-11)

In this case, § must be chosen such that:
arg(hS_R + hS~T-R) = arg(hS—T—R,Ris) [2], (5-12)
which is equivalent to:
8 = arg(hSR + hS~T-R) — arg(hS-RispshRis=ThT-R) [27]. (5-13)

In the second type of pair, a “coherent spot” beamformer would attain the coherence condition.
More precisely, the coherence condition illustrated in Figure 5-4 is obtained when the sum of the
signals controlled by the RIS arrive at the reader location in phase with the sum of all the other
signals. Such condition ensures that the two sums combine coherently and boost AgR®. This
coherence condition is expressed as follows:

arg(hS_R + hS—T—R) — ar.g(hS—T—R,Ris + hS—R,Ris) [Zn]. (5_14)

We expect to find in the codebook a beam b¢¢ € B that boosts hS—T~RRis 4 pS=RRis for
instance, by targeting at the same time the tag and the reader locations. For example, in some
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cases, this term can be boosted by two lobes of the same beam, pointing at the tag and the reader.
Then, the following ¢ satisfies condition:

S = arg(hS—R + hS—T—R) — arg(hS—RisbcchRis—R + hS—RisbcchRis—ThT—R). (5_15)

sansnp hS—RRIs
S—T—R,Ris Signals are in phase at
— * h 4

——p SR

the reader

/

Figure 5-4  Illustration of the coherent spots with the signals controlled by the RIS in phase
with the direct signals (not passing through the RIS) at the reader.

5.3. RIS PROTOTYPE WITH CONTINUOUS PHASE-SHIFTING
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Figure 5-5 RIS prototype with continuous phase-shifting. The incident (orange) and
reflected (blue) fields are illustrated for one single cell. The passive beamforming is obtained
thanks to the independent control of all cells.

For the experiment we consider, as illustrated in Figure 5-5, a RIS prototype composed of
14x14 unit cells. Each unit cell is a reflecting conductive patch that can be reconfigured
independently of the others. In particular, the unit cell is a three-dimensional patch on a dielectric
substrate. The patch is made of two conductive areas separated by an annular slot. The inner and
outer areas are connected to each other with four MA46H120 varactor diodes. The specific
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arrangement of the varactor diodes ensures the adjustment of the capacitance of the unit cell,
which provides the desired tunability of the reflection coefficient of the unit cell. In detail, in the
reverse bias, the capacitance of a varactor diode is inversely proportional to the junction voltage.
Thus, the capacitance of the unit cell can be tuned by controlling the DC voltage applied to the
four varactors. As illustrated in Figure 5-6, the unit cell can be reconfigured by applying different
voltages to the four varactor diodes, which, in turn, enables the configuration of the reflection
coefficient.

In the realized unit cell structure, four varactors are used for each unit cell for ensuring a good
symmetry of the radiation pattern. All unit cells have identical design and size, i.e., 14x14 mm.
They are engineered to operate in the frequency range 5.15-5.75 GHz [133][134], which yields a
cell size of approximately a quarter of the signal wavelength. The unit cell structure has been
characterized through full-wave simulations in Ansys HFSS under periodic boundary conditions.
In detail, the results are obtained by considering an infinitely large surface that is a periodic
repetition of a unit cell configured to realize a given reflection coefficient.

@ Reflection phase-shift and amplitude of the element m for fixed i’ in the
range of the phase-shift and amplitude laws
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Figure 5-6  Unit cell with a voltage-controlled tunable reflection coefficient r (i, v). Full-
wave simulation results under periodic boundary conditions [133][134].

As illustrated in Figure 5-6 , the reflection coefficient of each unit cell can be obtained through
the voltage-controlled capacitance. A periodic surface reflects an incident plane wave of direction
u' in several discrete directions given by the reciprocal lattice. Here because the cell dimension
is smaller than half a wavelength, the wave is reflected only in the specular direction, i.e., ¢ =
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it — 21(u'. ) where 7 is the normal direction of the RIS cell. Due to the linearity of the RIS,
the reflected electric field can be written with respect to the incident field E* as E4 = E* -
r(ﬁi, v), where v is the voltage applied to the unit cell, %' is a unit-norm vectors defined by the
azimuth and elevation angles of incidence (6%, ¢') in spherical coordinates, and 7(-) is the
reflection coefficient. Note that in order to take into account the polarization effect, the reflection
coefficient is a 2x2 matrix. However for sake of simplicity, we assume that r is a scalar. The
reflection coefficient is probed using the Ansys HFSS EM software under periodic boundary
conditions and through measurements conducted with the RIS prototype. As far as the full-wave
simulations are concerned, the reflection coefficient of each unit cell is indirectly characterized
as a function of the capacitance ¢ of the varactor diodes. As far as the experimental
characterization through measurements is concerned the reflection coefficient of each unit cell is
directly characterized as a function of the voltage v applied to the varactor diodes. Since the
capacity of each varactor diode is voltage-controlled, as illustrated in Figure 5-6, ¢ and v are
directly related to each other, i.e., ¢ = c(v). This relation is not necessary in this chapter, but it
can be derived through measurements.

