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Abstract

Since the late 1990s, the use of the electrical power distribution grid for data transmission has been intensively investigated, especially for in-home network. Power line communication (PLC) systems avoids the expense of a dedicated network of wires for data communication, and the expense of maintaining a dedicated network of antennas, radios and routers in wireless network. Nevertheless, the main purpose of power lines is to supply the electrical power rather than communication services and it constitutes a harsh environment to convey data information. Many efforts from academic institutions as well as manufacturers have been done to make power lines as a transmission medium in in-home network. Thanks to it, starting from low-rate applications such as telecommand and telemetry, many high-speed applications based on reliable PLC systems for home networking such as Internet protocol television (IPTV), SmartGrid and smart building are now a reality. However, to deal with an enormous data-rate demand, for instance, a PHY rate up to 1 Gbps and a minimal data-rate guaranteed at some Mbps for the worst links, a study of PLC systems is still required, especially at PHY layer. In addition, to become an efficient complement to wireless communications, the PLC technology has to still progress on two key aspects: data-rate increasing and robustness.

A natural solution to achieve this goal is the Multiple-input Multiple-output (MIMO) technology. Recently, it has been considered in the context of PLC to increase channel capacity and system coverage, by using the protective earth (PE) wire in addition to the line or phase (L or P) and neutral (N) wires. It has been shown through measurements and simulations that the MIMO techniques can offer more data-rate and coverage as compared to the existing SISO systems.

Motivation

The HPAV2 specification has settled the foundations to increase data-rate and robustness of PLC systems by extending the frequency band up to 87 MHz and applying MIMO techniques. The PHY layer needs modifications to further improve the PLC xvii xviii ABSTRACT performance.

First, since PLC systems is an Orthogonal Frequency Division Multiplexing (OFDM)-based system, resource allocation is an important step to optimize data-rate. However, it is not given neither in the HPAV specifications nor in the PLC standards (IEEE P1901, IUT G.hn). So, the first and most important purpose in this thesis is to solve the resource allocation in OFDM-based systems. The proposed solutions must be proved that they can yield the global optimum or at least a local optimum that is closed to the global optimum. Moreover, in order to be implemented in practice, the algorithms have to be simple, low-complex as compared to other solutions existing in the literature.

Second, MIMO techniques have been considered in PLC systems. The singular value decomposition (SVD) is usually proposed as a precoding scheme to create independent streams and then transmit data on these streams. Note that the maximum number of transmitter ports used in PLC systems is only two. In the literature, another wellknown MIMO precoding scheme for the case of two transmitter ports, referred to as orthogonal spatial multiplexing (OSM), might also be applied in PLC systems. It is shown that the OSM scheme outperforms the SVD scheme in terms of error rate for OFDM-based systems. Could the OSM be efficiently applied in PLC systems? To this end, a comparison between both schemes is carried out in this thesis.

At the end of the 2nd year of the thesis, we received some data measurements of PLC channel and noise (supported by Orange Labs, Lannion, France). It gave us an opportunity and a lot of motivations to analyze channel and noise characteristic in PLC systems. Although the time budget dedicated for this task was limited, we obtained some interesting preliminary results about channel and noise modeling.

Objectives

The general purpose of this thesis was to investigate various solutions to increase data rate as well as transmission quality. The main objective was to study the resource allocation and the application of MIMO techniques in PLC systems. The research results can be classified as the following:

• Brief study of PLC channel and noise models to choose the one used in simulations.

Since resource allocation depends on channel and noise characteristics, a good selection of channel and noise models is crucial to valid the proposed solutions.

• Study of resource allocation in PLC systems. In OFDM-based systems such as PLC systems, the resource allocation problem consists in guard interval adaptation and bit-loading. To this end, the bit-loading for two specific cases must be considered:

ABSTRACT xix ideal OFDM systems (without self-interference: inter-carrier interference and intersymbol interference) and OFDM systems with the presence of interference. Finally, a joint optimization problem including guard interval adaptation and bit-loading must be analyzed and solved.

• Extension of the usual MIMO techniques to PLC systems, especially spatial multiplexing to increase data-rate.

Thesis Outline

The thesis is organized as follows:

• The first chapter is dedicated to a general introduction of PLC systems. This chapter describes a brief history of the PLC technology. We state various major players (industrial groups, project) as well as the main standards framed for the PLC technology. PLC channel and noise characteristic is also briefly presented for both cases: SISO and MIMO. Finally, with the measurements supported by Orange Labs, some interesting results about channel and noise modeling are shown.

• The second chapter deals with the interference analysis and its influence into system performance. In OFDM-based systems, when the guard interval is shorter than a threshold, there exists inter-carrier interference and inter-subcarrier interference. In this chapter, this threshold for PLC systems is defined depending on the channel impulse response. In addition, the interference formula are also carried out. Finally, we analyze the interference impacts into system performance (signal to interference plus noise ratio, capacity).

• In the third chapter, we consider the bit-loading problem in PLC systems without interference. We propose a low-complexity algorithm, named Water-Filling Rounding Greedy-based Bit loading (WFR-GBL) to solve the rate maximization problem as well as the power minimization problem. Its optimality and low-complexity are theoretically analyzed and verified through simulations.

• The fourth chapter investigates the bit-loading in the presence of interference and then the joint guard interval adaptation and bit-loading problem. First, based on the interference analysis in the second chapter, the bit-loading in presence of selfinterference is considered. We propose a novel algorithm to solve the bit-loading in presence of interference, named Reduced Complexity Algorithm (RCA). It converges to a local optimum that is close to the global optimum with significantly reduced complexity as compared to many well-known solutions of the literature. Second, we consider the joint guard interval and bit-loading that maximizes the

Résumé

Depuis la fin des années 1990, l'utilisation du réseau de distribution d'énergie électrique pour la transmission de données a été étudiée de manière intensive, en particulier pour le réseau domestique. Les systèmes de courant porteur en ligne (CPL) évitent le coût d'installation d'un réseau dédié pour la communication des données, et le coût de maintient charge du réseau d'antennes, des routeurs de réseau sans fil. Néanmoins, le but principal des lignes électriques est de fournir la puissance électrique plutôt que de transmettre des données et donc il constitue un environnement hostile pour le service de communication. De nombreux efforts de la part des institutions universitaires ainsi que des fabricants ont été faits pour faire des lignes électriques un moyen de transmission dans le réseau domestique. Ainsi, initialement prévu pour des applications à faible débit tels que télécommande et de télémesure, de nombreuses applications haut débit basées sur les systèmes de CPL fiables comme la télévision par protocole Internet (IPTV), Smart Grid et maison intelligente sont désormais une réalité. Cependant, pour faire face à une demande énorme de débit de données, par exemple, un débit PHY jusqu'à 1 Gbps et un débit de données minimal de quelques Mbps, une étude des systèmes CPL est toujours nécessaire, en particulier de la couche PHY. En outre, pour devenir un complément efficace des communications sans fil, la technologie CPL doit encore progresser sur deux aspects clés: l'augmentation de débit et la robustesse.

Une solution naturelle pour atteindre cet objectif est le Multiple-Input Multiple-Output (MIMO). Récemment, cette technologie a été considérée dans le contexte du CPL pour augmenter la capacité de canal et la couverture du système, en utilisant le fil de protection de terre (PE) en plus des fils ligne ou phase (L ou P) et neutre (N). Il a été démontré par des mesures et des simulations que les techniques MIMO peuvent offrir plus débit de données et de la couverture par rapport aux systèmes existants. xxi xxii R ÉSUM É

Motivation

La spécification HPAV2 a posé les bases pour augmenter le débit de données et la robustesse des systèmes CPL en étendant la bande de fréquence jusqu'à 87 MHz et en introduisant l'application des techniques MIMO. La couche PHYdoit être modifiée pour améliorer encore les performances du système. Tout d'abord, puisque les systèmes CPL utilisent la modulation de type Orthogonal Frequency Division Multiplexing (OFDM), l'allocation des ressources est une étape importante pour optimiser le débit de données. Cependant, on ne la normalise ni dans les spécifications de HPAV ni dans les normes (IEEE P1901, IUT G.hn). Donc, le premier et le plus important but dans cette thèse est de résoudre l'allocation des ressources dans les systèmes basés sur l'OFDM. Il faut montrer que les solutions proposées peuvent donner l'optimum global ou au moins un optimum local qui est proche de l'optimum global. En outre, afin d'être mis en oeuvre en pratique, les algorithmes doivent être simples et peu complexes par rapport aux autres solutions existantes de la littérature.

Deuxièmement, les techniques MIMO ont été introduites dans les systèmes CPL. La décomposition en valeurs singulières (SVD) est habituellement proposée dans les systèmes CPL comme le précodage pour créer des flux indépendants, puis transmettre les données sur ces flux. Notez que le nombre maximal de ports d'émission utilisés dans les systèmes CPL est égal à deux. Dans la littérature, un autre précodage MIMO bien connu pour le cas de deux ports d'émission, nommé multiplexage spatial orthogonal (OSM), pourrait également être appliqué dans des systèmes CPL. Il a été démontré que le précodage OSM surpasse le précodage SVD en termes de taux d'erreur pour des systèmes basés sur l'OFDM. Le précodage OSM pourrait-il être appliqué efficacement dans des systèmes CPL? Pour répondre à cette question, une comparaison entre deux précodages a été réalisée dans cette thèse.

