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0.1 Contexte

Une des caractéristiques essentielles des futurs systèmes de télécommunications sans-fil est

l’évolution vers des débits très élevés tout en envisageant des mobilités de plus en plus impor-

tantes des usagers. En même temps ces évolutions sont affectées par les tendances et recomman-

dations pour baisser la consommation d’énergie; on parle alors des techniques de communication

“vertes”. Ces besoins nécessitent de nouvelles techniques de traitement du signal pour augmenter

la capacité du canal de transmission et l’autonomie des terminaux et gérer des utilisateurs à forte

mobilité, mais aussi de nouvelles technologies de transmission pour pallier au problème de la

saturation du spectre électromagnétique dans la bande radio-fréquence (RF) auquel nous faisons

face aujourd’hui.
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Pour ces raisons, j’ai contribué au développement de techniques efficaces de traitement de

signal dans les domaines de transmissions sans-fil RF et optiques qui sont considérées comme

des technologies complémentaires.

Dans ce qui suit, je décris brièvement et dans l’ordre chronologique mes travaux de recherche

dans les domaines RF et optique, avant de détailler ces activités de recherche et présenter quelques

perspectives pour des travaux que je souhaite réaliser à court et à moyen terme. Il est à noter

qu’une présentation plus détaillée du déroulement de ma carrière et de mes activités de recherche

se trouve dans la partie principale de ce manuscrit, rédigée en anglais.

0.2 Parcours Professionnel

CONFIDENTIELLE

0.3 Activités de Recherche

0.3.1 Systèmes de communication MIMO RF

Face aux évanouissements du canal dans un milieu sans-fil, l’usage des réseaux d’antennes et des

techniques de traitement d’antennes s’avère très efficace pour préserver la qualité de transmis-

sion des données. En particulier, les structures MIMO qui utilisent des antennes multiples à la

fois à l’émission et à la réception, permettent d’atteindre des taux de transmission très élevés dans

un milieu de transmission riche en diffuseurs. Ceci est typiquement le cas des milieux de propa-

gation intra-bâtiment mais aussi, la plupart du temps, des milieux urbains. Ces systèmes ont été

au cours des années 2000 l’un des thèmes de recherche les plus dynamiques au niveau national

et international. Ils sont notamment utilisés aujourd’hui dans les systèmes de communications

mobiles de la quatrième génération.

J’ai commencé mes recherches sur les systèmes MIMO par l’étude des aspects de théorie de

l’information, de codage correcteur d’erreur, d’optimisation du débit et de détection des données.

Un de mes objectifs a été de développer des détecteurs performants et de complexité raisonnable.

En effet, la question de complexité est primordiale quand il s’agit de l’implémentation du récep-

teur dans les terminaux mobiles, par exemple. Je me suis particulièrement intéressé aux tech-

niques de détection itérative. En fait, en présence du codage canal, un tel détecteur permet de

profiter de la redondance introduite par le codage canal afin d’améliorer la détection de données

au fil des itérations. J’ai étudié le détecteur quasi-optimal basé sur le maximum a posteriori (MAP)

mais aussi un détecteur sous-optimal basé sur l’annulation d’interférences qui a l’avantage d’avoir

une complexité calculatoire réduite par rapport au détecteur MAP. Un autre aspect pratique que

j’ai étudié a été celui de l’estimation du canal MIMO à la réception. Cette tâche est indispens-

able quand on effectue une détection cohérente au récepteur. J’ai en particulier travaillé sur les

techniques d’estimation semi-aveugle qui préservent l’efficacité spectrale au prix d’une augmen-
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tation de la complexité du récepteur. Pour les deux cas de séquences pilotes multiplexées en

temps et superposées aux symboles de données, nous avons proposé des solutions d’estimation

semi-aveugles basées sur l’algorithme EM (Expectation Maximization), permettant une améliora-

tion considérable de l’estimation du canal tout en restant de complexité raisonnable. Nous avons

également proposé des solutions sous-optimales de complexité réduite pour faciliter une implé-

mentation en temps-réel, ou au moins pour permettre une implémentation moins coûteuse. Nous

avons étudié la convergence de ces récepteurs itératifs à l’aide notamment des diagrammes EXIT

(EXtrinsic-Information Transfer).

Étant donné que le récepteur dispose en pratique d’une estimation imparfaite des coefficients du

canal, un autre axe de recherche a été de développer des techniques optimisées de détection de

données pour prendre en compte ces erreurs d’estimation du canal et ainsi améliorer les perfor-

mances du système par rapport à l’approche classique. Supposant connaître la distribution de ces

erreurs, nous avons proposé de moyenner la fonction de coût (sur laquelle est basé le récepteur)

par rapport à la distribution des coefficients du canal conditionnée à leur estimation. Cette solu-

tion permet d’obtenir des gains de performance intéressants sans pour autant augmenter consid-

érablement la complexité du récepteur.

Outre le codage canal, utilisé classiquement pour réduire l’effet du bruit et interférences,

un certain codage peut être effectué au niveau de la transmission des données sur les antennes

émettrices, il s’agit du codage dit espace-temps. Une autre partie de mes travaux de recherche

a été consacrée au codage et décodage espace-temps. Une des questions à laquelle j’ai essayé

de répondre a été le choix approprié d’un schéma espace-temps pour une efficacité spectrale

souhaitée. Il s’agit en fait de trouver la solution la plus adéquate pour fixer le codage canal, le

schéma espace-temps et la constellation du signal. Nous avons montré qu’un schéma espace-

temps non-orthogonal est préférable à un schéma orthogonal si on admet une complexité de dé-

tection légèrement plus importante au niveau du récepteur. Il s’agit en fait d’un détecteur itératif

simple, basé sur l’annulation d’interférences qui constitue un bon compromis entre complexité

et performance. Ceci est vrai également quand les erreurs d’estimation du canal sont prises en

compte.

0.3.2 Réseaux de capteurs sans-fil RF

Nous avons étudié les problèmes liés à la mise en œuvre des réseaux de capteurs qui concernent

notamment les contraintes fortes sur les ressources spectrale, énergétique et de calcul numérique

au niveau de chaque nœud du réseau. En particulier, pour réduire l’effet des évanouissements

du canal, les techniques classiques de diversité ne peuvent pas être utilisées en raisons des con-

traintes sur la taille et le coût des nœuds; il faudrait donc privilégier les techniques de diversité

dites coopératives. Dans ce contexte des réseaux coopératifs, nous nous sommes particulièrement

intéressés aux réseaux de relais et avons étudié les aspects de détection du signal et d’estimation

du canal en prenant en compte le codage espace-temps effectué au niveau de relais.

En ce qui concerne l’estimation du canal dans les réseaux de relais, nous avons travaillé sur
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les techniques semi-aveugles afin de réduire la consommation énergétique des nœuds en min-

imisant le nombre des symboles pilotes. Également, nous avons étudié les techniques optimales

de détection de données pour prendre en compte les erreurs d’estimation du canal. L’utilisation

de ces techniques est justifiée quand nous avons moins de contraintes sur la capacité de calcul et

les ressources énergétiques au nœud de destination.

0.3.3 Radio cognitive

L’objectif du récent concept de radio cognitive est de permettre à un réseau secondaire d’utiliser

de manière opportuniste les ressources spectrales d’un réseau primaire. Nous travaillons actuelle-

ment sur les solutions efficaces d’estimation du canal adaptées à ces systèmes. Plus particulière-

ment, nous étudions le cas d’un réseau de capteurs qui souhaite bénéficier des ressources spec-

trales d’un réseau primaire sans toutefois perturber le fonctionnement de ce dernier.

0.3.4 Communications optiques aériennes

Dans un contexte “outdoor”, on peut utiliser des faisceaux optiques dans la bande infrarouge pour

établir une transmission haut-débit entre deux points en vis-à-vis. La technologie FSO convient

a priori aux applications à mobilité réduite. Les avantages de la technologie FSO par rapport aux

communications RF sont nombreux. Notamment, du fait de la grande largeur de bande spec-

trale disponible, le débit atteignable avec les liens FSO est très élevé, et peut dépasser le Gbps.

Néanmoins, les performances de ces systèmes sont limitées par des erreurs d’alignement entre

l’émetteur et le récepteur, les phénomènes météorologiques, et les turbulences atmosphériques

qui causent des fluctuations dans l’intensité du signal reçu. Nos travaux de recherche ont princi-

palement porté sur la modélisation du canal de propagation, notamment dans le cas des systèmes

utilisant la diversité spatiale en employant des faisceaux multiples à l’émission et/ou des lentilles

multiples à la réception. Nous avons étudié le problème des évanouissements corrélés qui sont

à l’origine de la perte d’efficacité des systèmes à diversité spatiale. Nous avons évalué cette cor-

rélation à l’aide de la méthode des écrans de phase et étudié l’impact des différents paramètres du

système et l’influence des conditions de turbulence sur cette dernière. Aussi, nous avons proposé

des méthodes pour évaluer les performances du système à l’aide des simulations de Monte Carlo

ou avec des expressions analytiques.

Nous avons également considéré les techniques efficaces de codage et modulation pour

les systèmes FSO et aussi proposé des solutions efficaces pour réduire l’effet de l’éclairement

ambiant. Réduire l’effet de désalignement entre l’émetteur et le récepteur en optimisant les

paramètres du faisceau laser et le codage espace-temps pour les structures MIMO sont consid-

érés dans nos récents travaux. Un autre sujet sur lequel nous avons travaillé est celui des liens de

transmission hybride RF/FSO. L’intérêt de cette approche est qu’elle permet de conserver la liai-

son en cas de conditions de brouillard relativement dense qui a pour effet d’atténuer fortement le

faisceau laser.
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Quand il n’y a pas de trajet direct (LOS pour Line-Of-Sight) entre l’émetteur et le récepteur,

ce qui arrive souvent dans les métropoles denses d’immeubles hauts, ou lorsque la transmission

est faite sur de très longues distances, une solution adéquate pour mettre en place un lien FSO

consiste à utiliser des relais pour contourner les obstacles et/ou amplifier le signal. Nous avons

récemment étudié l’intérêt de mettre en place un réseau FSO coopératif dans le but de réduire

l’effet des turbulences atmosphériques.

0.3.5 Communications optiques sous-marines

Dans un milieu aquatique, les transmissions optiques point-à-point ont l’avantage de bénéficier

d’un débit très élevé, un faible niveau d’interférences et une vitesse de propagation très grande

(donc une faible latence). Elles s’avèrent également intéressantes des points de vue de la taille des

modules et de la consommation d’énergie. Nous avons travaillé sur la modélisation du canal de

propagation en prenant en compte les caractéristiques du milieu mais aussi les imperfections des

composants optiques. Nous avons aussi mené une étude sur le choix de schéma de modulation

du signal en prenant en compte les contraintes pratiques telles que la synchronisation du récep-

teur et la vitesse limitée liée à l’électronique de ce dernier. Nous travaillons actuellement sur les

techniques de codage correcteur d’erreur adéquates pour ces systèmes et aussi sur les solutions

efficaces pour s’affranchir des erreurs de désalignement de l’émetteur-récepteur.

0.3.6 Communications infrarouges ou VLC

Dans un contexte “indoor”, les systèmes de communications optiques permettent de réduire les

interférences électromagnétiques en remplaçant les systèmes RF habituels tels que les technolo-

gies Bluetooth et WiFi. En particulier, les communications VLC constituent un candidat très in-

téressant pour les connexions haut-débit en utilisant les éclairages LED pour la transmission de

données. Cette technique est aussi appelée Li-Fi (L pour Lumière) en analogie avec le WiFi. Nous

avons travaillé sur la caractérisation du canal en utilisant des simulations basées sur la technique

de lancer de rayons. Nous travaillons actuellement sur des méthodes efficaces de transmission

pour réduire l’effet des interférences-entre-symboles qui se manifestent lors de la transmission à

de très hauts débits. En fait, étant donnée la bande passante limitée des LEDs, il y a tout intérêt

à utiliser les techniques avancées de communications numériques afin d’augmenter le débit de

transmission. Parmi elles, on peut parler de la technique MIMO, de l’OFDM, de pré- ou post-

égalisation, etc.

0.4 Résumé des Travaux

Un résumé des travaux de recherche effectués et des résultats obtenus jusqu’à présent est présenté

dans la suite. Les références les plus importantes sont citées également.
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0.4.1 Systèmes MIMO

• Codage et décodage espace-temps

– Détection itérative pour les codes espace-temps non-orthogonaux.

– Investigation de la combinaison appropriée du codage canal et du codage espace-temps

pour un débit de transmission donné [1].

• Estimation du canal

– Estimation semi-aveugle du canal pour les pilotes multiplexés en temps ou superposés

avec les données [2–4].

– Optimisation des détecteurs basés sur les critères du maximum a posteriori et de

l’annulation d’interférences en tenant compte des erreurs d’estimation du canal [5].

• Techniques avancées de codage canal (turbo-codes et codes LDPC) pour les réseaux LTE et

WiMAX.

• Estimation du canal pour les canaux MIMO-OFDM soumis aux évanouissements rapides [6].

0.4.2 Réseaux de capteurs coopératifs

• Réseaux de relais

– Étude des codages espace-temps “distribués”, adaptés à ces réseaux.

– Estimation semi-aveugle du canal et détection itérative à la destination [7, 8].

– Détection optimale du signal en présence des erreurs d’estimation du canal [9].

0.4.3 Systèmes FSO [10]

• Modélisation mathématique des turbulences atmosphériques

• Réduction des effets de turbulence

– Techniques de diversité temporelle utilisant le codage canal et entrelacement [11].

– Analyse de l’efficacité de l’approche “aperture averaging” [12].

– Exploitation de la diversité spatiale en utilisant des faisceaux ou/et des lentilles multi-

ples.

– Etude des conditions d’évanouissements corrélés, modélisation statistique et évalua-

tion des performances du système [13–16].

– Codage espace-temps pour les systèmes MIMO-FSO.
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– Etude expérimentale pour la quantification des turbulences atmosphériques et

l’évaluation des performances d’un lien FSO dans différents régimes de turbulence avec

une maquette de laboratoire (au laboratoire OCRG de Newcastle) .

– Etude des performances d’un réseau FSO coopératif (assisté par des relais).

• Optimisation des paramètres de l’émetteur pour réduire l’impact des erreurs d’alignement

d’émetteur-récepteur [17].

• Transmission différentielle pour supprimer le bruit ambiant au récepteur [18].

• Techniques de modulations adéquates pour les systèmes FSO.

– Modulations PPM et MPPM et solutions de codage canal adaptées; codage convolutif et

détection itérative [19].

0.4.4 Transmissions optiques sous-marines [20]

• Caractérisation et modélisation mathématique du canal de propagation aquatique [21].

• Investigation de l’impact réel de la diffusion du faisceau dans l’eau sur le débit de transmis-

sion.

• Etude des techniques de modulation appropriées.

• Etude de l’effet de désalignement d’émetteur-récepteur sur les performances du système.

• Réalisation d’une maquette de transmission (à l’IFREMER de La-Seyne-sur-Mer).

0.4.5 Communications optiques intra-bâtiment

• Optimisation du profil d’intensité d’un émetteur infrarouge pour maximiser la capacité du

canal [22].

• Compréhension des principes de la technologie VLC.

– Étude expérimentale de plusieurs maquettes de transmission VLC (au laboratoire OCRG

de Newcastle).

– Investigation d’une méthode précise et efficace pour simuler le canal de transmission.

0.5 Perspectives

CONFIDENTIELLE
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1.1 Context

The proliferation of wireless communication systems can be considered as one of the most re-

markable changes in human life over the past thirty years. Wireless devices and technologies have

become pervasive very quickly and are among the most integral elements of modern society. The

term “wireless” is usually used synonymously with radio-frequency (RF) technologies as a result

of the wide-scale deployment of wireless RF devices and systems. However, the RF band of the

electromagnetic spectrum is fundamentally limited in capacity due to the fact that most of the

sub-bands are exclusively licensed and strictly regulated by the local and international authorities

today. While very high data-rate wireless system are receiving an ever-growing popularity, the de-

mand for RF spectrum is outstripping the available resources, what is commonly called “spectrum

famine.” This has appealed for new and efficient techniques and technologies in order to increase

the spectral efficiency of RF wireless systems or to use the upper parts of the electromagnetic spec-

trum.