The characterization of the reflection characteristics of the unit cell is illustrated in Figure 5-7
for various elevation angles of the incident and reflected electric field. The figure reports, in
particular, the phase ¢,,(-) and the amplitude «,, () of the reflection coefficient as a function of
the capacitance of the varactor diodes (HFSS simulations) and the junction voltage (prototype
experiments). From the results illustrated in Figure 5-7, we evince that both the phase and the
amplitude of the reflection coefficient of each unit cell are almost independent of the angle of
incidence and reflection, if the incident angle is less than 40 degrees. Within this range of angles,
notably, the radiation pattern of the unit cell can be assumed to be almost omnidirectional. For
wider angles of deflection, on the other hand, Figure 5-6 shows that the radiation pattern of the
unit cell is not omnidirectional, but it depends on the angle of incidence and reflection. As
expected, Figure 5-7 shows that the reflection coefficient can be adjusted by appropriately
controlling the junction voltage in the range 0-5 V, which corresponds to a capacity in the range
0.2-1 pF.

By considering, therefore, angles of incidence and reflection no larger than 40 degrees
with respect to the normal to the unit cell, a simple model for the reflection coefficient of the unit
cells can formulated as follows:

r(@,v) ~ r(0) * go am()elPn® (5-2)

where g, denotes the unit cell (constant) gain, and a(v) and ¢(v) denote the normalized
amplitude and the phase of the unit cell reflection coefficient, respectively, which can be
configured in a continuous manner as a function of the voltage v that is applied to the varactor
diodes. The relation in (5-1) has been experimentally characterized with the RIS prototype. By
analyzing the Figure 5-7, we observe that the amplitude and the phase of the reflection coefficient
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are dependent of each other, since they both change with the control voltage. In particular, the
smallest values of amplitude and the major variation of the phase of the reflection coefficient (see

Figure 5-7) are in the same range of DC voltage.
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Figure 5-7 Phase and amplitude of r (i, v) as a function of v and for fixed @’ (¢’ = 0, ¢ =
180 degrees). HFSS simulations vs. experimental measurements.

Therefore to apply the phase-shift condition to create a passive reflected beamforming from
the equation (5-10) (5-10), we can choose the voltage that gives:

S—Ris Ris—n
P (V)™ = j2ndm :dm : (5-16)

Thanks to the characterization between the voltage and the phase-shift, we can experimentally
apply different voltage values on each cell to obtain the phase-shift corresponding to the

predefined beamformer b(™ that passively reflect the signal toward the (n) location

In this section, we have characterized the phase and amplitude response of the RIS
prototype, and have introduced a simple model for the reflection coefficient of each unit cell,
based on full-wave simulations, under the modeling assumption of periodic boundary conditions,
and experiments. We have demonstrated the main capabilities of the designed RIS prototype: The
phase-shift induced by each unit cell can be continuously controlled as a function of the control
voltage applied to the unit cell. This feature can be exploited in order to control the angle of
reflection of the incidence signal and to beamform the reflected signal towards the desired
direction. This is analyzed and experimentally validated next.
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5.4, EXPERIMENTAL SETUP

We conduct experimental measurements to validate the proposed principle of RIS-assisted
AmBC system presented in Section 5.2. As illustrated in Figure 5-8, the measurements are set up
on a desk, with all the devices (source, tag, reader and RIS) in the LOS of each other. The
characteristics of the RIS prototype have been detailed in 5.3.

In order to evaluate the benefit of the RIS, two different configurations are tested and
compared: with and without RIS. We evaluate the performance of the AmBC system in terms of
BER for various b and § pairs.

In the experimental setup, the source, the tag and the reader are all equipped with dipole
antennas vertically polarized. The source generates an ambient signal with a 500kHz bandwidth
at 5.2GHz. The reader receives the combined signals of the source, the RIS and the tag. A non-
coherent energy detector is implemented in the reader to measure, in real time, the contrast Ag
defined in Section 5.2. Both the source and the reader are controlled by an universal software
radio peripheral (USRP) B210 on two separated channels. The software-defined radio “GNU
Radio” is used to acquire the data and process the signals.

The tag switches between two states by disconnecting or connecting the two branches of its
dipole thanks to an electronically controlled PIN diode connected between the two branches of
the dipole.

The coordinates of the location of each element of the system are denoted by (x£, y£, z5),
where the element E can be the source (S), the tag (T), the reader (R) or the RIS. All the elements
are located in the same horizontal plane (desk), with (z5 = zT = zR = zR®) as vertical
coordinates (see as shown in Figure 5-8).

Figure 5-8  Experimental setup.

Hence, we propose to exploit the symmetry of this configuration and limit the control of the
RIS beamforming to the horizontal plane only. More precisely, the same beam coefficient is
applied to each cell in the same column of the RIS. As a consequence 14 columns are controlled
independently.
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We first split the desk into N pre-defined locations illustrated in Figure 5-8. For each
location n, we compute the corresponding codebook according to Section 5.2 and to the locations
of the elements detailed in Table 5-3. Note that as the inter-cell distance is a quarter of the
wavelength, the mutual coupling between the RIS elements is not negligible and will impact the
radiation pattern. However, the simple codebook computation method of Section 5.2, i.e. without
mutual coupling taken into account, is expected to be accurate enough for the control of the main
direction and less accurate for the control of side lobes. The N target locations are chosen along
the y axis. As the elements are located on that same y axis, we vary the y coordinate of the targets
between y = 0.1m and y = 0.4m with a step of 2mm. Thisresultsin N = 151 different locations
and a codebook of 151 different reflected beams.