A la fin de la 2ème année de la thèse, nous avons reçu des mesures de canal et de bruit dans systèmes CPL domestiques (fournis par Orange Labs, Lannion, France). Ces mesures nous ont permis d'analyser les caractéristiques du canal et du bruit dans les systèmes CPL. Bien que le temps consacré à cette tâche a été limité, nous avons obtenu quelques résultats préliminaires intéressants sur les caractéristiques du canal et la modélisation du bruit.

Objectifs

L'objectif général de cette thèse était d'étudier diverses solutions pour augmenter le débit de données ainsi que la qualité de transmission. Le but principal est d'étudier la répartition des ressources et l'application des techniques MIMO dans des systèmes R ÉSUM É xxiii CPL. Les résultats de la recherche peuvent être classés comme suit:

• Une brève étude des modèles de canal et du bruit pour choisir celui qui est utilisé dans les simulations. Comme l'allocation des ressources dépend des caractéristiques du canal et du bruit, une bonne sélection de modèles du canal et du bruit est cruciale pour valider les solutions proposées.

• L'étude de l'allocation des ressources dans les systèmes CPL domestques. Dans les systèmes basés sur l'OFDM tels que les systèmes CPL, le problème de l'allocation des ressources consiste à adapter l'intervalle de garde et allouer des bits sur les sous-porteuses. L'allocation de débit doit être considéré dans deux cas: les systèmes OFDM idéaux (sans interférence entre sous-porteuse ni l'interférence entre symboles) et les systèmes OFDM avec la présence d'interférences. Enfin, il faut analyser et résoudre le problème d'optimisation conjointe de l'adaptation de l'intervalle de garde et l'allocation de débit.

• L'extension des techniques MIMO habituelles aux systèmes CPL, notamment le multiplexage spatial pour augmenter le débit de données.

Organisation de la thèse:

La thèse se compose de cinq chapitres et d'une introduction générale ainsi que d'une conclusion générale.

• Le premier chapitre est consacré à une introduction générale des systèmes CPL.

Ce chapitre décrit un bref historique de la technologie CPL. Nous citons différents acteurs importants (groupes industriels, projets) ainsi que les principales normes basées la technologie CPL. Les -Dans le domaine temporel, la distribution de l'amplitude du bruit peut-être modélisée comme un mélange de 2 gaussiennes généraliées.

-Dans le domaine fréquentiel, la distribution de l'amplitude du bruit n'est pas gaussienne et elle dépend de la partie considérée (réelle ou imaginaire) ainsi que de la fréquence.
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• Le deuxième chapitre traite de l'analyse d'interférence et de son influence sur la performance des systèmes CPL domestiques. Dans des systèmes basés sur l'OFDM, lorsque l'intervalle de garde est inférieur à un seuil, il existe des interférences entre sous-porteuses et l'interférence entre symboles. Dans ce chapitre, ce seuil pour des systèmes CPL est défini en fonction de la réponse impulsionnelle du canal. En effet, dans les systèmes CPL domestiques, si l'intervalle de garde est supérieur ou égal à la somme du délai maximum de la réponse impulsionelle du canal et du 'roll-off' du filtre à l'émetteur, il n'y a pas d'interférence (voir Figure 2.36). Dans le cas contraire, nous déterminons la formule de l'interférence. Le résultat théorique montre que la puissance de l'interférence sur une sous-porteuse donnée se dépend de l'allocation de puissance sur toutes les sous-porteuses.

P I (m 0 ) = P ICI (m 0 ) + P ISI (m 0 ) = [WP](m 0 ) (1) 
où W est une matrice de taille L × L (L est le nombre de sous-porteuses actives) contenant les coefficients d'interférence et P est le vecteur d'allocation de puissance de taille L × 1.

On a également élargi le calcul de l'interférence au cas MIMO-CPL et on a trouvé une formule pour calculer la puissance de l'interférence.

Enfin, nous analysons les impacts de l'interférence sur la performance du système CPL (rapport du signal sur interférence plus bruit sur Figure 2.43, capacité sur Tableaux 2.1 et 2.2). Du fait du grand nombre de sous-porteuses actives dans les systèmes CPL domestique, la distribution de l'interférence peut-être considérée gaussienne. Avec cette hypothèse, on a constaté que:

-Il faut considérer l'interférence dans le calcul de la capacité du canal ainsi que dans le calcul du nombre de bits alloué sur des sous-porteuses.

-L'allocation uniforme de puissance sur toutes les sous-porteuses, qui est efficace dans le problème d'allocation de débit sans interférence est sous-optimale si on considère la présence d'interférence. Donc, il faut trouver une autre solution pour le problème d'allocation de débit dans le cas où l'interférence existe.

• Dans le troisième chapitre, nous considérons le problème de l'allocation de débit dans des systèmes CPL sans interférence.

On a démontré que b W F R , le vecteur de bit obtenu en arrondissant (à l'unité la plus proche) la solution de Water-Filling, est efficace. En effet, un vecteur de bit est dit efficace s'il n'y a aucun mouvement d'un bit sur une sous-porteuse à l'autre qui réduise la puissance totale utilisée. On a théoriquement démontré que: • Le quatrième chapitre examine l'allocation de débit dans les systèmes CPL en présence d'interférences et le problème conjoint entre l'adaptation de l'intervalle de garde et l'allocation de débit. Tout d'abord, nous considérons l'allocation de débit en présence d'interférences en supposant l'intervalle de garde fixe et nous utilisons l'analyse de l'interférence effectuée dans le deuxième chapitre:

-b W F R est efficace.
                 max R = L m=1 T d log 2 1 + P (m)|α(m)| 2 ([WP](m) + N (m))Γ L m=1 P (m) ≤ P total 0 ≤ P (m) ≤ P max (m), ∀m ∈ [1, L] (2) 
Ce problème est non-convexe et il est difficile de trouver l'optimum global (voir Figure 4.2). Dans un premier temps, on propose d'utiliser l'algorithme glouton conventionnel pour résoudre ce problème. Néanmoins, il ne peut pas être appliqué en pratique du fait de sa complexité élevée. En effet, pour déterminer la sousporteuse à incrémenter à chaque itération dans l'algorithme glouton conventionnel, il faut un grand nombre (≈ L) d'inversions matricielles. Pour la réduire, nous proposons un nouvel algorithme, nommé Reduced Complexity Approach (RCA). Comparé à l'algorithme glouton conventionnel, il diffère sur:

l'initialisation avec un vecteur de bit non-nul (au lieu d'un vecteur nul).

l'utilisation d'une calcul simplifié pour déterminer la sous-porteuse à incrémenter à chaque itération. 

M M + µ L m=1 T d log 2 1 + P (m)|H(m)| 2 ([W (µ) P](m) + N (m))Γ (3) s.t. L m=1 P (m) ≤ P total (4) 0 ≤ P (m) ≤ P max (m), ∀m ∈ [1, L]
Une approche simple qui ne dépend que de la réponse impulsionnelle du canal est proposée afin de choisir efficacement l'intervalle de garde. 

μopt (γ) = a γ (k γ + RI) + b γ (5) 

Introduction

Initially deployed for the power distribution, the idea of using power lines as a medium to convey information appeared very early. In 1838, Edward Dave used power lines to measure the voltage levels of batteries at unmanned sites from a remote control station. In 1950, the ripple control was designed and then deployed over medium and low-voltage networks. In the middle of 1980s, the researchers started to investigate the use of the electrical grid to support data transmission on bands between 5-500 kHz in one-way direction. Since the late 1990s, an increased effort has been put into the characterization of power line communication channels to design a robust communication system using power lines. Indeed, the PLC technology has passed many stages to attain its present day form. At the beginning, PLC was used for telemetry and telecommand, for example, automatic meter reading, dynamic tariff control, loading management, pre-payment and protection of power distribution system in the case of fault. For these applications, the demand of data rate is really low and the real-time performance is not a strong constraint. Thus, it is easy to design reliable PLC communication systems. In the last decade, many in-home applications emerged such as the automation of domestic appliances, smart building and security of homes and recently, the increasing use of Internet-based in-home services such as VoIP, IPTV and online games requires an in-home network with high-speed rate and good reliability. To this end, a promising candidate is PLC. As the data transmission relies on the existing power grid, the PLC deployment cost is reduced. Moreover, since power grid can reach everywhere in a building, especially in big building with a lot of stages, PLC outperforms WiFi in terms of network coverage. In addition, thanks to the attention paid by academic laboratories as well as industry, combined with the gigantic leaps in chip set fabrication and in digital signal processing, a high data rate and reliable data communication are nowadays realizable. In 2001, the HomePlug Powerline Alliance released HomePlug 1.0 specification, which provides a physical peak data rate of 14 Mbps. In 2010, it published the Homeplug AV specification, which increased physical peak data rate to 200 Mbps. In 2 CHAPTER 1. PLC: STATE-OF-ART parallel, Panasonic developed a HD-PLC specification, which provides a physical peak data rate of 210 Mbps. In December 2010, the IEEE P1901 standard was published. It ensures the coexistence and interoperability between devices certificated by either HPAV or HD-PLC. In December 2011, the HomePlug AV2 specification was released for next-generation powerline network. It's now faster than ever to handle the most demanding online services and applications. It provides a physical peak data rate of 1 Gbps. With its high development, PLC technology has become complementary to WiFi technology and even an alternative solution to it to form a high-speed, high-coverage and reliable in-home network.