The MIMO technology can be considered as one of milestones of the end of last century that

opened the door to a new concept of data transmission, i.e., exploiting multipath propagation,

which was previously-considered as an impairment to reliable communication, to multiplex data

over multiple transmitting antennas and to obtain data rates until then unattainable. Another

solution to deal with the congested spectrum problem has been the ultra wide-band (UWB) trans-

mission which is based on transmitting the signal on a very large frequency band while using a

very low power spectral density in order not to interfere with other existing systems. A more re-
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cent technique for circumventing the limited spectral resources is cognitive radio, which consists

in using the spectral resources of a primary user in an opportunistic manner, for example. At the

same time, new needs for global networks were at the origin of developing wireless sensor net-

works at the beginning of the 21st century. Considered as a key technology of the century, they

provide exceptional opportunities for monitoring and controlling homes, cities, and the environ-

ment, for instance. Cooperative networks, in particular, allow reliable data transmission through

the efficient use of spectral and energy resources.

On the other hand, there has been a trend to shift toward higher carrier frequencies where

a substantial frequency bandwidth is available. An example is the use of the millimeter waves

(e.g. around 60 GHz) but these frequencies have limited applications due to the high propagation

loss that limits the link span seriously. A dramatically different approach is that of optical wire-

less communications (OWC) which can enable wireless connectivity using infrared (IR), visible or

ultraviolet bands. OWC has powerful features such as high bandwidth, low cost, robustness to

electromagnetic interference, operation in an unregulated spectrum, high degree of spatial con-

finement, and inherent physical security. Due to these reasons, OWC can be a powerful alternative

to the wireless RF technology for some applications. It has recently become one of the most dy-

namic areas of research with significant potential for impacting considerably the wireless market

that has been mostly dominated by the RF technology since a long time. Variations of OWC can

be employed in a diverse range of communication applications ranging from very short-range (on

the order of millimeters) optical interconnects within integrated circuits to satellite links (larger

than 10,000 kilometers).

Today, a relatively mature technology related to OWC is that of outdoor terrestrial OWC links,

operating in near IR band, which are widely referred to as free space optical (FSO) communica-

tion. FSO systems are typically used for high rate communication between two fixed points over

distances up to several kilometers. They are appealing for a wide range of applications such as

metropolitan area network extension, local area network (LAN)-to-LAN connectivity, fiber back-

up, backhaul for wireless cellular networks, disaster recovery, high definition TV transmission, etc.

The use of OWC has also been considered in underwater communications recently. This has been

especially motivated by the need to high-speed and reliable transmission links due to the increas-

ing use of robotics in underwater missions and the need to communicate with remotely-operated

vehicles, for instance. Underwater wireless optical communication (UWOC) in the visible part of

the spectrum can provide very high data transmission rates (on the order of Mbps to Gbps) over

short to moderate ranges (typically up to one hundred meters or so). In addition to its ability to

provide unprecedentedly high data rates, this technology is highly energy efficient, as compared

to the traditional technique of acoustic communication, and also has much less impact on the

marine animal life; in particular, it is harmless to the cetaceans and coral.

Another interesting and very recent application area of OWC is in indoor environments where it is

estimated that more than 70% of the wireless traffic takes place. The visible light communication

(VLC), aims at using the incoherent solid-state lighting elements such as LEDs for data transmis-



1.2. RESEARCH ITINERARY AND RELATED TOPICS 17

sion and promises very high data rates up to several Gbps. By exploiting the illumination facilities

for data transmission, the VLC technology provides a unique opportunity to get rid of electromag-

netic radiations in restrictive areas (such as hospitals or within aircrafts) and at the same time

permits a significant reduction in power consumption of the users. It can be seen as an example

of “green communication” because in addition to exploiting a part of lighting energy consump-

tion for data transmission, we avoid the need to power-hungry alternative solutions such as WiFi

networks.

1.2 Research Itinerary and Related Topics

CONFIDENTIAL

1.3 Document Outline

After this general introduction, I will describe separately in Chapters 3 and 4 my research activities

on the two general domains of RF and optical wireless communications, respectively. Therein, for

the different corresponding research topics, I will systematically present a review of the technol-

ogy and the related considerations before specifying my contributions and proposed solutions.

The research works on the RF domain, concern the three main topics of MIMO technology, wire-

less sensor networks, and cognitive radio. Those corresponding to OWC, concern FSO, UWOC,

and VLC technologies. I have tried to provide a succinct description of the most important con-

tributions and to refer the reader to the corresponding publications for more detail. At the same

time, to make the discussions more understandable, I have presented some main results in form

of illustrations and performance figures. Also, I have specified the laboratories or research teams

I have been collaborating with on different research subjects. Undoubtedly, without these fruit-

ful collaborations, the help and support of my colleagues in Institut Fresnel (especially my advisor

Prof. Bourennane), and the precious work of the students that I have had the pleasure to supervise,

I could not accomplish these achievements.

Finally, the main conclusions of my research works as well as some perspectives for future

research will be presented in Chapter 5.
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3.1 Introduction

In this chapter, I present the research topics on which I have been working in the field of RF wire-

less communications since my PhD. They mainly concern MIMO systems, wireless sensor net-

works, and cognitive radio. For each topic, I will first present a brief technology overview before

specifying my general contributions.

3.2 MIMO Technology

3.2.1 Technology overview and related topics

At the end of the 1990s, pioneering works in Bell Labs showed for the first time that the use of

multiple antennas at both sides of the transmission link can result in tremendous channel capac-

ities, provided that the propagation medium is rich scattering [23–26]. This increase in capacity is

obtained without any need to extra bandwidth nor to extra transmission power. This way, it was

shown that multipath propagation, previously regarded as an impediment to reliable communi-

cation, can be exploited in order to increase the throughput.

3.2.1.1 MIMO systems, information theoretical aspects

• Capacity of a fading channel

Let us first recall the definition of the capacity for a fading channel. For a time-varying chan-

nel, the capacity C is a random variable whose instantaneous value depends on the channel

realization [27]. The two mostly used definitions for the channel capacity are ergodic and out-

age capacities. The ergodic capacity Cerg, which is the expected value of C , is suitable for fast

varying channels. The outage capacity Cout is usually used when considering packet-based

transmission systems where the block-fading model properly describes the channel. If the

pre-assumed channel capacity is too optimistic, i.e., larger than the instantaneous capacity,

a channel outage occurs. The outage capacity, or to say more correctly, the capacity-versus-

outage, as its name indicates, is the channel capacity conditioned to an outage probability

Pout. Obviously, there is a trade-off between the data throughput and the outage probability.

• MIMO capacity

Consider the global scheme of a MIMO transmission link as shown in Fig. 3.1. We denote
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Figure 3.1 — Global scheme of a MIMO communication structure.

by MT and MR the number of antennas at the transmitter (Tx) and the receiver (Rx), respec-

tively. The communication channel includes the effect of transmit/receive antennas and the

propagation medium. We consider the simple case of frequency non-selective (flat) fading

channel that is typically valid for narrow-band communications. The global MIMO channel

is described by a channel matrix H of dimension (MR ×MT ). For instance, the entry Hi j of

H , characterizes the subchannel between the i th receive and the j th transmit antenna. We

assume that the total transmit power at each channel-use is constrained to PT .

If the channel is known (e.g. perfectly estimated) at the Rx but unknown to the Tx, we dis-

tribute the available power uniformly on the transmit antennas. Lets denote by ρT the total

average received signal-to-noise ratio (SNR) at the Rx array: ρT = PT /σ2
n , whereσ2

n is the vari-

ance of the additive white Gaussian complex noise. The MIMO channel capacity in units of

bps/Hz is then given by the following famous equation:

C = log2 det

[
IMR +

ρT

MT
HH†

]
. (3.1)

Here IMR is the (MR ×MR ) Identity matrix, and det[.] and (.)† denote matrix determinant and

transpose-conjugate, respectively.

Figure 3.2 contrasts the outage capacities Cout of MIMO, single-input multiple-output

(SIMO), and multiple-input single-output (MISO) systems under the conditions of uncorre-

lated Rayleigh flat fading and Pout = 0.01 [28, 29]. SNR stands in fact for ρT . For the MIMO

system, we have MT = MR = M . We notice that the MIMO capacity increases almost linearly

with M and is much more considerable than those of MISO and SIMO structures.

3.2.1.2 Space-time coding and decoding

An important aspect in the implementation of MIMO systems is to appropriately distribute redun-

dancy in space and in time at the Tx, what is called space-time (ST) coding [30]. There has been

a considerable amount of work on this subject and a variety of ST schemes were proposed. The

key criteria in the design of ST codes are the ST coding rate (or the multiplexing gain) and the di-

versity gain. The first one aims at achieving a high transmission rate by capitalizing on the MIMO

capacity, whereas the latter aims at exploiting the space diversity to reduce fading at the Rx. The

most popular ST schemes include orthogonal space-time block codes (OSTBC) [31, 32] which aim
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Figure 3.2 — Contrasting outage capacities of MIMO, SIMO, and MISO structures. Uncorrelated

Rayleigh flat fading, SNR = 10 dB, Pout = 0.01. CSI known at the Rx only.

at diversity gain and some coding rate, spatial multiplexing (SMux) or the V-BLAST architecture

that maximizes the coding rate [26], and the general family of linear dispersion codes [33] that

maximize the mutual information between the Tx and the Rx, allowing a flexible rate-diversity

trade-off.

Apart from the problem of code construction, one important criterion in the choice of the

appropriate ST scheme may be its decoding complexity. OSTBCs can offer full diversity while they

can be decoded using an optimal decoder with linear complexity. However, these schemes suffer

from low rate, especially for a large number of transmit antennas. Non-orthogonal schemes, on

the other hand, offer higher coding rates but their optimal decoder becomes prohibitively complex

for a large number of transmit antennas and large signal constellation sets.

3.2.1.3 Channel estimation for MIMO systems

When coherent signal detection is to be performed, channel state information (CSI) is required

at the Rx, for which a channel estimation step is necessary. Channel estimation plays a critical

role in the Rx performance and is a real challenge in practical MIMO systems where the quality

of data recovery is as important as attaining a high data throughput. In order to obtain the CSI,

usually some known training (also called pilot) symbols are sent from the Tx, based on which the

Rx estimates the channel prior to the detection of data symbols.

• Time-multiplexed pilots

The classical approach consists in time-multiplexing pilot and data symbols, usually referred
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Figure 3.3 — Overlay pilot scheme. σ2
p and σ2

d denote the variances of pilot and data symbols,

respectively.

to as pilot symbol-assisted modulation (PSAM). By this approach, we have a trade-off be-

tween the channel estimation quality and the data throughput. With an increased number

of pilots, a better channel estimate can be obtained, but at the same time, the spectral effi-

ciency is sacrificed more. Note that there is a minimum number of channel-uses that should

be devoted to the transmission of pilots in order that the MIMO channel be identifiable at

the Rx. For the case of a flat channel, the number of pilot channel-uses Np should satisfy

Np ≥ MT [34]. Furthermore, the best channel estimate is obtained with mutually orthogonal

training sequences, which result in uncorrelated estimation errors. In such a case, we can

model the channel estimation errors by an independent Gaussian random variable [34].

• Semi-blind estimation

Instead of the classical channel estimation based only on pilot symbols, we can perform semi-

blind (SB) estimation, where in addition to pilot symbols, we make use of data symbols in

channel estimation. This way, a considerable performance improvement can be achieved at

the price of increased Rx complexity. Usually, SB approaches are implemented in an iterative

scheme. When channel coding is used, channel estimation is performed iteratively together

with signal detection and channel decoding.

• Overlay pilots

The main drawback of the PSAM approach is that, for finite-length blocks, if channel esti-

mation is to be done on each block of symbols, the periodic insertion of pilot symbols can

result in a considerable reduction of the achievable data rate. This loss in the data rate be-

comes important, especially for large number of transmit antennas, at low SNR, and when

the channel undergoes relatively fast variations [35]. As an alternative, we can use overlay

pilots (OP), also called superimposed or embedded pilots, for channel estimation [36]. By

this approach, a pilot sequence is superimposed on the data sequence before transmission,

as shown in Fig. 3.3; thus, no separate time slot is dedicated to pilot transmission. This way,

we prevent the loss in the data throughput but we experience a degradation in the quality of

the channel estimate due to the unknown data symbols. As a matter of fact, here also there

is a trade-off between the quality of channel estimation and the channel capacity: To obtain

a better channel estimate, we should increase the percentage of the power dedicated to pilot

symbols; this, however, reduces the SNR for the detection of data symbols.
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Figure 3.4 — WF and no-WF capacities of a MIMO system with MR > MT = 4 (left) and MT > MR = 4

(right). Uncorrelated Rayleigh flat fading, SNR = 3 dB, Pout = 0.01.

3.2.2 Contributions

3.2.2.1 MIMO capacity under special conditions

My first works on MIMO systems concerned the information theoretical bounds on the transmis-

sion rates for MIMO systems. These works correspond to my PhD dissertation at INPG and shortly

after that. Here I provide a brief review of the works I accomplished during this period.

• Water-filling capacity

The first special case is when CSI is known to both Tx and Rx, which is the case when the

estimated CSI at the Rx is provided for the Tx. This is practically feasible when the channel

varies slowly in time. Providing the CSI for the Tx can be done using a feedback channel or via

the reverse link when the communication takes place in a duplex mode. Assuming that CSI

is provided perfectly and without any delay to the Tx, it can allot the available power on the

antennas in an optimal manner in order to achieve the maximum capacity [37]. This capacity

is often called known-CSI or water-filling (WF) capacity.

For MR ≥ MT , the improvement in capacity by performing WF, that we call the WF gain, is

considerable for low SNR and a large number of transmit antennas [37]. But this gain is much

more considerable when MT > MR . For example, Fig. 3.4 shows curves of no-WF and WF

capacities for two cases of MR > MT = 4 and MT > MR = 4. Notice that the WF-capacity of an

(MT , MR ) system is equal to that of an (MR , MT ) system [38].

• Capacity for Ricean fading channels

Ricean fading conditions hold when there is a dominant non-fading signal component

present, such as a line-of-sight (LOS) between the Tx and the Rx. It is also the case when

fixed scatterers/signal reflectors exist in addition to random main scatterers. Concerning the

Ricean MIMO channel capacity, we have shown that there is a compromise between the di-

versity gain and fading reduction [39]. Let us define the Ricean factor as the percentage of

power received from the LOS with respect to the total received average power. At relatively
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Figure 3.5 — Block diagram of the BICM transmission scheme. STC stands for space-time coding.

high SNR, since an increase in the Ricean factor increases the correlation between the chan-

nel coefficients, the MIMO capacity decreases as a result of decreased diversity gain. Mean-

while, the increase in capacity by increase in the number of antennas is still considerable for

Ricean factors smaller than 70%. At low SNR, on the other hand, fading is more destructive,

and so, an increase in the Ricean factor may result in an increase in the MIMO channel ca-

pacity. In other words, fading reduction affects more the channel capacity than the diversity

gain [39].

We have also studied the MIMO capacity under the conditions of Ricean fading when CSI is

available at the Tx. We have shown that the gain in capacity by WF is specially interesting for

the case of correlated channels. In fact, with increased Ricean factor, the WF gain increases

and becomes much more considerable, as compared to Rayleigh fading case [38].