Regarding the beam phase-shift §, we select P = 18 phase shift values between 0 and 2.

Table 5-3 Experimental Parameters.

Parameters Details Value Units
M Number of independantly controlled RIS cells 14
N Number of Beams 151
P Number of Beam phase shifts 18
(x5,y5,2%) Location of the source (0,0,0) m
(xRIS, yRIS ZRIS) Location of the center of the RIS (0,0.1,0) m
(xT,y7T,z") Location of the tag (0,0.13,0)] m
(xR, yR, zR) Location of the reader (0,0.57,0)] m

9.5. RESULTS

This section reports the simulation results obtained by using the simple model described in
Section 5.2 and the experimental results obtained from the setup described in Section 5.4.

The following parameters are set to the same values for the simulation and the experiments:
the locations of the source, tag, reader and RIS, the carrier frequency, the pre-defined codebook
and the predefined set of phase shifts (given in Section 5.4). For both the simulations and the
experiments, all reflection beams of the codebook and all phase shifts are tested. For each pair of
b € B and 6, the contrast is assessed either by simulation or by direct experimental measurement
at the reader side. In each case, the corresponding simulated BER and measured BER is derived.
In addition, we conduct measurements in the absence of the RIS to provide a reference for
comparison.

In Figure 5-9-a) and b), we observe the simulated BER and measured BER, respectively, as a
function of the index (n) of the reflected beam applied b™ and the applied phase shift 5. As
expected, we observe, in Figure 5-9, by simulations and experiments, that some pairs of reflected
beam and beam phase-shift improve the performance: i.e., these correspond to the yellow pairs
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that minimize the BER.
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Figure 5-9  Simulation (a) and experimental (b) results of the BER achievable depending on
the beam of the codebook and the phase shift applied to the beam.

As expected, hot spots on the tag can be created with some reflected beams between 1 and 31
and with an optimised beam phase-shift fulfilling the condition in (5-13). One example of such
reflected beam (the reflected beam 1) is illustrated in Figure 5-9-a), where the simulated spatial
map of the reflected signal strength is plotted in dB color scale. We observe, in this example, that
the reflected beam 1 creates a hot spot on the tag thanks to its main lobe, whereas the reader
receives almost no signal from the RIS. We also observe in Figure 5-9-b) that, for the reflected
beam 1, the condition (5-13) is approximatively obtained for § = 140°.

As expected, coherent spots can be obtained with several beams between 60 and 151 and with
an optimized beam phase-shift verifying the condition in (5-15). Two examples of such beams
(the reflected beams 68 and 145, respectively) are illustrated in Figure 5-10-b) and c), with
simulated maps of the reflected signal strength in dB color scale. As illustrated in Figure 5-10-b)
and c), respectively, the reflected beams 68 and 145, respectively, create coherent spots on both
the tag and the reader, thanks to their main and side lobes. For both the reflected beams 68 and
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145, we observe in Figure 5-9.b) that the coherent condition in (5-15) is approximatively obtained
for 6 = 0°.

We note that, in the simulated reflected beams, we did not take into account the mutual
coupling. Hence, accurate information on the direction of the main lobe is obtained whereas the
side lobes may be overestimated.
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Figure 5-10 Map illustrations of the beamformed reflected signal of the RIS for the reflection
phase coefficient of beam 1 a),d) and beam 68 b),e) beam 145 c),f) from the codebook: (a)-(c)
shows the results obtained with the simple model and (d)-(f) show the results obtained through
full-wave simulations in Ansys HFSS.

The results reported in Figure 5-10 are obtained as follows.

e Simplified model. Given the locations of the source, tag, RIS, and reader in Figure 5-8, three
pairs of beam and phase shift are considered. The field scattered by the RIS is determined by
using the simplified model for the RIS and the simple analytical model from section 5.2.
However, we account for the fact that the amplitude of the reflection coefficient of each unit
cell is dependent of the applied phase shift (and the unit cell control voltage).

e Full-wave simulations in Ansys HFSS. We simulate the entire RIS structure in Ansys HFSS
by considering the actual scattering from each unit cell as illustrated in Figure 5-6. The same
pairs of beam and phase shift as for the simplified model are considered, but no assumption
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on the modeling of the unit cells is made. In particular, the mutual coupling among the unit
cells of the RIS is implicitly considered. In addition, the finite size of the RIS is taken into
account in the full-wave simulations and no periodic boundary conditions at the unit cell level
are applied in this case.

The results illustrated in Figure 5-10 show, as expected, that some differences exist
between the predictions obtained by using (5-10), as compared with those obtained with accurate
full-wave simulations. We note, however, that the simplified model for the RIS well predicts the
direction of the reflected beam of interest. The mismatch between the simple model and the full-
wave simulations in Ansys HFSS can be reduced by enriching the model for the RIS proposed at
the expenses of a higher modeling and optimization complexity. Also, it needs to be mentioned
that the tag in Figure 5-10 is located near the Fraunhofer’s far-field distance, which in part
justifies the mismatch in Figure 5-10.

Beam Index
61 91 121 151

)
)
-
w
-

(

w
B
o

Beam Phase
>
o

0
2x1072 7x102 12x1072
BER
BER improvement 1 BER degradation with RIS
with RIS BER reference
(no RIS)

Figure 5-11 Experimental results of the BER improvement/degradation due to the RIS
depending on the beam of the codebook and the phase shift applied to the beam.