1.2 Classification, major players, projects and standard

1.2.

Classification

PLC systems can be divided into two classes depending on the frequency band. Narrowband (NB) PLC operates with frequencies below 1.8 MHz while Broadband (BB) PLC uses higher frequencies (up to 100 MHz) [1].

There is another classification according to operation voltages of the power lines [2][3][4]. High-voltage (HV) lines, with voltage between 110 to 380 kV, are little used for data communication due to high noise power and coupler cost. Recently, several trials using HV lines have been reported in [START_REF] Pighi | On multicarrier signal transmission for high voltage power lines[END_REF][START_REF] Aquilu | High voltage multicarrier spread-spectrum system filed test[END_REF].

Medium-voltage (MV) lines (10-30 kV) are only used for narrowband-PLC to monitor and control intelligent electronic devices such as recloser, capacitor bank and phasor measurement units. Some studies and trials of MV-PLC can be found in [START_REF] Wouter | Effect of cable load impedance on coupling schemes for MV power line communication[END_REF][START_REF] Benato | Application of PLC for the control and protection of future distribution networks[END_REF].

Low-voltage (LV) lines (110-400 V) can be used for both narrowband and broadband PLC. PLC systems operating from outside to inside customer's premises are referred to as access systems while systems operating within premises are referred to as in-home systems. The access systems establish the data connection to a group of customers through the electrical power distribution grid. The in-home device communication is enabled by the in-home systems.

Narrowband and low-voltage PLC systems are also utilized in vehicles to provide data access while moving like trains and within the vehicles themselves to monitor internal applications [START_REF] Karols | Mass transit power traction networks as communication channels[END_REF][START_REF] Huck | Tutorial about the implementation of a vehiclar high-speed communications system[END_REF][START_REF] Tsuzuki | Characteristic of power line channels in cargo ships[END_REF].

Since this thesis focuses on in-home PLC technologies, we only consider low-voltage, broadband PLC systems. They use the in-home electrical infrastructure as transmission medium. An in-home PLC network is normally controlled by a gateway, which is usually 

Major players

The PLC technology has become more and more popular thanks to the participation of various enterprises and research groups in the telecommunication community. The PLC ecosystem detailed in [START_REF] Hashmat | Caractérisation et modélisation du canal et du bruit pour les réseaux CPL MIMO domestiques[END_REF] is illustrated in Fig. 1.2. Some major players are listed in the following.

HomePlug power alliance (HPA)

Founded in 2000, the HPA aims to create a specification for in-home high-speed power line networking product and command/control among platforms. It is an industry-led initiative. The Alliance has about 55 members which are industry-leading companies such as Broadcom, Cisco, Qualcomm, D-Link, Texas Instrument, etc. After evaluating several technologies and proposals, the first specification HomePlug 1.0 was approved and published in 2001. In 2005, in order to increase the data rate, the Alliance published the HomePlug AV specification which boosts the physical layer peak data rate from 14 to 200 Mbps. Recently, it approved and published the HomePlug Command & Control and HomePlug Green PHY specifications in 2007 and 2010, respectively. The latest HPAV 2.0 specification has been considered to further increase the data rate and the coverage of in-home PLC systems by using MIMO functionality and extending the used Universal PowerLine Association (UPA) Founded in 2004, the Universal Powerline Association was a trade association that covered PLC markets and applications. The UPA aims to promote global standards and regulations in the PLC market. Members of the UPA include: AcBel Polytech Inc, BPL, D-Link, Cypress Semiconductor, Toshiba Electronics, etc.

Consumers Electronics Powerline Communication Alliance (CEPCA)

CEPCA is another alliance that works to promote PLC. Its members are mainly Japanese manufacturers such as Sony, Mitsubishi, Panasonic, etc. It aimed to enable the different PLC systems to coexist. High Definition PLC chip set which is promoted by Panasonic uses Wavelet-OFDM modulation to avoid interference with other radio transmissions such as amateur radio.

Projects

OMEGA [START_REF] Omega | hOME Gigabit Access[END_REF]:

Started in 2008 and finished in 2010, OMEGA is an integrated project funded by European Commission under EU Framework Program 7. It aims to develop a user friendly home access network to deliver high speed services upto one Gigabit per second. In addition, it had to be low-cost and easy to manufacture at an industrial scale.

Powernet [15]:

This project was completed in 2008. Its main goal was to prove and validate the new cognitive broadband over power lines (CBPL) in practice by testing a large number of CBPL equipment. The results are very promising: higher achievable data rate (up to 300 Mbps) with lower transmit power spectral density is expected. This leads to a lower electromagnetic radiation. For example, the leakage power in the frequency bands allocated to other users is as low as -100 dBm/Hz.

OPERA [16]:

This project was run for three years from January 2008 to December 2010. The project objective is to allow the PLC technology to become an alternative broadband access to all European citizens. To this end, the project strategy is to improve PLC technology in all aspects, e.g., standardization, technology improvement, telecommunication services, dissemination, etc. The development of the PLC technology will contribute to develop the European Information Society, which is one of the objectives in the plan eEurope 2005.

Standard

In this section, we describe briefly some PLC standards such as ETSI PLT, IEEE P1901 and ITU G.hn. These standards are proposed to meet the major targets: general requirements, safety, electromagnetic compatibility, performance and interoperability. In addition, several industrial consortium are active in the development of PLC technology, e.g., HomePlug Power Alliance (provides HPAV white paper) and the Home Grid Forum.

IEEE P1901 [17]:

Officially published in January 2011, it aimed to increase the capacity of broadband PLC with PHY data rates of more than 100 Mbps. This standard uses transmission frequencies below 100 MHz. It covers the access part (< 1500 m to the premise) as well as the in-home network part (< 100 m between devices). This standard focuses on the balanced and efficient use of the power line communication channel by all classes of PLC devices. It also details the mechanisms for coexistence and interoperability between different PLC devices that can operate with one of two quite different modulation schemes: Windowed-OFDM and Wavelet-OFDM. All operating parameters for both modulation schemes at the physical (PHY) layer as well as the for the Medium Access Control (MAC) layer are also defined in this standard.

ETSI [18]:

This standard aimed to provide telecommunication services by using the alreadyexisting electrical networks. In addition, it also ensures interoperability between the equipment from different manufacturers, the co-existence of multiple PLC systems and the interoperability of PLC technology with other technologies such as WiFi, ADSL and optical fiber communications. ETSI has recently set up a Special Task Force (STF) 410 to investigate the performance of MIMO-PLC. This task force performed MIMO channel and noise measurements in several European countries [START_REF][END_REF][START_REF][END_REF].

ITU G.hn [21]:

The G.hn specifications define home networking over power lines, phone lines and coaxial cables with data rates up to 1 Gbps (probably achievable only for the coaxial cables). Released in 2009, the IUT G9960 standard specified the physical layer and the architecture of G.hn. Recently, IUT has released G.9963 to cover the MIMO technology in wire medium to increase data rate as well as coverage.

In-home SISO PLC characterization

To design a telecommunication system, it is necessary to model the transmission channel. It means that the channel characteristics such as the channel attenuation, the channel delay, the disturbance (interference, noise) have to be satisfactorily described. In this section, we overview the channel and the noise modeling in in-home PLC systems.

SISO PLC channel model

In Europe and in the United States, the supply of electricity relies on three wires: Phase (P), Neutral (N) and Protective Earth (PE). For SISO-PLC, only two wires P and N are used to transmit and receive the signal, that is, the voltage difference between P and N. In the literature, there are two approaches to model PLC channels. The first one is the bottom-up approach [START_REF] Hooijen | On the relation between network-topology and power line signal attenuation[END_REF][START_REF] Galli | Modeling the indoor power line channel: new results and modem design considerations[END_REF][START_REF] Amirshahi | Transmission channel model and capacity of over-head multi-conductor medium-voltage power-lines for broadband communications[END_REF][START_REF] Galli | A deterministic frequency-domain model for the indoor power line transfer function[END_REF]. This approach uses the Multi-conductor Transmission Lines (MTL) theorem [START_REF] Galli | A deterministic frequency-domain model for the indoor power line transfer function[END_REF] to describe the current/voltage variation (magnitude and phase) along the cables. Its advantage is that it does not require any field measurement. However, it requires a fine knowledge about the transmission environment, such as network topology, the cable characteristics and the impedance of every network node. The second approach is called "top-down". It is widely used in the literature [START_REF] Zimmermann | A multipath model for the powerline channel[END_REF][START_REF] Philipps | Development of a statistical model for powerline communications channels[END_REF][START_REF] Tonello | Widebande Impulse Modulation and receiver algorithms for multiuser Power line communications[END_REF][START_REF] Galli | A simplified model for the indoor power line channel[END_REF]. The various parameters of the analytic expressions of the PLC channel model are based on field measurements. In the literature, the fundamental Zimmermann's model is the one of the most famous [START_REF] Zimmermann | A multipath model for the powerline channel[END_REF]. This model highlights the multi-path nature of PLC channels. [START_REF] Tlich | Indoor power-line communications channel characterization up to 100 MHz -part I: one-parameter deterministic model[END_REF].

fer function reads

H(f ) = Np i=1 g i (f )A(f, d i )e -j2πf τ i , (1.1) 
where N p is the number of signal paths, g i (f ) is a complex and frequency-dependent weighting factor, τ i is the delay of path i, A(f, d i ) is the attenuation over path i of length d i and at frequency f . In [START_REF] Zimmermann | A multipath model for the powerline channel[END_REF], it is shown that A(f, d) decreases with frequency and cable length. It can be expressed under the following closed form:

A(f, d) = e -(a 0 +a 1 f K )d , (1.2) 
where a 0 , a 1 and K are the attenuation parameters that are derived from measured channel transfer functions.