3.2.2.2 Iterative MIMO detection

For the case of non-orthogonal ST schemes, instead of performing complex optimal ST decod-

ing, we may use sub-optimal decoding based on sphere decoding [40] or simple linear-algebraic

techniques such as interference-canceling-based decoding [41]. For either solution, the Rx per-

formance can be improved considerably by performing iterative detection when channel coding

is performed at the Tx, which is usually the case in practical systems. Indeed, by benefiting in this

way from the channel coding gain, we can obtain a good performance after only a few iterations

and approach the optimal “ST + channel” decoder performance. We have considered iterative ST

decoding and channel decoding based on the bit-interleaved coded modulation (BICM) [42] for

which a typical scheme is shown in Fig. 3.5. The advantage of the BICM is its flexibility regarding

the choice of the code and the bit-symbol mapping, as well as its conformity to iterative detection.

In Fig. 3.5, the binary data b are encoded by a channel code C , before being interleaved (the block

Π). The output bits c are then mapped to symbols according to a given constellation set. The block

diagram of the iterative Rx is shown in Fig. 3.6 where soft-input soft-output signal detection (i.e.,

ST decoding) and channel decoding are performed. Hereafter, we always consider convolutional

coding at the Tx and soft channel decoding based on the Max-Log-MAP algorithm at the Rx [43].

We have studied the Rx performance for MIMO signal detection based on the optimal maximum

a posteriori (MAP)1 and the sub-optimal soft parallel interference canceling (soft-PIC). We will

1The optimality of MAP detection is in the sense of minimizing the symbol error probability.
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Figure 3.6 — Block diagram of the iterative Rx. P Det
ext and P Dec

ext denote the extrinsic probabilities on

bits at the output of the MIMO detector and channel decoder, respectively. Also, APP stands for a

posteriori probabilities.

sometimes refer to these approaches as turbo-MAP and turbo-PIC receivers. In fact, the optimal

MAP detector becomes too complex to implement for large number of transmit antennas or large

signal constellation sizes. In such cases the latter approach becomes particularly interesting.

As case study, consider the simple SMux ST scheme and a four-transmit antenna system, i.e.,

MT = 4 with MR taken between 1 and 4. We perform Gray bit/symbol mapping and pseudo-

random interleaving, and consider the Rayleigh flat quasi-static channel model. The rate-1/2

non-recursive non-systematic convolutional (NRNSC) channel code (5,7)8 (in octal representa-

tion) is used. SNR is considered in the form of Eb/N0, where Eb is the average received energy per

information bit and N0 is the unilateral noise power spectral density; Eb/N0 includes the Rx array

gain, MR . We have presented plots of bit-error-rate (BER) versus Eb/N0 in Fig. 3.7. We notice that

the performance of turbo-PIC and turbo-MAP are relatively close to each other for MR = MT (it is

also the case for MR ≥ MT ). Turbo-PIC can still be used for certain values of MR < MT , roughly for

MR > MT /2 [2]. So, for these MR values where turbo-PIC converges properly, it would be preferred

to turbo-MAP due to its considerably lower complexity.

3.2.2.3 Choice of appropriate ST schemes

In practice, to attain a desired spectral efficiency, we should adopt the most appropriate transmis-

sion scheme by fixing the degrees of freedom of the system, that is, the signal constellation, the

channel coding rate, and the ST coding scheme. We have tried to answer to the question “what is

the most suitable combination?” Indeed, if a low spectral efficiency is required, an OSTBC scheme

together with a powerful channel code would be a suitable solution. To attain high spectral effi-

ciencies with OSTBC schemes, however, we have to use large signal constellations and to increase

the channel coding rate by puncturing the encoder output bits. Use of larger signal constellations

complicates signal detection at the Rx and results in a higher SNR required to attain a target BER.

On the other hand, puncturing results in a reduced channel code robustness against noise. Higher

ST coding rates are offered by non-orthogonal schemes, hence, relaxing the conditions on signal
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constellation and channel coding. For this case, we considered the simple sub-optimal iterative

soft-PIC detector for ST decoding. Nevertheless, the detector remains more complex, as compared

to the OSTBC case. However, we have shown that this increased Rx complexity is quite justified:

by using an appropriate non-orthogonal ST scheme and iterative detection, we obtain a consider-

able performance improvement with respect to the OSTBC choice [44–46]. Our results in [45, 46]

have also confirmed that the gain obtained by using non-orthogonal with respect to orthogonal

schemes is even more important when channel estimation errors are taken into account.

For example, consider the case study of a (2× 2) MIMO system, Gray bit/symbol mapping,

pseudo-random interleaving, and a Rayleigh flat block-fading channel. We use the rate-1/2

NRNSC channel code (133,171)8. To obtain a spectral efficiency of η= 2 bps/Hz, we consider three

options of Alamouti OSTBC with 16-QAM modulation, and SMux and Golden (GLD) ST coding2

with QPSK modulation. The corresponding performance curves are shown in Fig. 3.8, assuming

perfect CSI at the Rx. For SMux and GLD schemes, BER plots are shown for the second and the

fourth iterations where almost full Rx convergence is attained. We notice that, compared to Alam-

outi ST coding, by using the SMux scheme we gain about 3.3 and 3.75 dB in SNR at BER= 10−4 after

two and four iterations, respectively. The corresponding gains when using the GLD ST code are

about 3.5 and 4.3 dB, respectively. We note that even when, for the reasons of complexity and/or

2GLD is an optimized scheme proposed in [47] that offers full-rate and full-diversity with the property of non-

vanishing determinant.
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latency, only two iterations are processed at the Rx, a substantial SNR gain is obtained, compared

to the Alamouti scheme.

3.2.2.4 Channel estimation for MIMO systems

During my post-docs at LTCI and IETR labs, I have been working on SB MIMO channel estimation

using time-multiplexed pilots (i.e., the PSAM scheme). We have proposed a number of solutions

for this purpose, including SB estimation based on the expectation maximization (EM) algorithm

[2, 3, 48, 49] as well as some simplified schemes such as the thresholded hard-decision (Th-HD)

method [3]. Note that the interest of the EM algorithm is that it is guaranteed to be stable and to

converge to the maximum likelihood (ML) estimate [50]. All these SB estimation techniques have

been implemented in an iterative Rx.

• EM-based SB channel estimation

I do not present here the details on the formulation of the EM-based estimators and refer

the reader to [2, 3, 34], for instance. We have mainly considered two formulations for the SB

estimator. The classical formulation consists in using data and pilot symbols in the same

way in channel estimation. We have shown that substantial performance improvement can

be obtained by using this SB estimation method. We have further optimized the estimator
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formulation by considering separately the channel estimates obtained using pilot and data

symbols and by combining them appropriately in order to obtain a better estimate. Indeed,

by this approach, we optimized the EM implementation to provide an unbiased channel esti-

mate which leads to a better convergence of the iterative detector. For the case of MAP signal

detection, we showed that considerable improvement in the Rx performance can be obtained

by using our proposed method, especially for a large number of transmit antennas and short

training sequences. We also showed that when MIMO channel is strongly asymmetric in the

sense that we have too few receive antennas, the EM-based channel estimation can be of little

interest [3].

We further applied these ideas to the case of soft-PIC signal detection in [2, 49].

• Simple Th-HD SB channel estimation

In the Th-HD method, in addition to pilot symbols, we use in channel estimation the symbols

detected with sufficiently high reliability at each iteration. For this, we compare the a poste-

riori probabilities on the transmitted bits Pi at the decoder output and compare them with a

threshold 0.5 < PTH < 1. If Pi > PTH, we make the hard decision 1 on the corresponding bit;

otherwise, if Pi < (1−PTH), we make the hard decision 0 on it; and if none of these conditions

are verified, we give up the channel-use corresponding to that bit and do not consider it in

channel estimation. If a hard decision is made on all B MT constituting bits of a channel-

use, where B is the number of bits per symbol corresponding to the underlying modulation

scheme, we use the resulting hard-detected symbol vector in channel estimation in the same

way as pilot symbols. We have investigated the efficacy of this SB estimator and shown that

the estimator performance depends highly on the choice of the threshold PTH. The optimum

threshold value depends on the MIMO structure, i.e., the number of transmit and receive

antennas, as well as on the actual SNR [3].

3.2.2.5 Overlaid pilots and data

We have firstly investigated the interest of OP over the PSAM scheme, given that for both schemes

we have a trade-off between the quality of channel estimate and the throughput or BER. We have

shown that, in general, OP may be preferred to PSAM for high SNR, not too short channel co-

herence times, and larger number of receive than transmit antennas [51]. We have also inves-

tigated the problem of error floors in the system performance when using OP. In fact, the main

problem in the estimation of channel coefficients concerns the interference due to the unknown

data symbols. Indeed, although data and pilot sequences are statistically uncorrelated, the cross-

correlation of data and pilot sequences is calculated over a block of symbols of limited length over

which the channel coefficients are supposed to remain unchanged. The smaller is the block length

(i.e., the faster the channel variations), the more important this cross-correlation is. This results in

an error floor in the Rx BER performance, especially at high SNR, and makes the OP scheme lose

its interest [51].

We have studied the interest of iterative data detection and channel estimation to resolve the prob-
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a (2 × 4) MIMO system using OP scheme. Uncorrelated Rayleigh quasi-static flat fading, QPSK-

modulated pilot and data, (133,171)8 NRNSC rate-1/2 channel code, Ns = 100.

lem of error floor by considering two approaches of pilot-only-based decision-directed (DD) esti-

mation [51] and EM-based SB estimation [4, 52]. By the DD method, we proposed to use in each

iteration, the soft-estimates of transmitted data symbols using a posteriori soft values at the chan-

nel decoder output, and to cancel their effect in the channel estimate. The second approach, i.e.,

EM-based SB estimation provides a better performance at the price of increased Rx complexity [4].

As a case study, let us consider a (2× 4) MIMO system using QPSK modulation and iterative

soft-PIC detection. We denote by α the ratio of the power of pilot symbols to the total transmit

power at a symbol time, i.e., α = σ2
p /(σ2

p +σ2
d ). We have presented in Fig. 3.9, plots of BER ver-

sus SNR for DD, EM-based, and perfect channel estimation, and different values of α. Here, SNR

stands for the actual average received SNR, i.e., MR (σ2
d +σ2

p )/σ2
n , with σ2

n being the Rx noise vari-

ance. Pilot sequences for MT antennas are QPSK-modulated and chosen according to the Walsh-

Hadamard series to ensure their orthogonality. For both SB estimation methods, we notice an

error floor at high SNR for α< 15% which is especially visible for α= 2% and α= 5%. On the other

hand, by increasing α, better channel estimates are obtained, but at the same time, less power is

dedicated to data symbols. So, increasing α too much, will result in an overall performance degra-

dation. Comparing the performance curves of the EM-based and DD estimators, we see that the

performance improvement by the former is quite considerable. This improvement is more impor-

tant for smaller α values.
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3.2.2.6 Improved detection under imperfect channel estimation

Whatever the channel estimation technique, in practice, the Rx can only obtain an imperfect es-

timate of the CSI. Classically, for signal detection, the estimated channel is considered as perfect.

This sub-optimal approach is usually called mismatched detection. Its sub-optimality is due to

the fact that the Rx does not take into account the channel estimation errors [5, 53]. A more ap-

propriate approach is to take into account these estimation inaccuracies in the formulation of the

detector. For this purpose, in collaboration with the researchers at LSS lab of Supéléc, we have

proposed a Bayesian framework based on the a posteriori probability density function (PDF) of

the perfect channel, conditioned on its estimate. This general framework can be used to formu-

late any detector by considering the average, over the channel uncertainty, of the detector’s cost

function that would be applied in the case of perfect channel knowledge.

Assume a channel estimator in which the statistics of the estimation errors are known. This is

the case, for instance in the case of pilot-only-based PSAM channel estimation. Let us denote by

J the cost function that is used at the detector to decide on the transmitted bits. The improved

detection is based on the minimization of a new cost function J defined as:

J = EH|Ĥ
{
J |Ĥ}

(3.2)

where by using the posterior distribution p(H |Ĥ), we have averaged the cost function J over all

realizations of the unknown channel H conditioned on its available estimate Ĥ . Using the metric

J differs from the mismatched detection on the conditional expectation EH|Ĥ {.} which provides

a robust design by averaging the cost function J over all channel realizations.

We have applied this detection design rule to the cases of iterative MAP and soft-PIC detectors

in [5,53], and showed that significant improvements can be obtained as compared to mismatched

detection. The improvement is more important when fewer pilots are used for channel estimation.

Thus, the proposed improved detectors are of particular interest under relatively fast-fading con-

ditions, where it is important to reduce the number of pilots to avoid a significant pilot overhead.

It is worth mentioning that adopting the improved detection scheme increases only moderately

the Rx complexity as it requires just a few more matrix additions and multiplications, compared

to the mismatched detector.

As an example, we have shown in Fig. 3.10 plots of BER for mismatched and improved receivers

for the case of Gray-mapped QPSK modulation, a (2×2) MIMO system, and iterative soft-PIC de-

tection at the Rx. The number of channel uses for pilot transmission is denoted by Np . As refer-

ence, we have also presented the BER plot for the case of perfect CSI. The SNR gain by using the

improved detector for a target BER of 10−5 is about 1.4, 0.5, and 0.2 dB, for Np = 2, 4, and 8, re-

spectively. The interesting point is that the two detectors have almost the same convergence trend

and the most part of the improvement is obtained after the second iteration for both detectors.

We have verified this fact by investigating the extrinsic-information transfer (EXIT) charts of the

receivers, which are simple efficient tools for the convergence analysis of iterative receivers [54].

So, if for the reasons of complexity reduction, we only process two receiver iterations, we still have
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a considerable performance gain by using the improved detector.

3.2.2.7 Multi-carrier modulation for MIMO

Orthogonal frequency-division multiplexing (OFDM) is a spectrally efficient technique for achiev-

ing high data-rate wireless transmission over frequency-selective fading channels. This multi-

carrier transmission technique offers a simple way to divide the entire channel into a number

of narrow-band sub-channels and to multiplex the data over them, thereby allowing an increase

in the symbol duration and a reduction of the inter-symbol interference (ISI). In fact, due to the

need to very high data rates, most of today’s wireless communication systems are faced to ISI and

OFDM has become a popular technique to simplify the channel equalization task at the Rx. The

combination of OFDM with MIMO technology offers the advantage of high transmission rates and

receivers of reasonable complexity by circumventing the need to computationally complex chan-

nel equalization. I have been working on the application of multi-carrier techniques to MIMO

systems since my post-doc at IETR lab where we were involved in the FP6-IST-4MORE European

project on the 4th generation of cellular communication systems. In most of my related research

works, I have assumed an uncorrelated channel by assuming perfect interleaving over the sub-

channels. Under this assumption, an Nc -carrier OFDM system could be considered as equivalent

to a flat MIMO block-fading channel with Nc channel fades per frame of symbols. All of the pro-

posed solutions for single-carrier MIMO systems can then be applied to MIMO-OFDM systems.
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Figure 3.11 — Block diagram of the Tx for a MIMO-OFDM system. Nc denotes the number of sub-

carriers, S/P stands for serial-to-parallel conversion.

Figure 3.12 — Block diagram of the turbo-PIC Rx for a MIMO-OFDM system. P/S stands for parallel-

to-serial conversion and LLR for logarithmic likelihood ratio.

For the sake of clarity, we have provided in Figs. 3.11 and 3.12 the block diagrams of the Tx and the

Rx for the case of BICM signaling with turbo-PIC detection.

3.3 Wireless Sensor Networks

3.3.1 Technology overview

Wireless sensor networks (WSNs) are considered as one of the key technologies of the 21st century

as they provide exceptional opportunities for monitoring and controlling homes, cities, and the

environment [55,56]. A WSN combines inexpensive, yet, smart devices that are usually deployed in

large numbers. These devices, called “sensor nodes,” include multiple on-board sensors and com-

putation and communication units, and are networked through wireless links and probably the

Internet. Thanks to the recent advances in microelectronics, micro-mechanics, and wireless com-

munications, it is now possible to deploy multi-functional, low cost, low power consumption, and

small size sensors. Potential applications of WSNs include environmental and structure monitor-

ing, natural disaster prediction, homeland and physical security, healthcare, traffic surveillance,
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Figure 3.13 — General scheme of a WSN.

industrial and manufacturing automation, video surveillance, military sensing, home appliances

and entertainment, etc.