Finally, in Figure 5-11, we provide a performance comparison of the AmBC system with and
without RIS. In the absence of the RIS, the system attains a reference BER value of 5.37x102
that has been assessed through experimental measurements. In the presence of the RIS, the system
attains a BER that is plotted in Figure 5-11 as a function of the beam and phase shift pairs, in
color scale. The chosen color scale highlights BER values exceeding the reference BER value (in
blue) and BER values better than the reference BER value (in yellow). In yellow, we hence
observe the pairs of b and § that improve the BER compared to the configuration without RIS,
whereas, in blue we have the RIS configurations that degrade the system performance.

These experimental results demonstrate that, assisted by an RIS that uses a codebook-based
reflection beamforming scheme whose beams are chosen among a set of pre-defined beams for
pre-defined locations and whose beam phase shifts are selected among a set of predefined values,
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the BER performance of an AmBC system can be improved.

5.6. CONCLUSION

In this chapter, we have demonstrated experimentally that RISs can improve the performance
of AmBC systems. The proposed RIS is able to realize pairs of a reflected beam (belonging to a
codebook) and a beam phase-shift that improve the tag-to-reader bit-error-rate. Since the RIS
controls the reflected signal, a hot spot on the tag or coherent spots on the tag and the reader can
be created to assist the communication between the tag and the reader. Future studies will evaluate
more general codebooks that could be applied in different setups and also ML algorithms to
optimize the phase reflection coefficients.



Chapter 6

Conclusion and Perspectives

6.1. CONCLUSION

Internet of things connects billions of devices that communicate information between each
other. 10T devices are used for different purposes in a lot of application domains. For example,
they can be used for smart tracking, smart monitoring, etc. and in such applications the mobility
is an important aspect of IoT device. To combine the mobility of the device and the
communication features, wireless technology is widely used in 10T. Wireless communications
for 10T devices is very challenging because, it must be at the same time ultra-low power to extend
the lifetime of the device and sufficiently high range to be used in many different scenarios.

Recently, the technology named AmBC has been proposed for 10T. This technique is filling
the low power requirement for loT devices. The principle of AmBC is to modulate the
backscattering of the electromagnetic waves existing in the environment. In this way a tag can
transmit information to a reader without generating additional signal. Therefore, the AmBC tag
can be very low power. This principle is so low consuming that the tags can harvest energy from
their environment with a solar panel or a rectenna for example.

This technology has significant benefits that can enhance IoT communications, however, the
range of communications between a tag and a reader is still very limited. Indeed, the performance
of this technology highly depends on the quality of the ambient signal. Two unfavorable scenarios
can happen: the tag may not be sufficiently illuminated or the reader may be strongly interfered.

In this thesis we proposed to improve AmBC systems thanks to future mobile networks. We
investigated three promising technologies that have been developed recently.

First we have shown that the polarization of the signal can be exploited to improve the
robustness of AmBC. We investigated the compact reconfigurable antenna technology,
developed for spatial modulation, such antennas can be tuned to obtain different radiation patterns
with different polarizations. This antenna technology can be implemented on the tag side and by
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switching between different patterns the tag can be better detected by the reader. We studied this
system theoretically, by simulation and finally we experimentally demonstrated that
reconfigurable antenna can enhance AmBC systems.

Secondly, we investigated the AmBC with the 5G network equipments. This new generation
of mobile network includes many new features that can be exploited for AmBC. More specifically
we studied the mMIMO antennas deployed in base stations that enhance mobile communication
thanks to the spatial diversity. We demonstrated that these mMIMO antennas can be used as the
source or the reader in AmBC corresponding to the 5G downlink and uplink scenarios,
respectively. In a downlink scenario the mMIMO antenna can beamform the signal to create hot
spots on tag locations and good reception spot on the reader location. We show that this is possible
considering a stable channel and a UE that trains the source to beamform on the specified
locations. In an uplink scenario, we have shown that the mMIMO antenna, used as the reader,
can exploit the spatial diversity to improve the sensibility of the detection. Additionally, more
complex scheme can be implemented to improve the detection of the tag message.

Finally, we have demonstrated that the next generation of mobile networks can be designed to
assist AmBC. The new reconfigurable intelligent surface paradigm is currently studied and
envisaged for the 6G network. This technology enables smart radio environment, meaning that
the propagation environment can be controlled. Practically, this is possible thanks to a large
number of tunable elementary cells in the RIS. Therefore, we have demonstrated that an RIS can
partially control the ambient signal to provide a good quality signal on the tag and reader location
to assist the AmBC system.

6.2. FUTURE PERSPECTIVES

We list in the sequel potential directions for future works.

Further studies regarding the polarization-based reconfigurable tag concentrate on the
reconfigurable antenna. For example, the antenna can be optimized regarding the frequency of
the ambient signal to reduce its size to be easily implemented in 10T devices. From the analytical
side the model can be enriched by taking into account the joint effects of the reconfigurable
antenna gain, directivity and polarization.