In [START_REF] Tlich | Indoor power-line communications channel characterization up to 100 MHz -part I: one-parameter deterministic model[END_REF], according to the capacity of measured channels, PLC channels are classified into 9 classes. The percentage as well as the capacity of every channel class is given in Table 1.1 extracted from [START_REF] Tlich | Indoor power-line communications channel characterization up to 100 MHz -part I: one-parameter deterministic model[END_REF].

In [START_REF] Tonello | Widebande Impulse Modulation and receiver algorithms for multiuser Power line communications[END_REF][START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF], Tonello has reused the 9 class PLC model and added some statistical properties to the Zimmermann's model, by modeling some of its parameters as random variables with specific distribution. The frequency transfer function in the most recent Tonello's model reads [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF] 

H(f ) = A Np i=1 (g i + c i f K 2 )e -(a 0 +a 1 f K )d i e -j2πf d i /ν (1.3)
where g i and c i are modeled as log-normal distribution in [-1,1] with variance σ 2 g and σ 2 c , N p is modeled as a Poisson random variable with mean ΛL. The other parameters depend on the channel index and are listed in Tables 1.2 and 1.3. 

SISO PLC noise model

As previously written, power lines were originally designed for energy supply, rather than data transmission. In PLC networks, various appliances are connected together, which produces different types of noise. In [START_REF] Zimmermann | An analysis of the broadband noise scenario in powerline networks[END_REF], up to 5 PLC noise sources are distinguished:

• Colored background noise: the power spectral density (PSD) is low and decreases with frequency. It is mainly caused by summation of numerous noise sources with low power. Its PSD little varies over time, in the order of minutes or even hours. The background noise limits the channel capacity.

• Narrowband noise: it mostly consists of sinusoidal signals with modulated amplitudes caused by ingress of broadcast station. Generally, its level changes in order of daytime.

• Periodic impulsive noise synchronous to the mains frequency (50 Hz): it has short duration (in order of microsecond) and its PSD decreases with frequency. It is caused by power supplies, rectifier diodes, etc.

• Periodic impulsive noise asynchronous to the mains frequency (50 Hz): it is mostly caused by the power supplies with the repetition rate from 50 kHz to 200 kHz.

• Asynchronous impulsive noise: it is caused by lights and load switching transient (air conditioner, capacitor, ...). The analyses of pulse amplitude and width are given in [START_REF] Lauber | An update of CCIR business and residential noise levels[END_REF]. Typically, the impulse duration is up to few milliseconds and its PSD can reach values of more than 50 dB above the background noise.

All above 5 noise sources can be classified into 2 general categories: the general background noise (GBN) (including color background noise and narrowband noise), the impulsive noise (including three remaining noise sources). The GBN is stationary since it varies very slowly in terms of seconds. The impulsive noises are highly time-dependent with high amplitude. The impulsive noise is usually dominated by the asynchronous impulsive noise due to its high amplitude and unpredictable nature. Fig. 1.4 shows a noise classification in PLC systems.

In the framework of this thesis, we will study the colored background noise in detail. For the impulsive noise, we cite here some useful references. In [START_REF] Liu | Wide band AC power line characterization[END_REF][START_REF] Voglgsang | Measurement, characterizarion and simulation of noise on powerline channels[END_REF], the proposed frequency-domain models is based on measurement. In [START_REF] Chan | Amplitude, width and interval distribution for noise impulses on intrabuilding power line communication networks[END_REF][START_REF] Degardin | Classification and characterization of impulsive noise on indoor powerline used for data communications[END_REF], one can find a timedomain modeling to characterize three parameters: pulse amplitude, pulse width and inter time arrival. Data collected from measurements are used to model the probability distribution curves of these three parameters. In addition, the Middleton's Class A [START_REF] Matsuo | An iterative detection for OFDM over impulsive noise channel[END_REF][START_REF] Balakirsky | Potential limits on power line communication over impulsive noise channels[END_REF] noise model is usually applied to characterize the amplitude distribution. 

Colored background noise

In this PhD dissertation, we focus only on colored background noise. Two models are used in our simulations.

OMEGA model [START_REF]Seventh Framework Programme: Theme 3 ICT-213311 OMEGA, Deliverable D3.2[END_REF]:

This model relies on the measurements performed in the OMEGA project [START_REF] Omega | hOME Gigabit Access[END_REF]. The PSD shape is defined with the 1/f 2 term and a noise floor of -155 dBm/Hz.

N OM (f ) = 1 f 2 + 10 -155 10 
mW/Hz (1.4) where f denotes the frequency in Hz.

Esmailian model [START_REF] Esmailian | Multi megabit per second data transmission over in-building power lines[END_REF]: Also based on measurement, its PSD reads

N ES (f ) = a + b f 10 6 c dBm (1Hz) (1.5)
where f denotes the frequency in Hz and a, b and c are the model parameters. 

Introduction to MIMO-PLC

The multiple-input multiple-output (MIMO) technology has already been adopted in wireless communication for a long time. By using the additional PE wire, the MIMO principle can be extended to PLC systems and it has been recently proved efficient to increase data rate as well as coverage. In this section, we discuss the channel and noise modeling in MIMO-PLC systems. To this end, first, we present the coupling method, which is used for signal feeding and extracting in MIMO-PLC systems.

MIMO-PLC Coupling

There are two coupling methods that can be used in PLC systems: inductive and capacitive. Inductive couplers guarantee a balance between the lines while capacitive couplers often introduce asymmetry due to component manufacturing tolerances. In the following, we will focus on inductive MIMO couplers. Fig. 1.6 extracted from [START_REF] Berger | Power line communications for smart grid applications[END_REF] illustrates three inductive MIMO couplers options: delta-style (D) [START_REF] Schwager | Powerline communications: Significant technologies to become ready for integration[END_REF], T-style (T) [START_REF] Banwell | A novel approach to the modeling of the indoor power line channel. Part I: Circuit analysis and companion model[END_REF] and a star-style [START_REF] Schwager | Powerline communications: Significant technologies to become ready for integration[END_REF]. To avoid additional Common Mode (CM) currents that are the main source of radiated emission, the delta or T-style couplers should be used for feeding MIMO-PLC signals. As shown in Fig. 1.6, the delta coupler consists of there baluns arranged in a triangle between L, N and PE. According to the Kirchhoff's law, the sum of three injected voltages must be null. Thus, only two of the three signals are independent. The T-style coupler feeds the signals between L and N plus a second signal between the middle point of L-N and PE. Further details on each coupler type can be found in [START_REF][END_REF].

For the reception, all three couplers are suitable. According to [START_REF] Schwager | Powerline communications: Significant technologies to become ready for integration[END_REF], the star-style coupler is interesting since an additional fourth path can be used thanks to the CM. On To summarize, a MIMO PLC system with 2 transmitter ports and 4 receiver ports can be used. The crosstalk caused by the coupling of the wires results in the presence of all possible ports. In other words, the signal fed into one port is not only visible at the same receive port as the feeding port, but also visible at all the other receive ports. Fig. 1.7 shows the MIMO-PLC scheme with 2 transmitter ports and 4 receiver ports.

MIMO PLC channel model

For MIMO-PLC channel modeling, there is also two main approaches: the topdown approach and the bottom-up approach. Bottom-up MIMO-PLC channel models can be found in [START_REF] Anatory | Power-Line Communication Channel Model for Interconnected Networks -Part II: Multiconductor system[END_REF][START_REF] Versolatto | An MTL theory approach for the simulation of MIMO power-line communication channels[END_REF]. In the following, we briefly summarize the idea of the topdown MIMO-PLC channel modeling that has been recently presented in [START_REF] Berger | MIMO Power Line Communication[END_REF][START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF]. The difference between the two works is the receiver port configuration. In [START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF], the receive 1.4. INTRODUCTION TO MIMO-PLC 13 port are L-N, N-PE, PE-L and CM (star-style coupler) while they are L, N, PE and CM (delta-style coupler) in [START_REF] Berger | MIMO Power Line Communication[END_REF]. We first present the MIMO-PLC model in [START_REF] Berger | MIMO Power Line Communication[END_REF] in the following.