The main advantages of wireless over wired sensor networks are the reduced deployment cost,

ubiquity, and the possibility of self-reconfiguration. Also, WSNs use low-cost embedded devices

for a wide range of applications and do not rely on any pre-existing infrastructure [57]. This is in

contrast to the existing cell phone, WiMAX or WiFi networks, which rely on the pre-deployment of

extensive infrastructure support.

In general, the sensor nodes in a WSN are distributed randomly, and there is no need to

determine or correct their position. Sometimes, they are deployed in inaccessible areas or on

relief for studying the meteorological conditions, for example. This necessitates the automatic

self-organization of the sensor nodes to collect information and to transmit it to the data fusion

points [56, 58]. This is done thanks to the networking capability that fundamentally differentiates

a WSN from a mere collection of sensors, by enabling cooperation, coordination, and collabora-

tion among the nodes [55, 59]. In some WSNs, the nodes do not communicate with a nearby base

station, but rather communicate with their local peers, which needs efficient algorithms for data

aggregation, ad hoc routing, and distributed signal processing [57, 60]. The general scheme of a

WSN is depicted in Fig. 3.13.

Due to size, cost, and energy limitations, WSNs are subject to tight communication and com-

putation constraints. Especially, for battery-operated sensors, energy consumption is an impor-

tant design parameter because in many applications, replacing batteries may be difficult or im-

possible. Therefore, the network lifetime should be extended through the design of efficient net-

working, communication, and signal processing methods.

3.3.1.1 Cooperative diversity

The classical diversity techniques cannot be employed in a WSN due to the stringent constraints

on the nodes’ size and cost. In particular, it is usually impractical to use multiple antennas at

each sensor node. As a result, cooperative or distributed diversity techniques are mostly employed

in WSNs where nodes cooperate among each other to exploit some amount of spatial diversity

[61, 62]. In other words, by cooperative diversity, a virtual multi-antenna communication link is
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Figure 3.14 — Data transmission block diagram in a typical dual-hop AF WRN.

established between the source and the destination nodes.

3.3.1.2 Wireless relay networks

A simple form of cooperative diversity networks is a wireless relay network (WRN) where some

nodes have the role of relaying the signal transmitted from a source node towards a destination

node [63, 64]. In such networks, data transmission usually takes place in a multi-hop manner.

When “parallel” relays participate in signal transmission, the relay nodes cooperate with each

other through the use of some kind of space-time coding in order to benefit from distributed diver-

sity. The use of distributed space-time block coding (DSTBC) has extensively been studied in the

literature [62,65–67]). Depending on whether the destination knows the CSI or not, there are three

main types of DSTBC that can be employed: non-coherent, differential, and coherent schemes.

On the other hand, there are three main cooperation strategies regarding the data process-

ing performed at the relays: amplify-and-forward (AF) [68], decode-and-forward (DF) [69] and

demodulate-and-forward (DemAF) [70]. In the AF mode, the relay nodes just amplify the (noisy)

received signal from the source node (or the previous relay or a superior level cluster head) and

then simply convey it to the destination node (or the next relay or another cluster head). The ad-

vantage of the AF strategy is that the relays have no requirement to know the CSI. So, this scheme

is interesting regarding power consumption and transmission delay considerations. On the other

hand, in the DF mode, the relay nodes firstly decode the received signal and then re-encode, am-

plify, and forward it to the destination. This way, the noise can be greatly reduced at the expense of

complexity and power consumption at the relays. Also, by the DF scheme, CSI is required for signal

detection at the relays. Lastly, by DemAF, the received signals at the relays are first demodulated,

and then remodulated to reconstruct the transmitted symbols before being sent to the destina-

tion. This way, we can effectively eliminate the influence of noise amplification at the relays at

the expense of increased network’s energy consumption. The general block diagram of a typical

dual-hop AF WRN is shown in Fig. 3.14.

3.3.2 Contributions

3.3.2.1 Signal detection in WRN with channel coding

In order to perform node cooperation, we have considered the use of coherent DSTBC at the re-

lays that allows a better system performance [71]. For the case of coherent detection, we have to
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Figure 3.15 — Block diagram of the iterative receiver at the destination node with EM-based SB

channel estimation.

estimate the CSI at the destination based on some pilot sequences.

We firstly studied the performance of different DSTBC schemes considering the BICM scheme

at the source based on a classical convolutional code. At the destination, we considered soft signal

demodulation followed by soft channel decoding. For space-time decoding and signal demodula-

tion, as shown in Fig. 3.15, we first perform minimum mean-square-error (MMSE) detection and

then convert the detected symbols to Log-likelihood ratios (LLRs) [38]. These LLRs are next passed

to the Max-Log-MAP channel decoder after being de-interleaved.

Consider the general scheme of a WRN with R relay nodes, as shown in Fig. 3.16. When using

orthogonal DSTBCs e.g. the Alamouti code for the case of R = 2, we can perform signal detection

based on the so-called partial channel knowledge, i.e. the product of fi gi , instead of requiring all

fading coefficients separately (see Fig. 3.16). This simplifies considerably the channel estimation

task and reduces the overall pilot overhead. On the other hand, at the relays, we perform DSTBC

on the pilots, which allows to obtain a better channel estimate. In other words, we suffer from less

data-rate loss for the same quality of channel estimate, compared to the time-division multiple-

access (TDMA) approach, proposed in [72]. We have shown that for the case of orthogonal DSTBCs

at the relays, partial CSI knowledge is practically sufficient for optimal signal detection. When a

non-orthogonal DSTBC is employed, however, the performance difference between the two cases

of full CSI and partial CSI knowledge becomes more considerable. Nevertheless, the performance

degradation due to the use of partial CSI remains acceptable, given the increased network com-

plexity to acquire the full CSI [71].

3.3.2.2 Channel estimation in WRNs

Since power consumption is a critical issue in sensor networks [73, 74], we should minimize the

number of pilots in order to reduce power consumption at the source and the relays. Inspired

by the main ideas that we presented previously for the case of classical MIMO systems, we have

investigated SB channel estimation based on the EM algorithm to address this requirement [75].

We have shown that with this approach, we can considerably reduce the pilot overhead while ob-

taining a channel estimate of good quality. We have also proposed a modification to the clas-
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Figure 3.16 — General scheme of the studied WRN: fi and gi represent fading coefficients corre-

sponding to the source-relay and relay-destination sub-channels, respectively.

sical formulation of EM, via appropriate combination of the channel estimates obtained using

pilots and data symbols separately, in order to further improve the quality of channel estimate.

We showed that this approach is particularly interesting for modulations of relatively large con-

stellation sizes [8]. Also, the obtained performance improvement is more significant for a larger

number of relays, where we can benefit from more distributed diversity and the contribution of

the detected data symbols to channel estimation becomes more beneficial [71].

Figure 3.15 shows the block diagram of the proposed Rx. At the first iteration, we use a pri-

mary pilot-only-based channel estimate for signal detection. In the succeeding iterations, iter-

ative channel estimation, signal demodulation, and channel decoding are performed, where we

take into account DSTBC at the relays in the estimator formulation. It is worth mentioning that

the computational complexity of SB estimation can be justified when we have less stringent con-

straints on the energy and computational resources of the destination node (where the main com-

putations are done), compared to the source and the relay nodes.

We have further generalized the iterative SB channel estimation scheme to the case of non-

orthogonal DSTBCs, where we have proposed to perform iterative DSTBC decoding through itera-

tions. Note that non-orthogonal DSTBCs generally offer higher rates and diversity gains but suffer

from high Rx complexity if optimal decoding has to be performed. We have proposed in [76] to

perform iterative soft-PIC detection at the Rx together with soft channel decoding and channel

estimation, as shown in Fig. 3.17.

3.3.2.3 Improved signal detection with imperfect channel estimate

Due to the relatively high computational complexity of SB methods, in relatively fast fading condi-

tions, the real-time implementation of the Rx may not be an easy task. As an alternative solution,

similar to the idea explained for MIMO systems, we have proposed to modify the signal detec-

tor at the destination node in order to take into account the imperfect channel estimation. We

have used this improved detection method in an iterative Rx, and shown that it allows a signifi-
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Figure 3.17 — Block diagram of the Rx performing iterative soft-PIC detection and channel estima-

tion. Blocks Π−1 and Π represent de-interleaver and interleaver, respectively. Also, �Heq is the esti-

mated equivalent channel matrix, and S̃ and S̃2 denote the soft estimates of the transmitted symbols

and their square.
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Figure 3.18 — BER performance of the improved and mismatched detectors. R = 2 with Alamouti

DSTBC; Number of channel-uses per frame for data and pilot symbols is 128 and 1, respectively;

16-QAM modulation with SP bit-symbol mapping; Channel code 1/2-rate NRNSC (5,7)8; Pseudo-

random interleaving; IT denotes iteration number.

cant performance improvement while increasing only slightly the Rx’s complexity. This improved

detection is of special interest for non-constant modulus signal constellations of relatively large

size, as well as for relatively low pilot powers [9, 71, 77]. For instance, we have shown in Fig. 3.18

plots of BER versus SNR per bit for a WRN with two relay nodes using 16-QAM modulation with

set-partition (SP) [78] bit/symbol mapping. We notice an interesting performance improvement

by the improved detector over the mismatched one.
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3.4 Cognitive Radio

3.4.1 Technology overview

Cognitive radio (CR) has recently attracted a great attention in order to alleviate inefficient uti-

lization of scarce spectrum resources [79]. In opportunistic CR, whenever a primary user (PU)

is not present in the radio environment, secondary users (SUs) are allowed to use the frequency

band [80]. For this, SUs should perform spectrum sensing to sense and estimate the presence of

the PU. In the so-called underlay mode, cognitive users are allowed to share the frequency band

allocated to a PU as long as no harmful interference is imposed on the PU [80]. Hence, to address

the challenge of stringent interference temperature constraint, very low transmit power level is

permitted for the SUs, and this can significantly degrade the quality of service (QoS) of the SUs

and reduce the coverage of CR networks.

3.4.2 Contributions

3.4.2.1 Signal detection for cognitive WRNs

We have been working on the Rx design for a CR system operating in the underlay mode. Here,

we should take into account two fundamental aspects: the low transmit power of SUs and the

imposed interference from PU signal transmission. As a matter of fact, the immense potential of

cooperative communication to solve the problem of low power transmission and short coverage in

underlay paradigm has attracted a great deal of attention [80–82]. As we explained in the previous

section, an advantage of WRNs lies in reducing the overall path loss achieved by using one (or a

number of) relay(s) between a source and a destination node. So, we have proposed to exploit this

potential of WRNs in a CR transmission scenario with the aim of lowering the interference from

the secondary network to the PU Rx. This way, benefiting from our research experience on WRNs,

we aim to propose efficient transmission solutions in this context.

We are interested particularly in channel estimation issues in such a network. In fact, in a co-

herent cognitive Rx, besides the additive noise that degrades the channel estimation process, the

interference imposed from PU signal transmission degrades the accuracy of channel estimates.

Inspired by similar problematics in MIMO and WRNs, described previously, we are currently work-

ing on the development of efficient channel estimation and signal detection solutions to deal with

these limitations.

3.5 Concluding Remarks

As I explained in the introduction and in the second chapter, before joining Ecole Centrale Mar-

seille and Institut Fresnel in September 2005, I have been mainly working on several topics in RF

wireless communications that I briefly described in this chapter. Thereafter, in order to better fit
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in the research activities of Institut Fresnel, I started working on OWC to which I have devoted the

next chapter. Meanwhile, I continued working on RF communications in parallel with my new

research activities, and in particular, considered WSNs and had the opportunity to co-supervise

a PhD thesis on this topic. Moreover, I established new collaborations with other research teams

whose activities were close to my area of expertise. My continuous participation in the GDR-ISIS

seminars in Télécom Paris-Tech (thanks to the support of CNRS) has also been decisive to stay up-

to-date about the new evolutions and research topics in the field of RF communications, mainly in

areas of cooperative communications, green Radio, MIMO systems, ultra-wideband systems, etc.

While I am highly interested in OWC and am currently devoting an important part of my re-

search activities to this topic, I admit that RF communication is really fascinating to me and I hope

I will have the opportunity not to leave totally this field. RF communication is still very promising

and offers lots of benefits especially for the new applications and emerging telecommunication

technologies. What motivate me further are the new applications and the increasing needs for

wireless data transmission. Indeed, the requirement for wireless data transmission in near fu-

ture will be quite outlandish. For instance, mobile wireless operators are currently witnessing a

very fast increase in mobile data traffic due to mobile broadband and mobile Internet; by 2015,

there would be a need to about 6 Exabytes of wireless data per month by 2015 [83]; the number

of IP mobile connected devices by 2020 is expected to exceed 10 billion [84]; the wireless world

research forum (WWRF) envisions about seven trillion wireless devices serving seven billion peo-

ple by 2020 [85]; and other similar forecasts which appeal for a “revolution” in the wireless data

transmission technology where the key question will be spectrum usage. In some special appli-

cations, OWC appears to be very promising, but in most of them, such requirements call for new

RF communication technologies. As a matter of fact, wireless data transmission is changing its

classical from of communication between a single Tx and a single Rx. New applications call for

interconnecting machines, vehicles, homes, and health and wellness devices. What’s more, the

growth of inter-machine communications is expected to be much faster than communications

between humans [85]. Interconnecting such heterogeneous wireless devices that can be regarded

as a new generation of WSNs is commonly referred to as wireless Internet-of-Things (IoT) [84],

which implies different traffic patterns and will load the whole network differently from a “con-

ventional” transmission link. Some key application concepts are smart cities, wireless body net-

works, software-defined networking, cloud services, and 5G mobile communications. In this view,

some fascinating research areas to me are massive MIMO3, CR, cooperative communication, and

network-aware PHY layer design.

3Massive MIMO, also known as large-scale antenna systems, very large MIMO, or hyper MIMO, concerns mainly the

use of a large number of antenna elements in the base stations for 5G mobile networks. Extra antennas help improve

the network coverage, throughput, and energy efficiency by focusing energy into ever-smaller regions of space by using

inexpensive low-power components [86]. For this, the base station needs the CSI in both uplink and downlink.
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4.1 Introduction

Globally, I have been working on three different technologies related to wireless optical communi-

cations, which are free-space optical (FSO) communications, underwater wireless optical commu-

nications (UWOC), and visible light communications (VLC). In the following, I will firstly provide

an overview of each technology and the related most important challenges before specifying my

contributions.

4.2 Free-Space Optical Communications

4.2.1 Technology overview

FSO systems are usually used for high-rate communication between two fixed points over dis-

tances up to several kilometers. In comparison to RF counterparts, FSO links have a very large op-

tical bandwidth available, allowing much higher data rates. Today, terrestrial FSO products with

transmission rates of 10 Gbps are already in the market [87] and the speeds of recent experimental

FSO systems are competing with optical fiber. Because FSO systems use very narrow laser beams,

this spatial confinement provides a high reuse factor, an inherent security, and robustness to elec-

tromagnetic interference. Furthermore, the frequency in use by the FSO technology is unlicensed

worldwide (at least, at the present time), releasing the need for license fees. FSO systems are also

easily deployable and can be reinstalled without the cost of dedicated fiber optic connections.

FSO systems have initially attracted attention as an efficient solution for the “last mile” prob-

lem to bridge the gap between the end-user and the fiber optic infrastructure already in place.
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Other applications of the FSO technology include enterprise/campus connectivity, video surveil-

lance and monitoring, back-haul for cellular systems, redundant link and disaster recovery, etc.

[88, 89].

4.2.1.1 Channel modeling for FSO systems

The optical power launched from the Tx is affected by various factors before arriving at the Rx.