For AmBC friendly-5G systems, next studies regarding the downlink configuration should
focus on experimental validation of the use of training devices and should explore alternative
solutions for radio propagation channels in line-of-sight, and improvements exploiting channel
coding. Future studies concerning the uplink configuration with the mMIMO reader should assess
the performance of the AmBC on more complex propagation channels, outside anechoic chamber
in a more realistic environment. Moreover thanks to the complexity of the detector, multi-state
tags could be implemented and detected by such a reader.
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For the RIS-assisted system, the codebook of beams presented was based on path difference
for the RIS cells determined for pre-defined locations of the source and the RIS. It would be
interesting to determine and evaluate more general codebooks that could be applied in different
setups. Additionally, it would be interesting to optimize the phase-shifts of the RIS cells by using
ML algorithms. Finally, from the experimental side the setup of the RIS prototype could be
improved to control all cells independently instead of the limiting the control to fourteen columns.
The control of the reflected could therefore be evaluated in a 3-dimensionnal environment.









Résume (Francais)

1. INTRODUCTION

L'internet des objets (1oT) désigne le réseau qui connecte les objets physiques [1]. Un objet
connecté, 10T possede par exemple des capteurs et génere des données qui sont communiquées a
travers un réseau, par exemple les objets connectés peuvent étre du type montre connecteée,
dispositif de localisation, caméra de sécurité, etc. Ces objets connectes peuvent étre de nature
radicalement différente afin couvrir des applications dans divers domaines tels que la santé,
I’industrie, les réseaux de capteurs sans-fil, la maison intelligente, etc. A mesure que I’IoT évolue,
de nouveaux cas d'utilisation et de nouvelles applications sont développés [2]. L'loT est une
technologie récente et trés prometteuse, le marché associé est dynamique et en pleine croissance.
Notamment, le nombre d’objets connectés ne cesse d'augmenter et, selon des études, il aurait
atteint 10 milliards en 2018 et il est prévu qu'il atteigne 25 milliards a la fin de 2021 [3-7].

Les caractéristiques essentielles d'un dispositif connecté sont la capacité de mesurer une
certaine caracteristique physique et de transmettre les données a un dispositif maitre afin de les
analyser. Deux familles de technologies peuvent étre utilisées pour la communication des
données : la technologie sans fil et la technologie filaire. La technologie filaire a été largement
utilisée pour la communication, mais elle est difficile a mettre en ceuvre car elle nécessite le
déploiement de cables entre les dispositifs fixes et une passerelle vers le réseau. La technologie
filaire est donc limitée et colteuse, mais elle a I'avantage d'étre trés sre et fiable. La deuxieme
catégorie correspond a la technologie sans fil qui est plus flexible et pour laquelle les dispositifs
peuvent étre déployés plus facilement et a moindre codt.

Dans le contexte de I’l0T, la technologie sans fil fait face a deux défis qui sont la portée de la
communication et la durée de vie du dispositif. Considérant ces deux points clés, de nouvelles
technologies ont été proposeées : la radio-identification (RFID) [8], les réseaux étendus a longue
portée (LORAWAN) [9], Zigbee [10], Bluetooth [11], etc. Chaque technologie offre des
avantages spécifiques pour diverses applications, par exemple, les dispositifs RFID sont trés
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faible consommateurs d’énergie, tandis que la technologie LoRaWAN permet de réaliser des
communications & longue portée. En fonction des exigences des applications, différentes
solutions 10T peuvent étre envisagées. La communication par rétrodiffusion ambiante (AmBC)
est une technologie récente et prometteuse qui permet d’atteindre une trés longue durée de vie
des dispositifs [12]. Cette technologie permet une communication avec trés peu d’énergie, de
sorte que les dispositifs peuvent étre auto-alimentés en récupérant I'énergie de la lumiere du soleil
ou méme des ondes radiofréquences (RF). De méme que la technologie RFID, les dispositifs de
rétrodiffusion ambiante transmettent les données de maniere passive. La rupture de la technologie
AmBC par rapport aux autres technologies de communication sans fil est qu’elle "réutilise” les
ondes EM de I'environnement.

Plus concrétement, dans la technologie AmBC, un dispositif appelé tag module le champ RF
provenant d'une source RF ambiante, comme une tour de télévision [12], un point d'accés Wi-Fi
[13], une station de base, etc. Naturellement, le signal rayonné par la source ambiante est déja
modulé et répond aux normes de la technologie de la source. Néanmoins, le tag de rétrodiffusion
ambiante module le signal ambiant a un rythme lent, de sorte que la modulation du tag peut étre
considérée comme une variation du canal de propagation par le récepteur traditionnel du signal
ambiant et n'est donc pas affecté par les tags AmBC. Cependant, un récepteur dédié a 'AmBC,
aussi appelé reader, est capable de détecter I'information modulée par le tag dans le signal
ambiant. En général, le reader utilise les variations de I'amplitude du champ réetrodiffusé induites
par le tag. Plus précisément, dans la mise en ceuvre la plus simple, le tag module I'amplitude du
signal ambiant avec deux états différents : dans un état, le tag réfléchit les ondes ambiantes dans
toutes les directions, c'est-a-dire que le tag rétrodiffuse le signal, tandis que dans un deuxiéme
état, le tag est presque transparent au signal EM et n'a presque aucun impact sur le signal ambiant.
En passant électroniquement d'un état a l'autre, le tag module le signal rétrodiffusé en fonction
du message a transmettre, ce qui entraine des variations du niveau de puissance du signal ambiant
au niveau du reader. A partir de ces variations, le lecteur peut décoder le signal pour récupérer le
message du tag.