MIMO-PLC channel model with L, N, PE and CM receptions (star-style coupler) [START_REF] Berger | MIMO Power Line Communication[END_REF]:

Since there are 3 feeding ports and 4 receive ports, all of the 12 paths must be modeled. In [START_REF] Berger | MIMO Power Line Communication[END_REF], a set of 4x3 channel transfer function (CTF) is given based on measurements. Denoting by H(f ) such a matrix, it reads

Input L-N N-PE PE-L port D1 D2 D3 h S1,D1 (f ) h S1,D2 (f ) h S1,D3 (f ) S1 L h S2,D1 (f ) h S2,D2 (f ) h S2,D3 (f ) S2 N h S3,D1 (f ) h S3,D2 (f ) h S3,D3 (f ) S3 PE h S4,D1 (f ) h S4,D2 (f ) h S4,D3 (f ) S4 CM Output port (1.6)
Let us consider the SISO-PLC Zimmermann's channel model to describe h S1,D1 (f ) as follows

h S1,D1 (f ) = A Np i=1 g i e -(a 0 +a 1 f K )d i e -j2πf d i /ν (1.7)
where the notations are the same as in section 1.3.1.

In [START_REF] Berger | MIMO Power Line Communication[END_REF], to take in to account the correlation between paths observed in measurements, all other paths in MIMO channel matrix will be modeled as follows

h Sm,Dn (f ) = A m,n N m,n p p=1 g m,n p e -jφ m,n p e -(a 0 +a 1 f K )d m,n p e -j2πf d m,n p /ν (1.8)
There are five parameters depending on the link index which must be modeled, i.e., A m,n , N m,n , g m,n , φ m,n p and d m,n p . In [START_REF] Berger | MIMO Power Line Communication[END_REF], the value of A m,n measured in dB is modeled as

A m,n dB = A 1,1 dB + N (0, σ m,n ), m, n ∈ [1, 2, 3] (1.9) A 4,n dB = 0.5 × A 1,1 dB -30 + N (0, σ 4,n ), n ∈ [1, 2, 3], (1.10) 
where all values of σ m,n in dB are grouped within a single matrix as follows: When considering L, N and PE reception, thanks to the identical topology of the electrical network, it is reasonable to keep the path distribution constant as compared to the one generated for the link S1-D1 (i.e., link LN-L). In other words, N m,n

[σ m,n ] =      0 
p = N 1,1 p , g m,n p = g 1,1 p and d m,n p = d 1,1 p for m, n ∈ [1, 2, 3
]. An exception is made for the CM reception (m = 4) for which a specific path distribution {g 4,n p , d 4,n p } will be generated using the same Poisson distribution as for the link S1-D1.

For the value of φ m,n p , to satisfy the channel correlation factor observed in measurements, it is modeled as a random variable with uniform distribution within the range [-∆φ/2, ∆φ/2] [START_REF] Berger | MIMO Power Line Communication[END_REF]. The appropriate values of ∆φ recommended in [START_REF] Berger | MIMO Power Line Communication[END_REF] are defined as follows:

• Generate CTF S2-D1 and S3-D1 from CTF S1-D1: ∆φ = 2π.

• For m = 1, 2, 3, 4, generate CTF Sm-D2 from CTF Sm-D1, and CTF Sm-D3 from CTF Sm-D1: ∆φ = 4π/3.

We summarize in the following all steps to generate a MIMO-PLC channel:

• Step 1: Generate the CTF of link S1-D1.

• Step 2: Generate the CTF of link Sm-Dn, m, n ∈ [1, 2, 3] by using the same path distribution as the one of link S1-D1, varying the median channel gain A m,n , and adding a phase shift φ m,n p to every path of the new CTF.

• Step 3: If the CM reception is utilized, for every link S4-Dn, a new path distribution must be generated with the same Poisson distribution as for the link S1-D1. Then, the median channel gain is adjusted and a random phase shift is added for every path of the new CTF. MIMO-PLC channel model with L-N (S1), N-PE (S2), PE-L (S3) receptions (delta-style coupler) [START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF]:

The principle of this model is almost the same as the one in [START_REF] Berger | MIMO Power Line Communication[END_REF]. However, the values of A m,n and ∆φ are different as compared to the one in [START_REF] Berger | MIMO Power Line Communication[END_REF]. The values of ∆A m,n = A m,n /A 1,1 are given in Table 1.4. where the same-circuit case means that data transmission does not pass through the electrical distribution board and the differentcircuit means that data transmission passes through the electrical distribution board and E(µ) denotes a random variable with exponential distribution with mean equal to µ. 

Same-circuit Different-circuit ∆A m,n E(0.3659) ≈ 1 Table 1.4 -Calculation of ∆A m,n values.
Regarding ∆φ, there is also a distinction between the same-circuit and the differentcircuit cases. For the same-circuit case:

• The PPE-PPE channel is obtained from the PN-PN channel by choosing ∆φ = π.

• The NPE-NPE channel is obtained from the PPE-PPE channel by choosing ∆φ = π/2. • All other channels are obtained from the PN-PN channel by choosing ∆φ = π.

For the different-circuit case:

• The PPE-PPE channel is obtained from the PN-PN channel by choosing ∆φ = 2π.

• The NPE-NPE channel is obtained from the PPE-PPE channel by choosing ∆φ = π. • All other channels are obtained from the PN-PN channel by choosing ∆φ = π. formed by varying the median channel gain and adding a random phase shift for every path of CTF of link S1-D1.

MIMO PLC noise model

In the literature, MIMO-PLC noise modeling is little addressed. In this section, we first introduce the MIMO background noise model in frequency domain proposed by Hashmat et al. in [START_REF] Hashmat | Analysis and modeling of background noise for inhome MIMO-PLC channels[END_REF]. Second, we describe a more complicated time-domain model of the MIMO-PLC background noise proposed by Hashmat et al. in [START_REF] Hashmat | A time-domain model of background noise for in-home MIMO PLC networks[END_REF].

Statistical Frequency Domain Models for MIMO PL Noise:

This MIMO PL noise model takes into account the statistical properties of model parameters for the three receive ports L-N, N-PE and PE-L. It is based on the Esmailian model, and provides the statistics of the parameters a, b and c for L-N, N-PE and PE-L sequences. The statistics of the parameters are given in Table 1.5. Fig. 1.10 shows the PSD of the measured MIMO-PLC noises at three receive ports. Fig. 1.11 shows the PSD of the measured and modeled noise at N-PE receive port. Both figures are extracted from [START_REF] Hashmat | Analysis and modeling of background noise for inhome MIMO-PLC channels[END_REF]. This background noise model provides a very simple and brief picture of the noise present in the power line channel. A complete and detailed noise model can be achieved only through time domain modeling techniques that will be presented in the following. In [START_REF] Hashmat | A time-domain model of background noise for in-home MIMO PLC networks[END_REF], the MIMO PLC channel noise is modeled as a tri-variate time series (TTS), which is a special case of a multivariate time series (MTS). A method that can efficiently model the MIMO-PLC noise is the Vector Autoregressive (VAR) model that reads

n t = w + p i=1 A i n t-i + ω t (1.12)
where

n t = [n S1 t , n S2 t , n S3 t ]
T ∈ R 3×1 denotes the noise vector at instant t, vector w ∈ R 3×1 serves to introduce the mean value if the TTS has non-zero mean, A i ∈ R 3×3 are dependent-model coefficient matrices and ω t are zero-mean, uncorrelated random noise vectors with same covariance matrix C.

Eq. (1.12) is also called a VAR(p) of TTS. In [START_REF] Hashmat | A time-domain model of background noise for in-home MIMO PLC networks[END_REF], it is shown that VAR [START_REF] Powernet | [END_REF] can be used to reproduce the MIMO-PLC background noise for L-N, N-PE and PE-L receive ports. Recently, in [START_REF] Berger | MIMO Power Line Communication[END_REF], in order to obtain a compromise between complexity and accuracy, a VAR(50) was selected to model the MIMO-PLC noise for L, N, PE and CM receive ports. It is also proved that the VAR(50) model can well regenerate the spectral characteristic of the measured noise. Figs. 1.12 and 1.13 illustrate the timedomain noise obtained in a measurement and from the VAR(15) model, respectively.

Contributions to PLC channel and noise characterization

At the end of the 2nd year of my thesis, we obtained some data of channel and noise measurements from Orange Labs, Lannion, France. I cooperated with an internship student to study channel and noise characteristic in PLC systems. Based on available data, we aim to propose a simpler models for PLC channel and noise as compared to the existing one. Since the time budget for this task as well as the available data were limited, it was not possible to get general conclusions. Thus, in the following, only some main contributions are presented. We also give some conclusions and perspectives of this work.

SISO-PLC channel classification

A channel classification has been proposed in OMEGA project [START_REF] Omega | hOME Gigabit Access[END_REF] relying on channel capacity. In this project, PLC channels were classified into nine classes with ascending order of channel capacity. Capacity is calculated by the Shannon's capacity formula with a same referenced noise and PSD at the transmitter side. As shown in Table 1.1, these 9 classes are defined by equally dividing the capacity interval from 1000 Mbps to 2800 Mbps into 9 sub-intervals. We recall here the Shannon's capacity formula for an OFDM system. It reads where P s , P n denote the PSD of the transmitted signal and of the noise, respectively; H i is the channel frequency response at subcarrier i and ∆f is the subcarrier bandwidth.