These include system loss, geometric loss, misalignment loss, atmospheric loss, atmospheric tur-

bulence, and background noise. System loss highly depends on the design specifications and is

usually specified by the manufacturers. We provide here a brief description of the other factors.

• Atmospheric loss

The particles affecting the visibility such as rain, snow, fog, but also pollution, dust, aerosols,

smoke, etc., absorb to some degree the laser light energy, causing an attenuation of the op-

tical power. These particles further cause light scattering, which is the deflection of incident

light from its initial direction, causing spatial, angular, and temporal spread. When the par-

ticle diameter is on the order of the wavelength, the resulting scattering coefficient is very

high. That is why the most detrimental environmental conditions are fog and haze as they

are composed of small particles with radii close to the near-IR wavelengths. Even modest fog

conditions can highly attenuate IR signals over shorter distances. Experimental tests have re-

ported about 90% loss in the transmit power over a distance of 50 m in moderate fog [90, 91].

It should be noted that, given the typical data rates of FSO links, the channel delay spread

as a result of beam scattering due to fog or rain is practically negligible. For instance, it is

shown in [92] that the channel root mean square (RMS) delay spread under moderate and

dense fog is typically limited to 50 picoseconds for a 1 km link. Consequently, the channel

can effectively be considered as frequency non-selective, introducing no ISI.

• Atmospheric turbulence

Under clear atmosphere conditions, we are faced to another adverse effect known as scintil-

lation or atmospheric turbulence. Inhomogeneities in the temperature and the pressure of

the atmosphere, caused by solar heating and wind, lead to the variations of the air refractive

index along the transmission path [93] (see Fig. 4.1). The resulting atmospheric turbulence

causes random fluctuations in both amplitude and phase of the received signal, i.e., channel

fading. This results in a considerable degradation of the system performance, especially

in long-distance transmissions of about several kilometers [93, 94]. To illustrate the effect

of the atmospheric turbulence on the received optical intensity, we have shown in Fig. 4.2

the irradiance on the observation plane for transmission through vacuum and turbulent

atmosphere that we have obtained via wave-optics simulations [95].

To quantify the fluctuations resulting from atmospheric turbulence, the scintillation index
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Figure 4.1 — An example of optical wave propagation through atmosphere (Reproduced from [93]).
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Figure 4.2 — Received intensity for an FSO link at a distance of 1.5 km; (a) in vacuum; (b) in the

presence of turbulence with C 2
n = 6.5× 10−14 m−2/3 and the inner and outer scales of turbulence

of 6.1 mm and 1.3 m, respectively. Transmitter uses a divergent Gaussian beam operating at λ =
1550 nm with the beam waist = 1.59 cm and a beam divergence of θdiv = 0.46 mrad.
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(SI) is frequently used in the literature. It is defined as:

σ2
I = E{I 2}/E{I }2 −1, (4.1)

where I is the intensity of the received optical wave. In addition, the Rytov variance is widely

used as a measure of the strength of atmospheric turbulence, which is defined for the case of

plane wave propagation as [93]:

σ2
R = 1.23C 2

nk7/6L11/6, (4.2)

where k and L are the optical wave number and link distance, respectively, and C 2
n is the

index of refraction structure parameter (see Subsection 4.2.2.2). Typically, the turbulence is

classified into three regimes of weak, moderate, and strong turbulence, which correspond to

σ2
R ¿ 1, σ2

R ∼ 1, and σ2
R À 1, respectively [93].

Several statistical channel models have been proposed for the distribution of turbulence-

induced fading in FSO systems so far. Especially, there have been significant effort to estab-

lish a universal model that is applicable to any type of turbulence conditions. These efforts

mainly relied on the use of doubly stochastic theory of scintillation in which the large- and

small-scale turbulence eddies are supposed to induce refractive and diffractive effects on the

light beam, respectively [93]. A popular model is the Gamma-Gamma (ΓΓ) distribution which

has gained wide acceptance in the current literature. By this model, the received intensity I

is considered as the product of two independent Gamma random variables X and Y , which

represent the irradiance fluctuations arising from large- and small-scale turbulence, respec-

tively. The PDF of I is [93]:

p(I ) = 2(ab)(a+b)/2

Γ(a)Γ(b)
I (a+b)/2−1Ka−b(2

p
abI ), I > 0, (4.3)

where the parameters a and b represent the effective numbers of large- and small-scale tur-

bulence cells, Γ(.) is the Gamma function, and Km(.) is the modified Bessel function of second

kind and order m. The SI by this model is given by

σ2
I =

1

a
+ 1

b
+ 1

ab
. (4.4)

Concerning the temporal characterization of turbulence, in most practical cases, the channel

fading is very slowly varying and the channel coherence time is typically 0.1 to 10 ms [89].

Since in FSO systems we are concerned with very high transmission rates on the order of

several tens of Mpbs to several Gbps, the channel fading coefficient remains constant over

thousands up to millions of consecutive bits. Therefore, FSO channels should be considered

as quasi-static [96].

• Background noise

Background radiations, also called background noise or ambient noise, can also degrade the

performance of FSO links. It may consist of direct sunlight, reflected sunlight, or scattered
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Figure 4.3 — The general block diagram of the FSO Tx.

sunlight from hydrometeor or other objects [18,97,98]. This, in turn, results in a reduced SNR

and effective Rx sensitivity [99]. In some circumstances, background radiations can even

cause link outages because of the saturation of the Rx [18]. In fixed field-of-view (FOV) re-

ceivers, the background noise power is proportional to the Rx pupil area [97]. Experimental

measurements indicate that while the received optical signal power is typically about tens to

hundreds of µW, the background radiation power is in the range of several µW for scattered

sunlight by clouds or fog, about hundreds ofµW for reflected sunlight, and up to about 10 mW

for direct sunlight [100]. However, this latter case can statistically occur less than 1 hour per

year.

4.2.1.2 FSO signal transmission

In an FSO communication system, the information waveforms are modulated onto an optical car-

rier. The generated optical field is radiated through the atmosphere towards the Rx where the op-

tical field is collected and transformed to an electrical signal by a photo-detector (PD), and then

processed to recover the original transmitted information. Current FSO systems typically operate

in the near-IR wavelengths. Since certain wavelengths can experience severe absorption due to

the presence of different molecules in the atmosphere [98], there are special wavelength windows,

located around four specific wavelengths of 850, 1060, 1250, and 1550 nm, where a relatively low

attenuation of less than 0.2 dB/km is experienced [101]. Interestingly, the 850 and 1550 nm win-

dows coincide with the standard transmission windows of fiber communication systems. That is

why most of commercially available FSO systems operate at these two windows so as to use the

corresponding available off-the-shelf components.

• Transmitter

As we have illustrated in Fig. 4.3, the Tx consists of an optical source, an encoder, a modulator,

probably an optical amplifier, and beam forming optics. The modulated laser beam is passed

through the optical amplifier to boost the optical intensity. The light beam is collected and

refocused by means of beam forming optics before being transmitted. The typical optical

source in FSO systems is a semiconductor laser-diode (LD).

• Receiver

Although coherent systems offer superior performance in terms of background noise rejec-

tion, mitigating turbulence-induced fading, and higher Rx sensitivity [89], non-coherent sys-
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Figure 4.4 — IM/DD FSO Rx block diagram.

tems are commonly used in terrestrial FSO links due to their simplicity and low cost. Due to

this reason, I have focused on non-coherent systems so far. These systems are also known

as intensity-modulation direct-detection (IM/DD) where the intensity of the emitted light is

employed to convey the information, as shown in Fig. 4.4.

At the Rx side, optical filters and a lens are typically used to collect and focus the received

beam onto the PD. The PD output current is next converted to a voltage by means of a trans-

impedance (TIZ) circuit, usually a low-noise Op-Amp with a load resistor. This latter is deter-

mined based on the transmission rate, the dynamic range of the converted electrical signal,

the generated Rx thermal noise, and impedance matching with the other Rx parts. The output

of the TIZ is then low-pass filtered in order to limit the thermal and background noise levels.

The solid state PD can be a P-i-N (PIN) diode or an avalanche photo-diode (APD). PIN diodes

are usually used for FSO systems working at ranges up to a few kilometers. The main draw-

back of PIN PDs is that the Rx performance becomes very limited by the thermal noise. For

long distance links, APDs are mostly used which provide a current gain thanks to the process

of impact ionization. The drawback of APDs, in turn, is the excess noise at their output, which

models the random phenomenon behind the generation of secondary photo-electrons. Due

to this reason, the APD gain is usually optimized with respect to the received signal power in

order to maximize the received SNR [102]. The advantage of APD comes at the expense of

increased implementation complexity and the Rx power consumption, however.

• Intensity modulation

The most commonly used IM technique due to its implementation simplicity is on-off key-

ing (OOK), which is a binary level modulation scheme. In OOK signaling, modulated data is

represented by the presence (“on”) or absence (“off”) of a light pulse in each symbol interval.

At the Rx, for optimal signal detection, we need to know the instantaneous channel fading

coefficient to perform dynamic thresholding. The CSI can be estimated with good accuracy

by using a few pilot symbols in practice [11]. In addition to the need to dynamic thresholding

at the Rx, OOK has relatively poor energy and spectral efficiency.

Several other IM schemes have been proposed to overcome some disadvantages of OOK.

Pulse position modulation (PPM) is a powerful solution from the point of view of energy ef-

ficiency. For a classic optical channel under peak and average power constraints, PPM can

attain the near-optimum channel capacity [97]. When performing hard signal detection at

the Rx, PPM has the advantage that, in contrast to OOK, it does not require dynamic thresh-

olding for optimal detection [19, 103].

In comparison to PPM, multipulse PPM (MPPM) brings the further advantages of having a
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(a)

(b)

Figure 4.5 — Examples of PPM and MPPM symbols. (a) Bit/symbol mapping for 4-PPM; (b)

Bit/symbol mapping for 2-4PPM. I0 stands for the transmitted light intensity in an “on” slot. T and

Ts denote slot and symbol durations, respectively.

reduced peak-to-average power ratio (PAPR) and a higher spectral efficiency [104] while it

has an increased demodulation complexity [19] (examples of bit/symbol mapping are shown

in Fig. 4.5 for 4-PPM and 2-4PPM modulation schemes). Note that, although there is a large

bandwidth available in the optical band, spectral efficiency is still an important design con-

sideration since it is directly related to the required speed of the electronic circuitry in an FSO

system from a practical point of view.

4.2.1.3 Diversity techniques

An efficient way of reducing the effect of atmospheric turbulence is to employ diversity techniques.

The simplest solution is that of aperture averaging, which is considered as “inherent” receive di-

versity, and consists in using a relatively large lens at the Rx to average over intensity fluctuations.

This technique is efficient when the Rx lens aperture is larger than the (spatial) fading correlation

length
p
λL, with λ and L denoting the wavelength and link distance, respectively [105]. Fading

reduction by aperture averaging is usually quantified by considering the so-called aperture aver-

aging factor, which is defined as:

A =σ2
I (D)/σ2

I (0), (4.5)

where σ2
I (D) and σ2

I (0) denote the scintillation indexes for a Rx lens of diameter D and a point

Rx (of diameter D ≈ 0), respectively. Figure 4.6 shows an example of wave-optics simulations that

illustrates the interest of aperture averaging in reducing the turbulence effect at the Rx.

Another solution is to employ time diversity by using channel coding and bit-interleaving [11,

106]. However, the main drawback of this solution is that it imposes long delay latencies and

requires relatively large memories for storing long data frames.

The most practical and widely used solution to mitigate the atmospheric turbulence is spa-

tial diversity, which can be realized by employing multiple beams at the Tx, multiple apertures at
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Figure 4.6 — Illustrating the aperture averaging technique. Same conditions as in Fig. 4.2.

(a) (1×2) system. (b) (2×1) system.

(c) (2×2) system.

Figure 4.7 — Schematic of SIMO, MISO, and MIMO FSO systems with two apertures at the Rx or/and

at the Tx.

the Rx, or a combination of them [93, 107–109]. In contrast to the classical single-beam single-

aperture configuration that we will call SISO (standing for Single-Input Single-Output), these con-

figurations are usually referred to as SIMO, MISO, and MIMO, respectively. This technique has also

been adopted in several commercial products [110]. We have illustrated space-diversity systems

with two apertures at the Rx or/and at the Tx in Fig. 4.7.

For SIMO systems, usually equal-gain combining (EGC) is performed at the Rx, which provides

performance close to the optimal maximal-ratio combining (MRC) while having the advantage
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of lower implementation complexity [107, 111]. For a MISO FSO system, the simplest signaling

scheme is to send the same signal on the different beams; what is usually referred to as repetition

coding (RC).

MIMO systems are mostly proposed to reduce the turbulence-induced fading effect by employing

RC at the Tx. Nevertheless, an interesting point is to use ST coding at Tx in order to optimize the

system performance. A fundamental difference between the ST codes for RF and IM/DD-based

FSO communications is that the latter employs nonnegative (unipolar) real signals rather than

complex signals [112]. Indeed, most of the proposed ST schemes for RF applications use phase

rotation and amplitude weighting, requiring at least bipolar signaling when applied to the FSO

context. In general, the ST schemes optimized for RF systems provide full diversity in FSO systems

but are not optimized concerning the coding gain [113].

Most of the OSTBC schemes proposed for RF systems can be modified in order to adapt to IM/DD

FSO systems by introducing a DC bias to overcome the constraint of unipolar signaling. Due to this

DC bias, OSTBC schemes suffer from a degradation in the system performance, compared with

the low-complexity RC scheme. Although both RC and OSTBC provide full diversity, RC is quasi-

optimum [114]. As a non-orthogonal scheme, we can use spatial multiplexing (the SMux scheme)

by simply multiplexing the information bearing signals at the Tx, or to use the so-called optical

spatial modulation (OSM) by which only one “on” slot is transmitted from the multiple beams at a

given channel-use in order to avoid inter-channel interference [115]. At the Rx, optimal maximum

likelihood detection (MLD) can be used to estimate the transmitted bits.

4.2.1.4 Hybrid RF/FSO systems

The performance of FSO links can seriously be affected due to several factors such as severe tur-

bulence in long-span links, strong attenuation in dense fog, misalignment and pointing errors in

mobile links, etc. These factors can result in frequent link failures, and hence, there is an impor-

tant need to increase the reliability of such links. One efficient solution is to use an RF link in

parallel with the FSO link so as to serve as back-up in the case of FSO link outage. Although the

corresponding data rate in the RF channel can be less than the main FSO link, it can ensure con-

nectivity when the FSO channel becomes inoperative. In effect, such an RF link is less subject to

atmospheric turbulence and pointing errors [116], and furthermore is much less affected by fog.

As a matter of fact, fog and rain drastically affect FSO and RF links, respectively, but they rarely

occur simultaneously. Therefore, concerning these meteorological phenomena, the two links can

operate in a complementary manner. Some commercially available hybrid RF/FSO products (see

Fig. 4.8) use an RF link as a back-up channel. The RF link is usually designed in the unlicensed X

and Ku bands or millimeter waves (MMW) around 60 GHz. For hybrid RF/FSO long-span links,

the RF link can also be used for beam acquisition and pointing as well as for the purposes of link

control in hybrid automatic-repeat-request (HARQ) scenarios due to its higher reliability [117].
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Figure 4.8 — Pictures of hybrid RF/FSO products (Courtesy BridgeWave and LightPointe).

Figure 4.9 — Serial FSO relaying configuration, S, Ri and D represent the source, the i th relay node,

and the destination, respectively. gi ,i−1 is the channel gain between (i −1)th and i th relay nodes.