Cette technologie permet donc aux dispositifs connectés de communiquer des informations a
un reader sans émettre d'ondes supplémentaires. A I'neure oul I'on s'interroge sur les effets des
ondes électromagnétiques, cette technique récente vise a "recycler” les ondes électromagnétiques
et donc a améliorer l'efficacité spectrale des signaux radio. Elle permet également une
communication a ultra-basse consommation pour I'loT car I'émission radio est I'une des parties
les plus consommatrices des dispositifs sans fil. Cette caractéristique est tres importante dans la
conception des dispositifs 10T, de sorte qu'ils pourraient étre déployés sans batterie et uniquement
alimentés par la récupération d'énergie.

La recherche sur les technologies de communication a faible puissance correspond a une autre
préoccupation de notre monde actuel : I'écologie liée a la consommation d'énergie et en particulier
I'émission de gaz & effet de serre. A cet égard, les "technologies de I'information" représentent
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4 % des émissions mondiales de gaz a effet de serre [14]. Il est donc essentiel de développer des
technologies de communication susceptibles de réduire I'impact écologique global.

Dans le domaine des télécommunications, de nouveaux défis sont a relever et doivent étre
résolus afin de parvenir a un monde durable. Compte tenu des préoccupations actuelles, les
systemes AmBC peuvent étre considérés comme une étape de I'évolution vers le futur des
communications [15]. Alors que la cinquieme génération de réseaux mobiles (5G) est
actuellement en cours de déploiement et vise un débit plus important, une latence plus faible et
la connexion de millions de dispositifs ou plus, la prochaine génération pourrait également
prendre en compte I'impact écologique des télécommunications. La technologie AmBC pourrait
étre développée et, si elle est suffisamment satisfaisante, promue auprés des entités de
normalisation pour les normes des prochaines générations.

2. CONTEXTE

Cette technologie prometteuse qui "reutilise” les ondes électromagnétiques ambiantes présente
également certains inconvénients du fait que le tag n'émet aucun signal. En effet, dans sa forme
la plus simple, cette technologie peut étre sujette a de forts effets d'interférences qui réduisent
considérablement la portée de communication et le débit de donnees.

Dans cette these, nous cherchons a développer un cadre théorique pour la propagation du
signal dans le contexte des AmBCs, a déterminer les limites de cette technologie, a proposer des
améliorations a ces systemes en tenant compte des derniéres avancées de la recherche, et a évaluer
les performances des systemes AmBC. Nous étudions spécifiquement I'évolution des AmBC en
tenant compte des technologies actuelles dans le domaine de la modulation spatiale (SM) [16],
des réseaux 5G [17] et également des derniéres technologies émergentes pour la sixieme
géneration de réseaux mobiles (6G) [18].

Nous étudions trois évolutions différentes des AmBCs pour améliorer les performances de ces
systémes, a savoir :

- Dans le chapitre 3, nous proposons d'exploiter la diversité de polarisation du canal de
propagation pour améliorer les performances et la robustesse des systemes AmBC. Ce chapitre
est partiellement basé sur les résultats obtenus dans le cadre d'un projet consacré au SM, nous
montrons qu’il est possible d'améliorer la robustesse et grace a des antennes compactes
reconfigurables.

- Dans le chapitre 4, nous étudions le potentiel des réseaux 5G pour améliorer les performances
et surmonter les limitations des systemes AmBC. En effet, le réseau 5G étant en cours de
déploiement, il pourrait apporter des avantages a la technologie AmBC, grace a ses nouvelles
fonctionnalités. Plus précisément, nous nous concentrons sur les antennes a « entrées multiples
sorties multiples » (MIMO) utilisées dans les réseaux 5G afin de faciliter la détection des tags de
rétrodiffusion ambiante et d’améliorer la qualité du signal rétrodiffusé. Nous proposons de rendre
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les tags AmBC compatibles pour les réseaux 5G.

- Dans le chapitre 5, nous étudions les surfaces intelligentes reconfigurables (RIS), qui est une
technologie récente actuellement envisagée pour les futurs réseaux mobiles. Les RIS ont la
capacité de réfléchir les signaux de maniere contrélée. Dans des cas d'utilisation réels, les RIS
pourraient étre déployés dans I'environnement pour augmenter la diversité du canal de
propagation et donc d’améliorer la qualité du signal dans un réseau. Nous proposons d'utiliser les
RIS pour aider les systtmes AmBC en améliorant les performances de la liaison entre le tag et le
reader.

Pour chaque étude, nous proposons une méthode pour évaluer les avantages de I'évolution du
systeme proposé. Tout d'abord, nous définissons un systéme de référence correspondant aux
systemes AmBC actuels et nous déterminons avec des données mesurables, une métrique de
performance. Sur la base de ce systéme de reférence, nous pouvons déterminer I'amélioration ou
la détérioration due aux évolutions proposées. La performance de ce systéme est principalement
évaluée sur la base de deux métriques :

- le débit de données réalisable : le nombre de bits qu'un tag AmBC peut transmettre par
seconde.

- la portée de la communication : elle correspond a la distance a laquelle les tags peuvent étre
détectés par un lecteur.