C = ∆f N i=1 log 2 1 + P s |H i | 2 P n (1.
In the following, we focus on classification methods for PLC channels. Instead of applying a criterion based on equal capacity division, we propose an unsupervised classification technique which uses a Gaussian mixture model (GMM). The probability density function of a GMM is defined as follows

f (x) = K i=1 w i N (x, µ i , σ 2 i ) (1.14)
where K is the number of classes, w i > 0 is the weight of class i such that K i=1 w i = 1, N (x, µ 1 , σ 2 1 ) denotes the pdf of a Gaussian distribution with mean µ i and variance σ 2 i and x is the variable to classify, which is the channel capacity in our case.

We list in Table 1.6 the parameters used to calculate the channel capacity in the OMEGA project [START_REF] Omega | hOME Gigabit Access[END_REF] and in our method.

We can observe that there are two main parameter changes in our calculation as compared to the one in the OMEGA project. First, the frequency band is from 2 MHz to 87 MHz, which is defined in the HPAV specification to fulfill the compatibility with other radio communication systems. The spectral mask of transmitted data is -50 dBm (1Hz) for frequency band 2-30 MHz and falls to -80 dBm (1Hz) for frequency band 30-87 MHz. Second, the frequency shift between two adjacent carriers is 155 kHz instead of 25 kHz, resulting from the measurements.

The channel capacity is calculated with Eq. (1.13) using the parameters in Table 1.6 for 80 measured PLC channels and the classification is performed by using the Expectation-Maximization (EM) algorithm [START_REF] Reynolds | Gaussian mixture models[END_REF]. In the EM algorithm, a critical predefined parameter is the number of classes K. To choose the optimum value of K, we use two criteria: Akaike Information Criterion (AIC) [START_REF] Akaike | A new look at the statistical model identification[END_REF][START_REF] Sclove | Application of model-selection criteria to some problems in multivariate analysis[END_REF] and Bayesian Information Criterion (BIC) [START_REF] Schwarz | Estimating the dimension of a model[END_REF] parameter, i.e., channel capacity, the criteria read

K AIC = arg min K -2L + 2(3K -1) (1.15) K BIC = arg min K -2L + (3k -1) log N (1.16)
where N is the length of observations (number of data vectors x) and L is the logarithm of the likelihood at the maximum likelihood solution for the investigated mixture model given as

L = N j=1 log K i=1 N (x j |µ i , σ i ) (1.17) 
Fig. 1.14 illustrates the AIC and BIC criteria values w.r.t. K. We can see that K = 2 minimizes both AIC and BIC criteria. Based on this result, the number of classes should be chosen equal to 2 for the observed data extracted from the measurements. The GMM classification is shown in Fig. 1.15. In this figure, the channel classes have capacities concentrated around 500 Mbps and 1500 Mbps. The average capacity, the proportion and the deviation of the channels of both classes are given in Table 1.7.

The presence of two classes (K = 2) may be explained by an insufficient number of observations. We exploit in total 80 channel measurements. This study could be refined with more data (they should be taken from houses located in more spread areas in order to ensure the measurement diversity). Our contribution in this work is the capacity calculation taking into account the spectral mask defined in the HPAV2 specification and the proposed classification is performed with efficient statistical tools (GMM classification, EM algorithm, AIC, BIC criteria). We believe that the proposed methodology is better than a simple equal capacity division criterion in [START_REF] Omega | hOME Gigabit Access[END_REF].

SISO-PLC noise modeling

From the noise measurements obtained from Orange Labs, we tried to figure out the amplitude distribution of the noise. In the literature, for the PLC noise amplitude modeling, there exist some models such as two-terms Gaussian model [START_REF] Bert | On noise modeling for power line communications[END_REF], class A Middleton's model [START_REF] Bert | On noise modeling for power line communications[END_REF] or the Nakagami-m model [START_REF] Meng | Modeling and analysis of noise effects on broadband power-line communications[END_REF]. To find the probability density function (pdf) without any prior knowledge of its shape, kernel estimation (KE) is an efficient non-parametric estimation tool. It was introduced in [START_REF] Rosenblatt | Remarks on some nonparametric estimates of a density function[END_REF] and has been a subject of much attention (see [START_REF] Fryer | A review of some non-parametric methods of density estimation[END_REF] and its references). We briefly recall the KE principle in the following.

Kernel estimation Suppose that X 1 , X 2 , ..., X n are real-valued observations drawn from an unknown pdf f . The kernel estimation p n of p is defined as

p n (x) = 1 nh n j=1 K x -X j h (1.18)
where K is the kernel function and h is the smoothing parameter or window width. The kernel K is a pdf, i.e., K(x) ≥ 0 and x K(x)dx = 1. Furthermore, it is generally assumed to be symmetric, K(-x) = K(x).

Both theory and practice suggest that the choice of the kernel function is not crucial to the statistical performance of the method and therefore it is quite reasonable to choose a kernel for computation efficiency [START_REF] Epanechnikov | Non-parametric estimation of a multivariate probability density[END_REF]. In this section, the kernel function that we use is the standard Gaussian density. For a given kernel, the shape of the estimator is mainly governed by the value of the window width h, which determines how much the data are smoothed to obtain the estimate. According to [START_REF] Shimazaki | Kernel bandwidth optimization[END_REF], there are two ways to optimize the value of the window width h: fixed optimized window width and locally adaptive optimized window width. The adaptive window width is preferred since it accounts for the local density of observations to adjust the compromise between smoothness and dependence upon data of the estimated density. Hence, in the following, we use the locally adaptive optimized window width to estimate the noise amplitude distribution.

Noise amplitude distribution in the time-domain In the first step, we test the KE method with an observation set (with 10 7 observations, i.e., n = 10 7 ) that is randomly chosen from the We can see that the locally adaptive window width kernel estimation yields a good estimate for the noise amplitude distribution. By using this density function obtained from the KE, we suggest to fit it with the Generalized Normal Distribution (GND) and then with the two-terms GND. We will also compare both proposed models to the conventional simple model, i.e., two terms Gaussian model. Remind that the two terms Gaussian model was already mentioned in Section 1.5.1 for the channel classification. The pdf of GND reads

G(x, α, β, µ) = β 2αΓ(1/β) e (-|x-µ| α ) β (1.19)
where µ ∈ R is the expectation, α ∈ R + is the scale parameter, β ∈ R + is the parameter of the curve shape and Γ(.) denotes the gamma function defined as

Γ(z) = +∞ 0 t z-1 e -t dt (1.20)
More details about the GND can be found in [START_REF]Generalized Normal Distribution[END_REF]. The two terms GND model is

p(x) = w 1 G(x, α 1 , β 1 , µ 1 ) + w 2 G(x, α 2 , β 2 , µ 2 ) (1.21)
where w 1 and w 2 denote the component proportions (w 1 , w 2 ≥ 0 and w 1 + w 2 = 1).

To calculate w i , α i , β i , i = 1, 2, the EM algorithm can be used.

Fig. 1.17 shows the comparison between the three models in scalar and logarithm scale, respectively. We can observe that as expected, the mixture GND model yields the best fitting to the distribution given by the kernel estimation as compared to the others since it represents a larger family of pdfs. We have also calculated the Kullback-Leibler divergence (KLD) [START_REF] Kullback | On information and sufficiency[END_REF] for the 2-term Gaussian model, the GND model and the 2-term GND model in Table 1.8. It confirms the better accuracy of the 2-term GND.

Noise amplitude distribution in frequency-domain Applying FFT to the measurement data, we obtain the noise samples in the frequency-domain. In the following, we show the distributions of the real and imaginary parts of the noise on three randomly chosen subcarriers (subcarriers 3, 400 and 900 for the following). noise on subcarrier 3. The GND-based models better fit the distribution obtained from the kernel estimation than the Gaussian-based models. This can be easily observed in logarithm scale.

The KLD for the 3 models for both noise parts (real and imaginary) and for 3 subcarriers is shown in Table 1.9. We can see that the GND-based models always outperform the Gaussian based model. 

Discussion

The estimated distribution of the FFT samples of the noise does not fit the Gaussian distribution. However, although we have long data sets (about 250×10 3 samples for each subcarrier), the distribution tail estimation remains difficult due to the small size of the high-amplitude data subsets. We also observe that as indicated in the literature, the duration of impulsive noise is short and it has only instantaneous impact on the system Part/Subcarrier Gaussian GND error rate. Many impulsive noise mitigation techniques are available such as impulse estimation and cancellation [START_REF] Matsuo | An iterative detection for OFDM over impulsive noise channel[END_REF][START_REF] Ghosh | Analysis of the effect of impulse noise on multicarrier and single carrier QAM systems[END_REF][START_REF] Rinne | Impulse burst position detection and channel estimation schemes for OFDM systems[END_REF], pre-filtering techniques based on the Alpha-Stable model [START_REF] Nassar | Mitigating near-field interference in laptop embedded wireless transceivers[END_REF], two MMSE symbol-by-symbol estimation [START_REF] Häring | Error tolerant communication over the compound channel[END_REF], compressed sensing based on convex relaxation methods using 1 minimization where impulsive noise is modeled as a sparse signal in time-domain [START_REF] Caire | Impulse noise cancellation in OFDM: an application of compressed sensing[END_REF][START_REF] Al-Naffouri | Impulsive noise estimation and cancellation in DSL using compressive sampling[END_REF] and in many PhD dissertations such as [START_REF] Avril | Etude et optimisation des systèmes à courant porteurs domestiques fac aux perturbations du réseau électrique[END_REF][START_REF] Ndo | Etude et Optimisation de Techniques de Réduction de Bruit Impulsif pour Transmissions Haut Débit sur Lignes à Courants Porteurs en Contexte Résidentiel[END_REF]. Moreover, the effect of impulsive noise can be also alleviated by using channel coding such as LDPC or Turbo code. Indeed, the background noise has an important impact to the global system throughput since it is quasi-stationary (varying in order of day-time). It has been proven in [START_REF] Lapidoth | Nearest neighbor decoding for additive non-Gaussian noise channels[END_REF] that for a fixed noise power, Gaussian noise is the worst case in terms of system capacity. In other words, given a variance constraint, the Gaussian noise minimizes the capacity of a point-to-point additive noise channel. The proof relies on the fact that the Gaussian distribution maximizes the entropy subject to a variance constraint. In [START_REF] Shomorony | Worst-case additive noise in wireless networks[END_REF], Gaussian noise is proved to be the worst-case noise for arbitrary wireless networks with additive noises that are independent of the transmit signals. In addition, any coding scheme that achieves a given set of rates on a network with Gaussian additive noises can be used to construct a coding scheme that achieves the same set of rates on a network that has the same topology and traffic demands, but with non-Gaussian additive noises. Obviously, this remains valid for a single link and in the next chapters, we only exploit the Gaussian-noise-based capacity formula to calculate the maximum number of bits that can be allocated on a given subcarrier under a certain error rate constraint, being sure that the system should work whatever the noise distribution.