4.2.1.5 Cooperative FSO systems

Similar to the context of RF wireless communications, cooperative or relay-assisted transmission

is a useful way to broaden the network’s coverage area and also to mitigate channel fading. Serial

relaying or multi-hop FSO transmission takes advantage of shorter hops and provides significant

performance improvements since fading variance is distance-dependent in FSO systems. This is

rather different from the RF case where multi-hop transmission is used to extend range but does

not provide any fading reduction advantage. On the other hand, parallel relaying can be imple-

mented through the use of multiple Tx apertures directed to the relay nodes. Note that the broad-

cast nature of wireless RF transmission (i.e., the cost-free possibility of the transmitted signals

being received by other than destination nodes) is not present in FSO transmission which is based

on LOS transmission through directional beams. This fact makes parallel relays of limited interest

in FSO links. Figure 4.9 illustrates the typical scheme of a serial FSO relay system.

Inspired by the ideas in the well-known RF counterparts, several signaling strategies have been

proposed for relay-assisted FSO links. The classical approaches consider AF, DF, and detect-and-

forward (DetF) protocols [118, 119].
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4.2.2 Contributions

In collaboration with our colleagues of Özyeğin University at Istanbul, we have recently published

a comprehensive survey of the research works accomplished so far on FSO systems from a com-

munication theory point of view in [10]. This paper presents, in particular, a general overview

of OWC, the applications and pros and cons of the FSO technology, as well as different research

topics on FSO systems. A sample of this paper is provided in the appendix. My specific research

contributions are described in the following.

4.2.2.1 Receiver noise modeling

We have investigated comprehensive noise modeling in FSO receivers, which consist of the PD

dark current, the Tx noise, thermal noise, and the photo-current shot-noise (which arises from

input signal and/or background radiations) [97,120,121]. The PD dark current can be neglected in

most practical cases. The Tx noise arises from the instability of the laser intensity and the result-

ing fluctuations of the photo-current at the Rx, which are modeled by considering the so-called

laser relative intensity noise (RIN) [120]. However, RIN has usually a negligible effect on the Rx

performance [121]. Thermal noise originates from the Rx electronic circuitry, mainly the load re-

sistor, and is modeled as a zero-mean Gaussian random process. On the other hand, shot noise,

also called the quantum noise, arises from random fluctuations of the current flowing through the

PD and is modeled by a Poisson process. In the case of using a PIN PD, if the mean number of

absorbed photons is relatively large, the shot noise can be approximately modeled by a Gaussian

process [120]. In most FSO applications, the received photon flux is high enough to allow this

approximation. In the case of using an APD, the distribution of the number of generated elec-

trons can also be approximated by a Gaussian [121, 122]. Notice that this is also true when back-

ground radiations cannot be neglected. We have verified that if the background illumination level

is negligible, the two main noise sources affecting the Rx are thermal and shot noises. PIN-based

receivers are usually thermal-noise limited whereas APD-based receivers are usually shot-noise-

limited except for relatively small values of the load resistor where the thermal noise also affects

the performance [121].

It is worth mentioning that we consider usually the electrical SNR at the Rx in order to de-

termine the system performance. Lets P denote the transmit optical power, η the PD quantum

efficiency, H the channel fading coefficient, and n the Gaussian-modeled Rx noise of zero mean

and variance σ2
n . The average electrical SNR per bit at the Rx is considered as

(
(ηP )2E{H }2

)/
(4σ2

n).

4.2.2.2 Channel modeling for FSO

Atmospheric turbulence is mainly characterized by three parameters: the inner and the outer

scales of turbulence denoted respectively by l0 and L0, and the index of refraction structure param-

eter C 2
n , sometimes called the turbulence strength [94]. According to the Kolmogorov theory, L0 is
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the largest cell size before the energy is injected into a region and l0 is associated with the small-

est cell size before energy is dissipated into heat [93]. Usually, the outer scale is approximated as

L0 →∞ since it has a negligible impact on turbulence in practice [94]. We have investigated the ef-

fect of the inner scale l0, and have shown that it has a significant impact on the turbulence [12]. In

particular, larger values of l0 result in a higher irradiance variance in the strong turbulence regime.

4.2.2.3 Mitigating misalignment loss

When no tracking mechanism is used at the Rx side, which is typically the case for entry model FSO

links with a range of several hundred meters, the misalignment loss can be alleviated by increasing

the beam divergence at the Tx. In collaborations with OCRG lab researchers, we have proposed the

use of spatially partially coherent Gaussian beams to mitigate the misalignment-induced pointing

errors. We have investigated the optimization of the beamwidth and the spatial coherence length

with respect to the variance of pointing errors and the turbulence strength [17, 123].

4.2.2.4 Mitigating background noise

We have firstly considered background noise modeling. Background noise can be statistically

modeled by a Poisson random process [18, 120]. When the background radiation level is rela-

tively high, the average number of the corresponding received photons is large enough to allow

the approximation of the Poisson distribution by a Gaussian distribution [120]. Since the mean

value of the background noise is rejected by the ac-coupled Rx circuitry, the noise has zero mean.

Furthermore, we have shown in [121] that the contributions from the interaction of the signal with

background radiations due to the non-linear characteristic of the photo-detector can practically

be neglected, and as a result, a signal-independent Gaussian model can be used.

The effect of background noise can be reduced by means of narrow spectral bandpass and

spatial filtering prior to photo-detection. Nevertheless, a non-negligible background noise may

fall within the spatial and frequency ranges of the detector that can limit the system performance

by causing a variable offset in the converted electrical signal. As a more efficient technique, we

proposed in [18] to work with two laser wavelengths and to perform signal detection at the Rx in

a differential manner. We called this method differential signaling for which the block diagram of

the Rx front-end is shown in Fig. 4.10. At the Tx, we send the signal on two wavelengths λ1 and

λ2 which have a difference of about tens of nanometers. This way, we can consider almost the

same channel fading coefficient corresponding to the two wavelengths. For instance, when using

OOK modulation, the signals sent on the two wavelengths are complementary. At the Rx, we use

equal-bandwidth narrow optical bandpass filters (BPFs) onλ1 andλ2 to separate the signals of the

two lasers and then perform signal detection in a differential mode. This way, we can practically

reject the background noise whereas the thermal noise variance will increase by a factor of 2 due

to differential signaling, which is a quite negligible price to pay.
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Figure 4.10 — Block diagram of the Rx front-end when performing differential signaling. PD: photo-

detector and bias circuit, TZ: trans-impedance circuitry, LPF: low-pass filter, A/D: analog-to-digital

converter.

4.2.2.5 FSO channel capacity

Since FSO channels are subject to atmospheric turbulence, the channel capacity should be con-

sidered as a random variable due to the randomness of the channel fading coefficient [27]. As

the channel coherence time is relatively large, the outage capacity becomes more meaningful

here [12]. Considering the ΓΓ turbulence model, we have studied in [12] the outage capacity of

FSO systems when employing aperture averaging or spatial diversity techniques to reduce fading

effect. For instance, we have shown in Fig. 4.11 curves of Cout versus the Rx lens diameter D for

the case of strong turbulence with Rytov variance of 19.18, background-noise-limited Rx, uncoded

OOK modulation, an outage probability of 10−9, and a moderate average received SNR of 15 dB.

From Fig. 4.11(a), corresponding to a SISO system, we notice that Cout increases from 0.05 to 0.86

bit/symbol by increasing D from 20 to 100 mm [12]. Also, from Fig. 4.11(b), for a four-aperture FSO

system of apertures’ diameter 10 and 50 mm (with the same total Rx aperture size as for the SISO

case), Cout equals 0.61 and ∼ 1 bit/symbol, respectively.

4.2.2.6 Channel coding and time diversity

One potential solution for mitigating fading in FSO channels is channel coding. Investigating the

efficacy of channel coding in FSO systems, we have shown that it is particularly useful under weak

turbulence conditions [12]. It is also efficient in moderate and strong turbulence regimes provided

that the impact of turbulence can be first significantly reduced, for example, by means of other

fading-mitigation techniques such as aperture averaging, diversity techniques, or adaptive optics.

On the other hand, time diversity can be exploited through the use of channel coding and in-

terleaving. However, as explained previously, the FSO channel coherence time is about 0.1-10 ms.

Therefore, fading remains constant over hundreds of thousand up to millions of consecutive bits

for typical transmission rates. For atmospheric channels with such long coherence times, exploit-

ing time diversity necessitates long delay latencies and the use of large memories for storing long

data frames (see the system block diagram in Fig. 4.12). In addition, since the duration of the fades

is random, no single maximum interleaving depth can be used to render the channel completely

memoryless. Furthermore, when aperture averaging is employed at the Rx, exploiting time diver-

sity through channel coding becomes more difficult and even practically infeasible [12]. Because,
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Figure 4.11 — Outage capacity Cout (in bits per channel-use) versus Rx lens diameter D for strong

turbulence regime with σ2
R = 19.18. Pout = 10−9, OOK modulation, plane wave propagation, l0 = 0,

Gaussian beam with the same parameters as in Fig. 4.2. (a) SISO configuration; (b) (1× 4) SIMO

configuration.
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Figure 4.12 — System block diagram for time-diversity using channel coding.

under the assumption that the channel time variations are mostly due to the transversal wind

(with respect to the optical axis), the use of a relatively large aperture size results in a large chan-

nel coherence time. Regardless of the interleaver size issues, we investigated the use of interleaved

convolutional codes, turbo-codes, and concatenated Reed-Solomon (RS) and convolutional codes

in [11], where we concluded that convolutional codes may be a suitable choice under any turbu-

lence regime as they make a good compromise between complexity and performance.

Apart from the problem of atmospheric turbulence, channel coding is usually used in order to

mitigate the effect of background and Rx noises. Most of the existing works on coded FSO systems

assume binary modulation. In order to perform efficient error correction in the case of non-binary

modulations, we should either use non-binary codes, or adapt the binary codes to these modu-

lations. Use of non-binary codes necessitates a considerable decoding computational complex-

ity [97] that can be prohibitively large for a practical implementation in a high rate FSO system.

Whereas RS coding is a relatively low-complexity solution for PPM-based modulations1, it cannot

provide satisfying performance improvement, in particular, due to hard decoding that is usually

performed at the Rx. As another solution, we proposed in [19] to use a classical binary convolu-

tional code and to do iterative soft demodulation and decoding at the Rx. We called this scheme

BCID, standing for Binary Convolutional encoding with Iterative Detection. The general block di-

agram of the Rx is shown in Fig. 4.13. We provided a detailed analysis of this approach in [125] and

further extended it to the case of MPPM modulation in [19]. We showed that this solution is quite

efficient and suitable for not too-high transmission rates, so that iterative signal detection can be

performed in real time.

1For example, a (n,k) RS code is matched to Q-ary PPM for n =Q −1 [124].
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Figure 4.13 — Block diagram of the iterative receiver in BCID transmission scheme. LLRext
DEM and

LLRext
DEC denote the extrinsic soft-values at the demapper and the channel decoder, respectively.

4.2.2.7 Spatial diversity

• Aperture averaging

In collaboration with our colleagues at ONERA-Châtillon, we firstly revisited the effect of

aperture averaging from a communication theory point of view by investigating its real im-

pact on the system BER and outage capacity under different turbulence conditions [12] . We

showed that a substantial scintillation reduction can be obtained by this technique, especially

in the case of moderate-to-strong turbulence. For instance, considering OOK modulation, ΓΓ

fading under moderate turbulence conditions with Rytov variance of 2.56, and a target BER of

10−5, the SNR gain with respect to a point Rx is about 30, 47, and 60 dB for Rx lens diameters of

20, 50, and 200 mm, respectively [12]. We have also shown in [12, 126] that the performance

improvement by aperture averaging is most significant for plane wave and Gaussian-beam

propagation models, and also when more complex modulation schemes (e.g. PPM) are used.

Another important point is the change in fade statistics when using aperture averaging. In

fact, since averaging is specially performed over small-scale irradiance fluctuations, the PDF

of the channel fades shifts toward that of large-scale fluctuations [108]. We have verified that

the received signal is well described by a log-normal distribution for about D > 6ρ0 [126].

Here, ρ0 is the spatial coherence radius, defined as follows in the case of plane wave propa-

gation:

ρ0 = (1.46C 2
n k2 L)−3/5. (4.6)

• Space diversity

Instead of using a large aperture, we can use several smaller apertures at the Rx, and this

way, benefit from some degree of aperture averaging as well as spatial diversity after com-

bining the signals of the different apertures. Assuming uncorrelated fading on the different

apertures’ signals, we have shown that the multiple aperture solution provides a better per-

formance than the solution of using a large aperture if we consider the same total effective

aperture area in the two cases [12]. For instance, considering background-noise-limited re-

ceivers, OOK modulation, ΓΓ fading with Rytov variance of 19.18, and a target BER of 10−5, we

have an SNR gain of about 7 dB by using four apertures of 50 mm diameter each, compared

to using a single aperture of 100 mm diameter [12].
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Figure 4.14 — Contrasting BER performance of MISO, SIMO, and MIMO FSO systems with RC and

EGC. L = 5 km, DR = 50 mm for the SISO system. Uncoded OOK, thermal noise limited Rx. Other

conditions are the same as in Fig. 4.2.

It should also be noted that, from a practical point of view, the use of a too large lens neces-

sitates a PD with a large active area as well, in order to capture the received photons on the

lens focal plane. This will, in turn, impose severe constraints on the system data rate because

such a PD will have a relatively large parasitic capacitance.

As another example, we have contrasted in Fig. 4.14 the BER plots for SISO, SIMO, MISO, and

MIMO configurations, where RC is used in multiple beam systems to have the same trans-

mission rate for all configurations and EGC is used for multiple aperture configurations. Also,

we set the same total Rx aperture size for the four systems. We notice that the MISO system

outperforms SIMO, which is because the former benefits from more aperture averaging and

also suffers from less noise at the Rx. For instance, at a target BER of 10−5, we have a SNR gain

of 9.5 dB for the (4× 1) system, compared to the (1× 4) system. We notice also that MIMO

systems outperform MISO for relatively high SNR. For instance, the (4×4) system provides a

better performance than the (4×1) system for SNR larger than about 21 dB.

• MIMO FSO systems

We have investigated the appropriateness of different ST schemes for MIMO FSO systems.

Our aim has been to verify the quasi-optimality of RC with respect to non-orthogonal ST

schemes. In particular, we fixed the information transmission rate as well as the average

transmit optical power for different ST schemes and contrasted their performance assuming

no bandwidth constraint. In other words, we wanted to see if we are not limited by practical
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Figure 4.15 — Symbol mapping for different ST schemes in a (2×2) MIMO system. Overall trans-

mission data rate and average optical transmit power are fixed for different ST schemes.

implementation considerations such as time synchronization and electronic circuitry speed,

whether or not there is an interest to use non-orthogonal ST schemes. As an example, Fig. 4.15

shows an example of the symbol mapping for RC, OSTBC, OSM, and SMux ST schemes for a

(2×2) system [95]. We showed in [127] that instead of using non-orthogonal ST schemes, we

can alternatively use the simple RC with shorter pulse durations while having a better system

performance. However, it should be noted that practical limitations on the bandwidth can

impose constraints on the minimum pulse width, in which case, the higher-rate ST schemes

could become preferable to RC.

For example, consider a link distance of 5 km, ΓΓ fading with Rytov variance of 24.7, a total

Rx aperture diameter of 200 mm, a target BER of 10−5, uncoded OOK modulation, and MLD

detection at the Rx. Fixing the average transmit power as well as the effective transmission

data rate for different ST schemes, we modify the pulse duration for each scheme accord-

ingly. Then, for a MIMO structure of two transmit and two receive apertures, the RC scheme

outperforms OSTBC, SMux, and OSM in the average received SNR by 2, 31.5, and 37 dB, re-

spectively [95, 128].

• Fading correlation effect

Evaluating fading correlation for space-diversity FSO systems under practical conditions and
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Figure 4.16 — Schematic of an FSO link with a triple-aperture Rx with the Rx geometry depicted on

the right.

its effect on the system performance has been another research axis on which we have been

collaborating with our colleagues at ORCG lab. As a matter of fact, diversity techniques are

most efficient under the conditions of uncorrelated fading on the underlying sub-channels.