Ces deux métriques sont évidemment fortement dépendantes. Par conséquent, dans la plupart
de ces travaux, une seule métrique sera évaluée.

D'autres parametres existent et peuvent étre évalués, tel que la consommation d'énergie.
Cependant, dans ce travail, nous utilisons des diodes conventionnelles ou des varicaps dont
I'efficacité énergétique a déja été évaluee et qui ont montré qu'ils étaient plus performants que les
autres technologies. Par conséquent, I'aspect consommation d’énergie qui est fortement lié aux
avantages de cette technologie n'est pas abordé dans ce travail.

En termes de performance, les scénarios peuvent étre évalués sur la base de trois approches
différentes et complémentaires : théorique, simulation ou expérimentale. Dans cette these, nous
étudions les évolutions potentielles des systemes AmBC selon ces trois perspectives. Nous
proposons d'établir un modele théorique du systéme en considérant et justifiant différentes
hypothéses "simples . Nous évaluons, a partir des approches théoriques et de simulation, les
performances du systeme pour différentes configurations. Enfin, grace a des expérimentations
prenant en compte la complexité de I'environnement, nous validons les résultats théoriques et de
simulation pour certaines configurations spécifiques.

3. CONTRIBUTIONS

Nos principales contributions s'articulent comme suit :
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Dans le chapitre 3, nous considérons un systeme AmBC composé d'une source ambiante, d'un
reader et d'un tag capable de changer la polarisation de son antenne. Nous proposons d'améliorer
le tag AmBC en utilisant la technologie des antennes reconfigurables développée pour la SM.
Nous introduisons un tag reconfigurable en polarisation pour améliorer la robustesse de la liaison
tag-reader face a l'interférence directe source-reader. Nous savons que la reconfigurabilité de
I'antenne du tag peut augmenter l'efficacité spectrale, similairement a 1’utilisation faite en SM.
Ainsi, nous utilisons cette propriété pour améliorer la robustesse du systeme.

Nous comparons deux schémas de codage qui exploitent la diversité de polarisation. Dans le
premier schéma de codage considéré, le tag, comme tout tag standard a deux états, envoie son
message en passant d'un état de "rétrodiffusion” a un état "transparent”. En pratique, cela est
réalisé en commutant I’impédance de charge de I'antenne entre deux impédances différentes.
Avec cette approche, le tag envoie le méme message plusieurs fois, en utilisant a chaque fois un
diagramme de rayonnement différent correspondant a un état de polarisation. Par conséquent, on
s'attend a ce que le reader recoive un signal de bonne qualité sur au moins un état de polarisation.
Nous introduisons un deuxieme schéma de codage dans lequel les données sont codées en passant
d'un mode de rayonnement a un autre. Selon le principe SM, chaque mode est associé a une
séquence de bits. Comme pour le premier schéma, nous pensons qu'un choix optimisé des états
de polarisation ameéliorera les performances du systéme.

Pour évaluer les avantages du tag proposée, nous présentons un modeéle simple du tag qui peut
étre etudié théoriquement et numériquement a l'aide d'un logiciel de simulation
électromagnétique basé sur la méthode des moments (MoM). Nous évaluons les performances
du systeme par simulation en utilisant ce modele. Enfin, nous évaluons également
expérimentalement la mise en ceuvre proposée en utilisant différentes antennes, y compris des
antennes reconfigurables. Ce travail a donné lieu a la publication de deux articles [19], [20].

Nous proposons dans le chapitre 4 d'améliorer les performances du systéme de rétrodiffusion
ambiante en utilisant des équipements 5G de type « massive multiple-input multiple-output »
(mMIMO). Dans les réseaux 5G, les tags AmBC pourraient communiquer avec des stations de
base ou des smartphones. Nous considérons deux configurations, la transmission 5G en liaison
montante et en liaison descendante, ou la source ambiante du signal peut étre soit la station de
base (liaison descendante), soit le smartphone (liaison montante).

Nous étudions d'abord la configuration de la liaison descendante et nous exploitons la capacité
de formation de faisceau de I'antenne source mMIMO. Nous proposons d'utiliser la capacité de
formation de faisceau de I'antenne source pour créer des zones de forte puissance pour les tags et
des zones de bonne réception pour les readers. Nous considérons deux types de zones de bonne
réception : une "zone de faible puissance™ avec une tres faible interférence source-reader ; et une
"zone cohérente™ avec une interférence source-reader mais étant cohérente (c'est-a-dire en phase)
avec le signal rétrodiffusé. Nous avons développé une approche en plusieurs étapes qui consiste
en:



Résumé (Francais) 113

- une phase d'entrainement pendant laquelle la station de base acquiert le canal de propagation
pour créer la matrice de précodage,

- une phase de formation de faisceau, au cours de laquelle la station de base détermine le
précodage sur la base de I'estimation du canal et transmet le signal de diffusion formé par faisceau
qui crée les différentes zones,

- une phase de communication, dans laquelle, finalement, le tag rétrodiffuse le signal au reader.

Dans cette étude, nous comparons trois précodeurs différents, chacun ayant un impact différent
sur le signal rétrodiffusé. Nous évaluons les performances du systéme pour les trois
configurations par simulation dans un canal de propagation de Rayleigh. Ce travail a donné lieu
a la publication d'un article [21].