Conclusion

In this chapter, we have first proposed a concise state-of-art of PLC systems. We have then briefly described the major industrial players as well as the main projects and standards related to PLC system design. We have also briefly investigated channel and noise modeling which are interesting to develop and validate new techniques or transmission schemes. Moreover, by exploiting the measurement data provided by Orange Labs, we have identified and tested some techniques to improve the current channel and noise models. Despite the specificity of PLC channels and following our comments in the previous section, we will use standard criteria for bit rate/power optimization in PLC systems.

CHAPTER 2 Inter-symbol and inter-carrier interference analysis in In-home PLC systems Power line communications are subject to strict power spectrum limitations. Conventional OFDM does not satisfy these requirements and many candidates have been studied among which Wavelet OFDM and Windowed OFDM. In this PhD dissertation, we focus on Windowed OFDM since it is widely used the most in-home PLC systems.

Interference analysis has been deeply investigated in the case of conventional OFDM, but it has not been fully addressed in the case of Windowed OFDM. In this chapter, we focus on this topic. After modeling the inter-carrier interference (ICI) and inter-symbol interference (ISI), we analyze their influence on PLC system performance.

Introduction

As introduced in Chapter 1, PLC channels are frequency selective. Among the technologies used to manage the interference resulting from the channel frequency selectivity, multi-carrier modulations are one of the most efficient and the most widespread representative of this set is the orthogonal frequency division multiplexing (OFDM). OFDM has two main advantages which are its robustness against various kind of interference and the possibility to be directly used as multiple access technique (OFDMA). However, the conventional OFDM can not be the optimal solution in terms of data rate in PLC systems because of the restrictive spectral mask imposed to PLC systems. The spectral mask forces OFDM to turn off certain subcarriers at the border of the notches of the spectral mask. The more number of subcarriers is turned off, the less data rate is obtained. To reduce the number of subcarriers to be turn off, HPAV defines a Windowed-OFDM format, based on the cyclic prefix OFDM scheme, allowing to fit into the transmission mask without losing much spectral efficiency. Many other modulation schemes have been proposed for PLC systems, among which we can cite: coded OFDM [START_REF] Giovaneli | Space frequency coded OFDM system for multi wire power line communication[END_REF], precoded OFDM [START_REF] Tlili | Precoded OFDM for power line broadband communication[END_REF], Wavelet OFDM [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF], Filter Multi Tone (FMT) [START_REF]Seventh Framework Programme: Theme 3 ICT-213311 OMEGA, Deliverable D3.4[END_REF], OFDM/OQAM [START_REF] Siohan | Analysis and design of OFDM/OQAM systems based on filter bank theory[END_REF], where OQAM stands for Offset Quadrature Amplitude Modulation and Hermitian Symmetric OQAM (HS-OQAM) [START_REF] Lin | OFDM/OQAM with hermitian symmetric: Design and performance for baseband communication[END_REF]. However, these techniques are out of the scope of the thesis and in this chapter, we only concentrate on the Windowed-OFDM.

In OFDM-based systems, the guard interval (GI) is a critical parameter. In the conventional OFDM, if the guard interval is shorter than the maximum delay of channel impulse response, this results in ICI and ISI. Analysis of the interference (ISI and ICI) due to an insufficient GI length in conventional OFDM systems is reported in many references of the state-of-art, among which [START_REF] Viterbo | How to combat long echoes in OFDM transmission scheme: Sub-channel equalization or more powerful channel coding[END_REF][START_REF] Seoane | Analysis of intertone and interblock interference in OFDM when the length of the cyclic prefix is shorter than the length of the impulse response of the channel[END_REF][START_REF] Celebi | Interblock Interference (IBI) and Time of Reference (TOR) Computation in OFDM Systems[END_REF][START_REF] Henkel | The Cyclic Prefix of OFDM/DMT: An Analysis[END_REF][START_REF] Nguyen | Intercarrier and Intersymbol Interference Analysis of OFDM Systems on Time-Invariant Channels[END_REF][START_REF] Thomas | Frequency-Domain Asynchronous Interference Suppression in Cyclic-Prefix Communications[END_REF][START_REF] Ouzzif | Statistical analysis of the cyclic prefix impact on indoor plc capacity[END_REF][START_REF] Alessandro | Adaptive pulse-shaped OFDM with application to in-home power line communication[END_REF]. In [START_REF] Viterbo | How to combat long echoes in OFDM transmission scheme: Sub-channel equalization or more powerful channel coding[END_REF][START_REF] Seoane | Analysis of intertone and interblock interference in OFDM when the length of the cyclic prefix is shorter than the length of the impulse response of the channel[END_REF], the interference power is calculated based on a frequency-domain approach, while the works in [START_REF] Celebi | Interblock Interference (IBI) and Time of Reference (TOR) Computation in OFDM Systems[END_REF][START_REF] Henkel | The Cyclic Prefix of OFDM/DMT: An Analysis[END_REF] are based on time-domain approach. [START_REF] Henkel | The Cyclic Prefix of OFDM/DMT: An Analysis[END_REF] shows that the power spectral density (PSD) of the ISI depends on the discrete Fourier transform (DFT) of the 'tail' of the impulse response, i.e. the portion of the impulse response beyond the GI. In [START_REF] Nguyen | Intercarrier and Intersymbol Interference Analysis of OFDM Systems on Time-Invariant Channels[END_REF][START_REF] Thomas | Frequency-Domain Asynchronous Interference Suppression in Cyclic-Prefix Communications[END_REF], the interference calculation is extended for time-varying channels.

In Windowed OFDM systems, the effective protection against ISI and ICI is reduced in proportion of the Roll-off Interval (RI) length of the transmitter window. So, the interference calculation derived for the conventional OFDM can not directly be applied in PLC systems. Thus, the main contribution of this chapter is to derive the ISI and ICI formulas caused by an insufficient GI in both SISO and MIMO PLC systems. Moreover, we also analyze the performance degradation in terms of system capacity caused by ISI and ICI. Finally, it is shown that in the case of insufficient GI, the ISI and ICI must be taken into account in the bit/power allocation problem.

Conventional OFDM versus Windowed-OFDM

In this section, we briefly describe the conventional OFDM and Windowed-OFDM modulations. We introduce the notations as well as the key equations that will be used to analyze the performance. Note that in this chapter, in the formula T 0 + GI + RI, GI and RI are measured in microseconds while in the formula M + GI + RI, they are measured in time-domain samples.

OFDM

OFDM has been adopted in many wireless communication systems such as IEEE 802.11a/g (WLAN), IEEE 802.16 WiMax and recent long-term evolution (LTE) stan- dard. It is also exploited in wired systems such as asymmetric digital subscriber line (ADSL) or IEEE P1901 power line communication (PLC). In OFDM systems, the whole frequency bandwidth is segmented into numerous narrow adjacent sub-bands. A data stream is transmitted by frequency-division multiplexing (FDM) using M orthogonal sub-carriers, centered in the sub-bands. If the sub-band width is smaller than the channel coherence bandwidth, the channel frequency response on this sub-band can be considered as flat. Consequently, simple one-tap equalization techniques can be used at the receiver [START_REF] Gotz | Power line channel characteristics and their effect on communication system design[END_REF]. An OFDM transmission scheme is illustrated in Fig. 2.1.

The data stream is transmitted by using M subcarriers with frequency spacing F 0 = 1 T 0 , where T 0 denotes the OFDM symbol duration. An efficient way to implement the conventional OFDM relies on the use of the Inverse Fast Fourier Transform (IFFT). A Guard Interval (GI) is added to absorb all interference (ISI and ICI) caused by the replicates of the previous OFDM symbols. Typically, the GI is constructed by copying the end of the transmitted symbol at the beginning of each OFDM symbol. In this case, the GI is called Cyclic Prefix (CP). In addition to suppressing interference, the CP makes the receiver less sensitive to time synchronization errors.