In practice, however, the performance of spatial diversity systems is impaired by fading cor-

relation. This is because it is not always practically feasible to satisfy the required spacing

between the apertures at the Rx and/or between laser beams at the Tx to ensure uncorre-

lated fading. Under weak turbulence conditions, the required aperture edge separation ∆E

equals the correlation length
p
λL, which is in fact the typical size of scintillation speck-

les [12]. In the relatively strong turbulence regime, the spatial correlation arises mainly from

large-scale fluctuations, where larger aperture spacings are required. For the case of plane

wave propagation, we have ∆E = λL/r0, where r0 is the Fried parameter. As an example,

assuming the wavelength λ = 1550nm and the index of the refraction structure parameter

C 2
n = 4.58× 10−13 m−2/3, we have ∆E ≈ 6.4cm for L = 500m (moderate turbulence regime),

and ∆E ≈ 37cm for the case of L = 1500m (strong turbulence regime) [12]. Indeed, if the re-

quired spacing is more or less reasonable under moderate turbulence conditions, it becomes

too large for the strong turbulence regime.

We have quantified the spatial fading correlation in different system configurations using

wave-optics simulations based on the split-step Fourier-transform algorithm, where the ef-

fect of atmospheric turbulence is taken into account by considering a set of random phase

screens [95]. This way, we studied the effect of different system parameters on the fading cor-

relation.

For example, consider a triple-aperture (SIMO) FSO configuration as shown in Fig. 4.16. We

have presented in Fig. 4.17 the curves of the average correlation coefficient ρ as a function of

aperture spacing ∆C for aperture diameter DR = 50 mm and different link spans L. We have

also shown on each calculated point the error bar corresponding to one standard deviation of

the estimation error [95]. Logically, it is seen that the correlation decreases by increasing the

aperture spacing. However, it increases for increased link distance because more atmosphere
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Figure 4.17 — Average correlation coefficient versus aperture spacing in a triple-aperture FSO sys-

tem for different link distances. DR = 50 mm.

eddies affect the different Rx apertures at the same time. For the same reason, correlation in-

creases by increased Rx aperture size [15, 95]. Also, we have shown that at relatively large link

distances where the scattering disk (defined as L/kρ0) is much larger than the Rx aperture

size, the fading correlation coefficient is almost independent of the apertures’ diameter and

depends only on the apertures’ edge separation [15]. When using a doubly-statistic fading

model considering separately small- and large-scale fading effects, we showed in [14] that in

most practical cases, we can effectively assume uncorrelated small-scale fading and assign

the correlation to the large-scale fading component.

Another important question is to see how fading correlation affects the FSO system perfor-

mance, compared to the uncorrelated fading case. For this purpose, it is necessary to develop

an appropriate statistical model. In [13], for a SIMO system with two receive apertures, we

approximated the sum of correlated ΓΓ random variables by an α-µ distribution in order to

evaluate the BER performance of the Rx.2 We then generalized this idea to the case of multi-

ple diversity in [15, 130]. Also, we proposed in [16] the Padé approximation method [131, 132]

to obtain the PDF of sum of correlated ΓΓ random variables from their moment generating

function (MGF), that we then used to evaluate the system performance analytically.3 How-

2The α-µ distribution (also called generalized Gamma) is a flexible distribution that can be reduced to several distri-

butions such as Gamma, Nakagami-m, exponential, and Rayleigh [129].
3More specifically, we first derived in [16] a general expression for the calculation of the nth-order joint moments of

arbitrarily-correlated large-scale turbulence Gamma random variables from the corresponding MGF. Next, we obtained

an infinite series representation for the MGF of the sum of correlated ΓΓ random variables that we approximated by

Padé approximants in terms of a simple rational function. Then, we obtained the PDF of the sum of ΓΓ random vari-

ables by taking the inverse Laplace transform of the Padé approximant via the residue theory. We evaluated the system

performance in terms of the average BER and the outage probability based on the resulting PDF.
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ever, due to the limitation of Padé approximation, this method cannot be used for very low

BERs, i.e., lower than 10−8.

4.2.2.8 Hybrid RF/FSO solutions

Since a special application of the FSO technology is to provide back-haul for cellular networks,

with our colleagues of OCRG lab we have proposed in [133, 134] a new concept for hybrid base-

transceiver-station architectures. The hybrid FSO/RF system is integrated at the macro-cell tier,

in order to enable high-capacity and power-efficient wireless back-hauling. This solution can be

quite interesting in developing “green” metropolitan areas. Meanwhile, we proposed a resource

prioritization mechanism to maintain optimal on-demand resource allocation, and to establish

sustainable back-haul link availability via switching between the FSO and RF sub-systems [133].

Furthermore, we have recently investigated the viability of using a hybrid RF/FSO link through

an experimental study at OCRG lab using a dedicated laboratory chamber to emulate the fog sce-

nario encountered in an outdoor environment (see Paragraph 4.2.2.10). We used an RMS power

detector to monitor the signal quality of the primary FSO link and to decide on hard switching be-

tween FSO and RF links upon the change in the link visibility. We showed that effective switching

between the links depends on the transmission data rate and the target BER [135].

With our colleagues at OCRG lab and Czech Technical University at Prague we are currently

investigating a hybrid RF/FSO link scheme that can offer very high link availability. This will obvi-

ously be at the cost of additional switching and buffering when using the lower-rate RF link.

4.2.2.9 Relay-assisted FSO links

In collaboration with our colleagues at Özyeğin University and OCRG lab, we have recently stud-

ied the performance of a serial FSO relaying system employing DF or AF signaling at the relays.

In particular, for the case of DF signaling, we have derived analytical expressions for the outage

probability considering an aggregate channel model that takes into account both path loss and ΓΓ

turbulence-induced fading. For the case of AF signaling, we have obtained a closed-form expres-

sion by assuming perfect available CSI at each relay [136, 137]. We are currently working on this

subject with our colleagues at OCRG lab.

4.2.2.10 Experimental works

In addition to the theoretical studies that I have conducted during the past years, I had the op-

portunity to carry out some experimental results in a controlled atmospheric chamber, emulating

an FSO transmission link, at OCRG lab in Northumbria University. These experiments could be

realized thanks to the collaboration between Institut Fresnel and the OCRG lab via the Opticwise

COST Action IC1101, and the financial support of Institut Carnot-STAR at Aix-Marseille University

(concerning my visiting of OCRG lab in April 2013).
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(a)

(b)

Figure 4.18 — Atmospheric chamber used in OCRG lab to emulate an FSO link subject to turbu-

lence, fog, and smoke. (a) Block diagram of the experiment setup; (b) Snapshots of the Tx end, the

atmospheric chamber, and the Rx end.

The schematic diagram of the experiment setup of a single-laser dual-aperture FSO system is

shown in Fig. 4.18(a). At the Tx (as shown at the right top of Fig. 4.18(b)), a laser diode and a col-

limated lens are used. The collimating lens at the Tx can be adjusted to launch the laser beam

with an appropriate divergence angle so that the two collecting lenses at the Rx side can be illu-

minated totally. The transmit signal is generated by using an arbitrary waveform generator (AWG)

with different modulation schemes and directly modulates the emitted laser intensity. A DC bias

is added to the signal to let the laser work in the linear region of optical power versus injection

current characteristic curve. The laser beam propagates through the atmospheric chamber of di-

mension 550×30×30cm3 (see Fig. 4.18(b), left). Within the chamber, to generate a controlled level

of turbulence, independent fans that blow hot or cool air are used to produce a wind perpendic-

ular to the light beam and to maintain a temperature gradient between the Tx and the Rx. At the

Rx, two apertures are used, each one consisting of an iris diaphragm, a collecting lens and a PIN

PD. The electrical signal at the output of each PD is amplified by a TIZ. A high-frequency digital

oscilloscope is used to capture the output signal from TIZs and to carry out some analysis on the

received signal, such as calculating the Q-factor, defined as [138]:

Q = υH −υL

σH +σL
, (4.7)
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where υH and σH denote the mean value and the standard deviation of the received voltage for a

bit ‘1’ in OOK modulation, and υL and σL correspond to a bit ‘0’. Indeed, the Q-factor is usually

used in experimental works to evaluate the system performance instead of measuring the BER

which is highly time-consuming. In fact, a higher Q-factor signifies a lower BER as the “high” and

“low” states for a received OOK symbol are more distinguishable.

In addition to performing several experiments in the designed FSO-simulating chamber that

allowed me to understand better the practical limitations behind implementing an FSO link and

also to validate a part of my theoretical studies, we realized a longer transmission link in an am-

phitheater and generated the conditions of strong turbulence by using several fans and heaters

along the path.

4.3 Underwater Optical Communications

4.3.1 Technology overview

Demands for underwater communication systems are increasing due to the on-going expansion

of human activities in underwater environments such as environmental monitoring, underwater

exploration, offshore oil field exploration/monitoring, port security and tactical surveillance. As

such, there is a serious requirement to improve the performance of underwater communication

systems in order to effectively use the equipments and the resources. The high cost, lack of flex-

ibility and operational disadvantages of wire-line (particularly optical fiber) systems to provide

real-time communication in underwater applications become restrictive for many cases. This

triggers the growing demand for underwater wireless links. While acoustic communication suf-

fers from a very small bandwidth available, very low celerity, and large latencies due to the low

propagation speed, UWOC which is able to achieve data rates of hundreds of Mbps (and even up

to Gbps) for short ranges (typically several tens of meters), appears as an attractive alternative (or

as a complementary solution) to long range acoustic communications. In fact, water is relatively

transparent to light in the visible band of the spectrum and absorption takes its minimum value

in the blue/green spectral range (450 nm-550 nm) [21, 139].

A few UWOC units of limited application have been commercialized very recently. For in-

stance, Ambalux [140] has introduced a commercial UWOC system with a maximum data rate of

20 Mbps over ranges up to 40 m. Also, Sonardyne [141] has commercialized the BlueComm UWOC

system, claimed to operate over distances of up to 200 m with a maximum rate of 20 Mbps. Never-

theless, in many respects, this technology still requires further research efforts to overcome several

major technical challenges before its wide-scale deployment. Most of current researches are being

done in North American organizations such as North Carolina [142], Woods Hole Oceanographic

Institution (WHOI) [143], Naval Air Warfare Center [144], and MIT [145].
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4.3.1.1 Channel modeling for UWOC systems

The study of feasibility and reliability of an underwater optical link necessitates accurate chan-

nel modeling by taking into account the seawater optical properties. The propagation of light

underwater is typically modeled by the radiative transfer equation (RTE) [146] which involves

integro-differential equation of time and space that characterizes a light field traversing a scatter-

ing medium. Different analytical and numerical methods can be used to solve the RTE. The main

drawback of the analytical methods is their mathematical complexity. Numerical methods based

on Monte Carlo simulations are interesting alternative solutions to RTE and provide a powerful

tool that can adequately model light propagation within a scattering medium even if its inherent

optical properties (IOPs) vary in space and time [147].

4.3.1.2 Beam misalignment

In a typical UWOC system, angle scattering is highly peaked in the forward direction. Therefore,

the optical beam has a high directivity, which turns out to be problematic from the point of view

of system implementation. In fact, link misalignments are unavoidable in underwater systems,

especially when communicating with a remotely-operated vehicle (ROV). In fact, due to stringent

constraints on energy consumption, precise localization and tracking mechanisms may not be

feasible to employ. Misalignment errors can seriously impact the performance and reliability of

the communication link. This is specially the case for small FOV receivers. As a matter of fact,

inserting a lens in front of the PD has the advantage of increasing the received optical intensity

but it seriously limits the Rx FOV and, hence, increases the sensitivity to link misalignment [148].

This problem is slightly alleviated in high turbidity waters where we can paradoxically benefit from

beam spatial dispersion which helps reduce the sensitivity to link misalignments [144].

An efficient solution may be to use an array of LEDs at the Tx and/or an array of PDs at the

Rx. For instance, compact arrays of seven LEDs and seven PDs in the form of truncated hexagonal

pyramid structures were used in [142] to achieve quasi-omnidirectional patterns. This allows a

large overall Rx FOV and substantial Tx-Rx alignment simplification in practice. The further ad-

vantage of such arrays is that we can estimate the angle of arrival of the optical signal at the Rx

in order to correct the Rx position/direction or to perform beam steering at the Tx electronically

toward the best direction in order to optimize the energy consumption.

4.3.2 Contributions

I describe in the following my contributions and research results on UWOC systems. Most of these

works have been accomplished thanks to tight collaborations with our colleagues at IFERMER La-

Seyne-sur-Mer. It is worth mentioning that we have recently presented a state-of-the-art of the

most recent works on UWOC including theoretical studies and experimental works on channel

modeling and transmission schemes, as well as some of the remaining challenges in an invited
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Figure 4.19 — Schematic of an optical wireless underwater link with distance Z , Tx divergence angle

θ0,max, and Rx aperture diameter D .

paper in ICTON 2014 conference [20].

4.3.2.1 Channel characterization and modeling

Modeling and characterization of the underwater optical channel is the key step for an efficient,

reliable, and robust UWOC system design. We have investigated the underwater optical channel

by characterizing the channel impulse response (CIR) via Monte Carlo simulations of the trajec-

tory of photons launched from the Tx until arriving on the Rx PD active area (if not lost mean-

while) [21, 149]. We considered the two-term Henyey-Greenstein (TTHG) model [150, 151] for

the volume scattering function (VSF), which is the main IOP that characterizes light scattering

in water. For modeling the channel, we took into account the interaction of photons with water

molecules as well as with particles in water. Upon interaction with the in-suspension/solution

particles, a propagating light beam is deviated from its initial direction through the scattering pro-

cess, and a part of its intensity is absorbed and converted into other forms of energy. We con-

sidered the so-called Case 1 waters where organic particles and phytoplankton are dominant.

For this water type, the channel is characterized mainly by the Chlorophyll concentration [152],

which determines the scattering and absorption properties and depends highly on the water type,

depth, temperature, etc. Also, we took into account different system parameters such as the Tx

beamwidth and beam divergence, wavelength, water type and turbidity, link distance, and the re-

ceiver’s FOV and aperture size. Figure 4.19 shows a simplified schematic of the typical UWOC link

we considered in our study.

We quantified the channel time dispersion, especially for different link distances, Tx beam di-

vergences, and Rx lens aperture sizes. We showed that, except for highly turbid waters, the channel

time dispersion can be neglected when working over moderate distances. For instance, we have

shown in Fig. 4.20 the CIR for different water types, where the abscissa represents the absolute

propagation time from the Tx to the Rx. In this figure, Z represents the link distance and c is the
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Figure 4.20 — CIR (received intensity as a function of time) for pure sea, clean ocean, and coastal

waters. Ir denotes the received optical intensity on the PD active area. Z =20 m, Rx lens diameter

D =20 cm and FOV= 180◦, Tx divergence angle and beam width θ0,max =20◦ and w0 =0.3 cm (see

Fig. 4.19).

attenuation (also called extinction) coefficient which is set to 0.05, 0.15, and 0.305 m−1 for the

three cases of pure sea, clean ocean, and coastal waters, respectively. These c values correspond

to Chlorophyll concentrations of 0.005, 0.31, and 0.83 mg/m3, respectively [21, 153].

4.3.2.2 Signal modulation

Most current UWOC works consider uncoded intensity-based modulation although some recent

works have also considered channel coding. One critical issue is the Tx power consumption that

should be minimized through the judiciously chosen hardware along with the proper selection of

data transmission techniques. We have contrasted in [154] the performances of different modula-

tion techniques from the point of view of energy efficiency, considering realistic system parame-

ters and when a PIN PD or an APD was used at the Rx. Meanwhile, we took into consideration the

bandwidth efficiency and the Rx implementation complexity and focused on IM/DD techniques

due to the transceiver cost and complexity concerns.