Dans un second scénario, nous étudions la configuration de la liaison montante ou I'antenne
mMIMO est utilisée du coté du reader pour détecter les messages rétrodiffuses par le tag. Nous
proposons d'exploiter la diversité spatiale du canal en utilisant une antenne du c6té du reader
composé de 64 éléments. Nous évaluons expérimentalement un scénario de transmission en
liaison montante dans une chambre anéchoique. Dans un premier temps, un appareil mobile,
considéré comme la source, envoie des signaux pilotes au reader mMIMO. Le tag AmBC située
entre le mobile et le reader a un impact sur le canal de propagation et comme le tag considére a
deux états : un état de rétrodiffusion et un état transparent, le canal de propagation entre le mobile
et le reader dépend de I'état du tag. Du c6té du reader, I'estimation du canal de propagation est
faite pour les états rétrodiffusant et transparent du tag. Comme chaque état code un bit du message
du tag, le reader est capable de décoder le message du tag avec une meilleure sensibilité grace au
grand nombre d'antennes. Nous proposons d'évaluer les performances du systeme en utilisant un
estimateur d'erreur des moindres carrés (LSE) pour detecter I'état du tag. Ce travail a donné lieu
a la publication d'un article [22].

Dans le chapitre 5, nous étudions les futurs réseaux mobiles et la technologie émergente des
RISs. Nous proposons un nouveau systeme AmBC assisté par des RIS, a déployer sur un bureau
d'information exposant des tags qui ont pour but d’étre lus. Dans le systéme proposé, les RISs
sont utilisées pour améliorer la transmission entre les tags et les readers. L'avantage des RISs est
de permettre un contréle partiel du canal de propagation. Cette propriété est particulierement
pertinente dans le cas de la technologie AmBC ou la source ne peut étre contrélée.

Nous évaluons la capacité de formation de faisceau de maniére passive des RISs afin d'aider
les tags AmBC. Nous proposons une méthode ou la RIS refléte le signal dans la direction du tag.
Tout d'abord, la RIS peut choisir un faisceau parmi une sélection prédéfini de faisceaux. Chaque
faisceau est congu pour réfléchir les ondes provenant de I'emplacement exact de la source vers
I'un des emplacements prédéfinis sur le bureau. Deuxiémement, la RIS peut aussi appliquer un
déphasage commun a tous ses éléments. La RIS teste plusieurs paires de faisceaux et de
déphasage commun. A chaque fois, le lecteur apporte un retour sur la qualité des performances.
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La RIS et le reader recherchent ensemble la paire de faisceau et de déphasage commun qui
maximise les performances. Nous espérons, avec cette approche, améliorer le taux d'erreur
binaire (BER), par rapport au scénario sans RIS, soit en créant une "zone de forte puissance" sur
le tag ce qui va amplifier le signal rétrodiffuse, soit en créant des "zones cohérentes™ a la fois sur
le tag et sur le reader, de telle sorte que toutes les ondes réfléchies par la RIS se combinent de
maniére cohérente avec toutes les autres ondes, lorsqu'elles arrivent au niveau du reader pour
améliorer le contraste du signal recu. Nous proposons de valider cette approche par des
expériences. Ce travail a conduit & la publication de deux articles [23], [24].

4. PERSPECTIVES FUTURES

Concernant le tag reconfigurable en polarisation, les futurs travaux de recherche pourraient se
concentrer sur les prototypes d’antennes reconfigurables. Par exemple, I'antenne reconfigurable
du tag peut étre optimisée en ce qui concerne la fréquence du signal ambiant afin de réduire sa
taille pour étre facilement mise en ceuvre dans les dispositifs [oT. Du point de vue analytique, le
modele peut étre enrichi en prenant en compte les effets conjoints du gain, de la directivité et de
la polarisation de I'antenne reconfigurable.

Pour les systémes le réseau 5G adapte aux AmBC, les prochaines études concernant la
configuration de la liaison descendante devraient se concentrer sur la validation expérimentale
de l'utilisation de dispositifs d'entrainement pour focaliser le signal sur les zones prédéfinies,
explorer des solutions alternatives pour les canaux de propagation radio en ligne de vue et
explorer des améliorations exploitant le codage de canal. Les études futures concernant la
configuration de la liaison montante avec le reader mMMIMO devraient eévaluer les performances
de I'AmBC sur des canaux de propagation plus complexes, hors chambre anéchoique, dans un
environnement plus réaliste. De plus, grace a la complexité du détecteur, des tags a plusieurs états
pourraient étre mis en ceuvre et détectés par un tel reader.

Pour le systtme AmBC assisté par la RIS, la formation de faisceaux présentée était basée sur
la différence de chemin pour chaque cellule de la RIS déterminées pour des emplacements
prédéfinis de la source et de la RIS. Il serait intéressant de déterminer et d'évaluer des
configurations de faisceaux plus générales qui pourraient étre appliquées dans différents
environnements. De plus, il serait intéressant d'optimiser le contréle des cellules de la RIS en
utilisant des algorithmes ML. Enfin, du point de vue expérimental, la configuration du prototype
de la RIS pourrait étre améliorée pour contréler toutes les cellules indépendamment au lieu de
limiter le contrble aux différentes colonnes. Le contréle de la réflexion pourrait ainsi étre évalué
dans un environnement tridimensionnel.
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