For instance, we have presented in Fig. 4.21 plots of BER as a function of link span for OOK,

PPM, and digital pulse interval modulation (DPIM)4 schemes. Although PPM remains the most

4By DPIM, for each symbol, a pulse is sent followed by a number of empty slots, depending on the input bits. An

additional guard slot is also usually added to avoid sending consecutive “on” pulses. DPIM is an asynchronous modu-

lation scheme with variable symbol length, and does not require symbol synchronization [155]. In addition, it is more

spectrally efficient than PPM, because it does not need to wait the end of a fixed symbol period before sending the next
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Figure 4.21 — Contrasting BER performance for OOK, PPM, and DPIM modulations. Transmit

power Pt = 0.1 W, data rate Rb =100 Mbps. Rx parameters: lens diameter and focal distance D =20 cm

and F =25 cm, FOV =0.69◦, PIN PD with cut-off frequency fc =300 MHz and quantum efficiency

η=0.82.

energy efficient modulation scheme, DPIM may be considered as a more suitable choice as it is

an asynchronous modulation and also has a lower PAPR. However, the improved bandwidth effi-

ciency of DPIM is obtained at the expense of more computationally complex demodulation.

4.3.2.3 Experimental test and measurements

We have further evaluated the performance of an UWOC link through experimental measure-

ments [153]. The experimental set-up consisted of a simplex point-to-point link that was devel-

oped in a pool of 4 m length at IFREMER site in La-Seyne-sur-Mer (see Fig. 4.22). The Tx was put

inside a waterproof titanium cylindrical frame and submerged in the pool. The Rx was installed

outside the pool behind a 40 cm diameter side-window. In addition, a rail system installed above

the pool was used to install and position the Tx module inside it. Figure 4.23 (a) shows the Tx (sub-

merged in pool) and the Rx modules in our set-up. The block diagram of the set-up is shown in

Fig. 4.24. We studied, in particular, the intensity loss in the channel, the impact of Tx-Rx misalign-

ment, and have compared the performances of different modulation schemes [153].

symbol. The main potential problem with DPIM is the possibility of error propagation in signal demodulation at the

Rx. In fact, if an “off” slot is detected erroneously as “on,” all the succeeding symbols in the frame will be decoded with

error.
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Figure 4.22 — General view of the pool with the rail system above (Courtesy IFERMER La-Seyne-

sur-Mer).

4.3.2.4 Effect of beam misalignment

Taking into account the Tx beam parameters and the Rx optics, we have investigated the effect of

Tx-Rx misalignment on the performance of a point-to-point underwater optical link [148]. Using

the set-up described above and a metric bench plate with mounting threads spaced by 2.5 cm, we

investigated the effect of beam misalignment on the received signal by shifting the Rx away from

the optical axis. Figures 4.23 (b) and (c) show the beam spot at the Rx side for Rx lateral displace-

ments of∆= 2.5 and 12.5 cm with respect to the optical axis. The degradation of the received signal

with misalignment is illustrated in Fig 4.25 where the Rx FOV is around 10◦ (given the photo-diode

active area and the collimating lens parameters). We notice a considerable sensitivity of the link

performance to beam misalignment.

4.4 Indoor Visible-Light Communications

4.4.1 Technology overview

The VLC technology consists in exploiting LED luminaries for simultaneous illumination and

broadband data transmission [156, 157]. LEDs are expected to be the primary illumination source

in the future thanks to the advances in incoherent solid-state lighting and because this allows to

reduce significantly energy consumption and to easily control intensity and color of illuminated

spaces [158]. The most relevant case is that of white light illumination for which there are two

methods in LED-based luminaries. The “classical” approach is to use separate red-green-blue

(RGB) emitters and to combine them to produce white light. However, this approach is of lim-
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Figure 4.23 — Transmitter and Rx in the experimental set-up. (a) LED placed within titanium wa-

terproof housing; (b) Spot shape of the received beam on the Rx plane with a displacement of

∆= 2.5 cm; (c) Spot shape of the received beam on the Rx plane with a displacement of ∆= 12.5 cm

(Courtesy IFERMER La-Seyne-sur-Mer).

Figure 4.24 — Block diagram of the Tx and the Rx for the experimental set-up.

ited use and is phasing out in lighting industry due to difficulties in RGB balancing and high cost,

although it provides devices of relatively high bandwidth (a few hundred MHz) and gives the pos-

sibility of color mixing [159]. A popular alternative to RGB lighting is to use the so-called white

LEDs, where a blue LED is used together with yellowish phosphor coating to emit broad spectrum

white light. These devices are preferred over the RGB option due to the reduced production cost

since a single diode is needed instead of three [160, 161]. Several proof-of-concept examples have

been realized recently showing the possibility of using LEDs for both illumination and commu-

nication, where most of them concerned indoor and automotive applications. Some application

scenario examples are shown in Fig. 4.26.
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Figure 4.25 — Measured voltage of the received signal after TIZ as a function of ∆. Receiver
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Figure 4.26 — Illustration of some potential applications of the VLC technology.

4.4.1.1 Challenges

One of the challenges in the development of commercial VLC systems is the slow modulation re-

sponse of commercial white LEDs, which is due to the slow response time of the phosphorous.

This limits the modulation bandwidth of the device to a few MHz. One proposed solution is to

use a blue filter at the Rx to remove this slow component from the modulated signal. By this

method, the modulation bandwidth can be increased up to 20 MHz [162]. The application of the

blue filter causes an intensity loss on the order of 10 dB, but this is not a problem in practice as we

have in general a sufficiently high SNR (that can exceed 70 dB) at the Rx due to the illumination

level recommended by the European lighting standard [161]. Other proposed solutions are pre-

or post-equalization, high-order modulation/multiplexing based on subcarrier intensity modu-

lation (SIM) with OFDM, and spatial multiplexing by parallel data transmission [157]. The peak

reported data rates (laboratory set-ups) are around 1 Gbps for the case of white LEDs and about

3 Gbps for the case of RGB LEDs over a range of several tens of centimeters typically [161]. Very

recently, researchers have considered the use of GaN-based micron-size LEDs (commonly called

µLEDs) that have the advantage of very large modulation bandwidths (typically a 3-dB bandwidth
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Figure 4.27 — Examples of schematics of (a) non-imaging and (b) imaging VLC MIMO systems (Re-

produced from [165]).

of 60 MHz) for VLC applications [163].

Other challenges with VLC technology include: establishing the uplink, mitigating the ambient

noise and interference from fluorescent lighting, dimming control, and dealing with nonlinear

LED characteristics.

4.4.1.2 MIMO VLC systems

Since in most indoor VLC applications we have usually a very high SNR available and at the same

time are concerned with low bandwidth devices, this appeals for the use of MIMO technology with

SMux or OSM ST schemes to boost the transmission data rate. The design of MIMO techniques

is somehow different from RF and FSO applications. As a matter of fact, the indoor VLC channel

does not exhibit channel fading [164]. So, in contrast to RF or FSO counterparts, where MIMO

systems are used to increase link reliability by providing spatial diversity gain, in VLC systems we

are concerned with a deterministic channel, and hence, the only interest of MIMO architectures is

for increasing the data throughput.

Two approaches of non-imaging and imaging receivers have been considered for MIMO VLC

systems so far. The simpler one is the non-imaging system where at the Rx side, non-imaging

lenses are used for collecting the transmitted intensity. Figure 4.27(a) shows an example of such

a system where the LEDs and receivers are arranged in a 2×2 array. Unfortunately, the condition

of full rank channel matrix is not always satisfied or it can become ill-conditioned, in which cases

there will not be the possibility of spatial multiplexing at Tx, in particular. To circumvent the prob-

lem of rank-deficient or ill-conditioned channel matrix, an imaging lens system can be used at the

Rx. Figure 4.27(b) illustrates the imaging MIMO structure, where the LED arrays are “imaged” to

the Rx plane via the imaging lens [165]. This requires a large enough Rx area so that the images of

the LED arrays fall on the detectors for all possible Rx positions inside the room. This technique is

quite efficient but the Rx imaging lens is bulky and introduces additional expense and complexity.
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4.4.1.3 Organic LEDs

Organic LEDs (OLEDs) have recently attracted a great attention as a flexible panel light source for

displays, e.g. high-definition television displays. This is because OLEDs can be of variable wave-

length, and hence, do not require color filtering or a back-light and hence are more efficient that

liquid crystal displays. Other advantages of OLEDs include wide FOV, low power consumption,

fast response, and flexibility. OLEDs have also been considered for illumination and, naturally, are

under study for VLC communications. As a matter of fact, OLEDs have most of the properties of

standard LEDs, but instead of using in-organic materials, they consist of a thin film of organic ma-

terial laid between two electrodes [166]. However, compared to standard LEDs, OLEDs suffer from

lower bandwidth as their typical bandwidth is about hundreds of kHz only. This is an important

challenge for OLEDs to be used as Tx in high-data-rate VLC systems [167].

4.4.2 Contributions

I have started working on the VLC topic since end of 2012 to acquire the state-of-the-art on this

technology and to identify the challenges and the related proposed solutions. Also, thanks to the

Opticwise COST Action support, I had the opportunity to visit several highly-qualified research

labs (Institute of Communication Information and Perception Technologies at Scuola Superiore

Sant’Anna in Pisa, OCRG lab at Northumbria University in Newcastle, and Digital Communica-

tion lab at the University of Edinburgh) and to witness the most recent progresses and the related

developed set-ups on different aspects of the VLC technology. Having this solid background, we

have entered the active research phase in our research team, while continuing to collaborate with

other laboratories specialized on this topic.

4.4.2.1 Channel modeling

An important step in the design of a VLC system is to comprehend the limitations arising from the

optical channel. Accurate channel characterization is an important prerequisite to set the system

parameters appropriately in order to establish a high quality link since it permits to better exploit

the available energy and spectral resources in view of optimizing the system design. An accurate

channel model is also necessary to predict precisely the performance of a VLC system.

We have started our studies by investigating channel characterization for indoor VLC systems.

There, the link distance is relatively short (typically less than 3 meters) and multipath dispersion

seems to be insignificant in small-size rooms [162]. In relatively large rooms or conference halls,

however, multipath dispersion may result in channel frequency selectivity and ISI at the Rx. So,

we intended to quantify the channel delay dispersion to check the limitations arising from signal

propagation in the VLC channel on the data rate. It should be noted that it is generally believed

that the data rate constraint in VLC systems is principally arising from bandwidth limitation of

components (i.e. LEDs). Our objective has been to see if any practical limitation can arise from the
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Figure 4.28 — Schematic of a typical indoor VLC transmission system.

channel (by excluding the case of OFDM signaling). For this purpose, for a classical VLC channel,

we have obtained via simulations the impulse response of the aggregate channel including LOS

and diffuse components using the iterative site-based method [168]. Then, considering a typical

scenario depicted in Fig. 4.28, we analyzed the channel RMS delay spread, its 3-dB bandwidth,

and the signal-to-interference ratio [169]. We verified that the usually-considered assumption of

flat channel is almost true, even when considering relatively large room sizes. For instance, the

normalized CIRs for three different positions of the Rx, identified by R1, R2, and R3 in Fig. 4.28 are

shown in Fig. 4.29. Here, we have a higher LOS contribution at position R2 where the Rx is just

beneath the LED 1. The RMS delay spread for the three Rx positions of R1, R2, and R3, are 0.35,

0.92, and 1.08 ns, respectively.

4.4.2.2 Efficient transmission schemes

We are currently working on spectrally efficient transmission schemes to further increase the data

rate in VLC systems. In particular, we are considering MIMO configurations with OFDM modula-

tion and investigating solutions to deal with dimming and non-ideal component characteristics.

Of special importance is the nonlinear LED characteristics.

At the same time, we are working on alternative solutions to OFDM that allow high data rate

transmission with simplified hardware at the Tx side. As a matter of fact, optical OFDM is a robust

solution to the limited bandwidth of the LEDs and at the same time to channel delay dispersion.

However, although OFDM has become very popular for indoor VLC systems, its optimality is rather

questionable, in particular from the points of view of spectral and energy efficiency. For instance,

it does not effectively exploit half of the subcarriers due to the constraint of unipolar signaling

(related to intensity modulation), and cyclic prefix insertion reduces further the spectral efficiency.

Moreover, it suffers from high PAPR, especially for large constellation sizes, and this worsens the

system performance due to nonlinearity of the LEDs and the clipping noise.

Some other modulation schemes have recently been under investigation such as pulse-
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Figure 4.29 — CIR for a medium size room (of dimension 5× 5× 3m3) for the three Rx positions

shown in Fig. 4.28. The received intensities are normalized with respect to the peak intensity re-

ceived from LOS at R2 position (notice that R2 is just beneath LED #1. Time resolution is 0.1 ns. PD

active area 1 cm2, Tx semi-angle 60◦, Rx FOV 70◦, ceiling reflectivity 0.38, floor reflectivity 0.61, wall

reflectivity 0.74.

amplitude modulation (PAM) and carrierless amplitude and phase (CAP) modulation. The dis-

advantage of PAM or CAP is the necessity of channel equalization at the Rx at comparable data-

rates with OFDM. In some aspects, these modulation schemes have the advantage of reduced Tx

complexity but would suffer from a more complex hardware at the Rx.

4.5 Concluding Remarks

Extending my research activities to the field of OWC necessitated at first a considerable time and

effort in order to become familiar with the particular aspects of optical communication and to

understand the practical considerations and the limitations arising from the optical channel and

components, which are very different from the RF communication field. At the present time, I

have established several national and international collaborations with academic and industrial

institutions and am involved in the supervision of three PhD students. To these reasons, I feel

really pleased to work on this area and I have developed my research perspectives, presented in

the next chapter, mainly on the OWC domain.
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5.1 General Conclusions

In the past decade, world has witnessed a dramatic increase in the traffic and demand for high-

speed Internet services such as HDTV, video calls, and cloud-computing. This has strengthened

the need for further innovation and research and development (R&D) in new emerging wireless

technologies capable of delivering high transmission rates. In this view, my contributions have

firstly concerned RF communication and the solutions allowing to attain high spectral efficiencies

such as the MIMO technology. I have mainly investigated issues related to the practical imple-

mentation of these systems and have been interested in the development of methods of reduced

computational complexity. My main research contributions since my PhD in 2002 include itera-

tive signal detection and channel estimation for single- and multi-carrier MIMO systems as well

as for WRNs.

Later, as OWC systems were demonstrated as a powerful alternative in some special applica-

tions to RF transmission systems by offering a number of technical and operational advantages, I

devoted a significant part of my time to work on this area. At the beginning, I was particularly in-

terested in the FSO technology, which has numerous advantages over RF transmission in a variety

of applications. The widespread deployment and use of this technology has been slowed down,

however, by its relatively low link reliability due to the sensitivity to weather conditions and the

atmospheric turbulence-induced fading. During the last nine years or so, I have been working on

this topic to address these major technical challenges. In addition to investigating channel char-
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acterization and turbulence modeling which are very particular to optical signal transmission, I

have explored the adequacy of several innovative physical layer concepts, originally introduced in

the context of RF systems, such as MIMO structures and cooperative diversity in FSO networks.

My other research activities have concerned mitigating link misalignment in FSO systems as well

as hybrid RF/FSO links.

Another exciting technology in which I became interested is UWOC that can help consider-

ably progress the underwater exploration and surveillance activities. With the increasing use of

robotics in underwater missions and the recent advances in the design and development of auto-

mated underwater vehicles (AUVs) and ROVs and the need to communicate with them in various

challenging scenarios, the UWOC technology has recently become more promising than ever. My

research works on this topic have concerned aquatic channel characterization and modeling, ef-

ficient signal modulation, and study of link misalignment effects.

Lastly, I have recently extended my research activities to VLC systems that are a particularly

promising solution for providing high-rate data transmission, especially in indoor environments,

by using already-installed LED lighting infrastructures. VLC can be considered as a good example

of green communication for the next generation of high-speed local area networks. My research

works have concerned channel modeling and investigation of high spectrally-efficient transmis-

sion schemes.

5.2 Perspectives for Future Research
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