The time-sampled OFDM signal reads

s n (k) = M -1 m=0 c m,n Π M +GI [k -n(M + GI)]e j2π km M , (2.1) 
where k is the time-sample index, m is the subcarrier index, n is the OFDM symbol index and Π M +GI [u] denotes the discrete rectangular window function, equal to 1 if u ∈ {0, . . . , M + GI -1} and null elsewhere. In order to generate the real value signal that is required in PLC systems, the following condition must be fulfilled at the IFFT input:

   c m,n = c * M -m,n c 0,n = c M/2,n = 0 (2.2)
where [c 0,n , c 1,n , . . . , c M/2-1,n ] are the modulation symbols.

The modulated samples are parallel to serial converted and then passed through a Digital to Analog Converter to generate the continuous signal.

At the receiver, after analog to digital conversion, the GI first samples are removed and then an M -point FFT is performed with the M remaining samples. Assuming an interference-free transmission, a Zero-Forcing equalization is then used to reconstruct the M transmitted symbols.

The main limitation of the conventional OFDM with respect to PLC systems is its bad containment of subcarriers. Indeed, the time-domain rectangular window corresponds to the frequency-domain cardinal sine function which has an infinite support.

Windowed-OFDM

As already mentioned, in order to manage the radiated power induced by the PLC, a spectral mask is imposed to PLC devices. The spectral mask specified in the IEEE P1901 standard limits the transmitted power to -55 dBm/Hz and imposes several notches with transmitted power under -85 dBm/Hz. The shape of the spectral mask is given in Fig. 2.2. The conventional OFDM which uses a rectangular window cannot provide a frequency containment that simultaneously fulfills a suitable spectral efficiency and the spectral mask constraints. That is why a Windowed OFDM is defined in the HPAV specification. In the Windowed OFDM, first and last RI (Roll-off interval) out of M + GI + RI time-domain samples of the OFDM symbol are softened. This reduces the number of subcarriers that must be turned off at the edge of the notches. As compared to the conventional OFDM, Windowed-OFDM has an additional stage after the CP insertion which consists in applying a multiplicative window function to 

s n (k) = M -1 m=0 c m,n g[k -n(M + GI)]e j2π km M , (2.3) 
where g is the time-domain window function of length M + GI + RI. RI denotes the Roll-Off Interval of the window shape. It also corresponds to the overlapping duration between two consecutive OFDM symbols. The Windowed-OFDM timing is illustrated in Fig. 2.3, extracted from [START_REF] Achaichia | Contributions to the improvement of multiuser PLC home networks[END_REF], where it can be seen that the CP corresponds to the juxtaposition of the RI and the GI. At the receiver side, given an OFDM symbol after suppression of the first GI samples, the first RI samples are moved to the end of the OFDM symbol. Then, the classical FFT demodulation is applied to reconstruct the transmitted symbols. An illustration of the main steps at the receiver side is given in Fig. 2.4, extracted from [START_REF] Achaichia | Contributions to the improvement of multiuser PLC home networks[END_REF].

Fig. 2.5 shows the IFFT transform of the rectangular window used in the conventional OFDM and of the window used in the Windowed OFDM as specified in the IEEE P1901 standard. We can see that the outband signal attenuation in the Windowed OFDM is higher than the one in the conventional OFDM. It allows to reduce the number of switched-off subcarriers at the border of the notches of the spectral mask The operating parameters used for the Windowed-OFDM in PLC systems are defined in the IEEE P1901 standard [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF].

Interference Calculation

In this section, we derive ISI and ICI formula in PLC systems. First, an analysis of ISI and ICI in SISO-PLC systems is given. Then, an extension to MIMO-PLC systems is carried out.

Interference calculation in SISO-PLC systems

Under a given spectral mask constraint, only a part of the available subcarriers is used. According to [START_REF] Achaichia | OFDM/OQAM: A solution to efficiently increase the capacity of future PLC networks[END_REF], in the absence of noise, the demodulated sample on the m 0 -th subcarrier and n 0 -th OFDM symbol reads

y(m 0 , n 0 ) = M -1 m=0 +∞ n=-∞ c m,n P -1 l=0 h l e -j2πmF 0 τ l 1 T 0 +∞ -∞ g(t -nT -τ l ) f (t -n 0 T )e j2π(m-m 0 )F 0 t dt Ig(m-m 0 ,n,n 0 ,τ l ) (2.

4) where

• c m,n : Complex QAM, 8-PSK or BPSK symbol located at the m-th subcarrier of the n-th OFDM symbol; • F 0 : frequency separation between adjacent carriers; • T 0 = 1 F 0 : FFT window period; • RI: Roll-off interval of the time-domain window at the transmitter (utilized in Windowed-OFDM), in the conventional OFDM RI = 0;

• GI: Guard interval (GI > RI); • T = T 0 + GI: OFDM symbol period; • g(t), f (t): time-domain window functions at the transmitter (length of T + RI)
and receiver (length of T 0 ); • h(t) = P -1 l=0 h l δ(t -τ l ): multi-path channel impulse response;

Firstly, the calculation of I g (m -m 0 , n, n 0 , τ l ) is given according to the value of τ l . There are two cases:

T 0 (n 0 + 1)T n 0 T RI GI T 0 GI τ l g(t -nT ) g(t -nT -τ l ) f (t -n 0 T ) Figure 2.6 -Relative position of g(t -nT -τ l ) and f (t -n 0 T ) in the case of τ l ≤ GI -RI.
• τ l < GI -RI: The window functions at the transmitter g(t -nT ) and at the receiver f (t -n 0 T ) as well as their relative position are illustrated in Fig. 2.6. In this case, we obtain

I g (m -m 0 , n, n 0 , τ l ) = 1 T 0 δ n,n 0 GI+T 0 GI e j2π(m-m 0 )F 0 (u+n 0 T ) du (2.5) = 1 T 0 δ n,n 0 GI+T 0 GI e j2π(m-m 0 )F 0 u du (2.6) = 1 T 0 e j2π(m-m 0 )F 0 GI δ n,n 0 T 0 0 e j2π(m-m 0 )F 0 u du (2.7) = δ n,n 0 δ m,m 0 (2.8)
where we used that T 0 = F -1 0 and δ u,v = 1 if u = v and null anywhere else.

• GI -RI < τ l < T : Fig. 2.7 illustrates the relative position between both filter responses. By observing Fig. 2.7, we deduce that the term

I g (m -m 0 , n, n 0 , τ l ) is not null if and only if n = n 0 or n = n 0 -1. T 0 (n 0 + 1)T n 0 T RI GI T 0 GI τ l g(t -nT ) g(t -nT -τ l ) f (t -n 0 T ) ISI ICI Figure 2.7 -Relative position of g(t -nT -τ l ) and f (t -n 0 T ) in the case of τ l > GI -RI.
If n = n 0 :

I g (m -m 0 , n, n 0 , τ l ) = 1 T 0 T GI g(u -τ l ) f (u)e j2π(m-m 0 )F 0 (u+n 0 T ) du (2.9) = e j2π(m-m 0 )F 0 n 0 T C(m-m 0 ,n 0 ) 1 T 0 T GI g(u -τ l )e j2π(m-m 0 )F 0 u du (2.10) = C(m -m 0 , n 0 ) 1 T 0 T GI e j2π(m-m 0 )F 0 u du + 1 T 0 τ l +RI GI (g(u -τ l ) -1) e j2π(m-m 0 )F 0 u du -G(m-m 0 ,τ l ) (2.11) = C(m -m 0 , n 0 )δ m,m 0 -A g (m -m 0 , n 0 , τ l ) (2.12) where A g (m -m 0 , n 0 , τ l ) = C(m -m 0 , n 0 )G(m -m 0 , τ l ).
If n = n 0 -1: With the same calculation and since g(u+T ) = 1 -g(u), ∀u ∈ [0, RI] we obtain

I g (m -m 0 , n, n 0 , τ l ) = 1 T 0 C(m -m 0 , n 0 ) τ l +RI GI g(u + T -τ l )e j2π(m-m 0 )F 0 u du (2.13) = 1 T 0 C(m -m 0 , n 0 ) τ l +RI GI 1 -g(u -τ l ) e j2π(m-m 0 )F 0 u du (2.14) = A g (m -m 0 , n 0 , τ l ) (2.15)
The channel impulse response h(t

) = P -1 l=0 h l δ(t -τ l ) where τ l < τ l+1 and τ IN -1 ≤ GI -RI < τ IN can be rewritten as h(t) = IN -1 l=0 h l δ(t -τ l ) + P -1 l=IN h l δ(t -τ l ) (2.16)
Replacing Eq. ( 2.16) into Eq. (2.4) and taking into account (2.8), (2.12) and (2.15), the analytic formula of y(m 0 , n 0 ) becomes

y(m 0 , n 0 ) = M -1 m=0 +∞ n=-∞ c m,n IN -1 l=0 h l e -j2πmF 0 τ l δ n,n 0 δ m,m 0 + M -1 m=0 +∞ n=-∞ c m,n P -1 l=IN h l e -j2πmF 0 τ l x δ n,n 0 [δ m,m 0 -A g (m -m 0 , n, τ l )] + δ n,n 0 -1 A g (m -m 0 , n 0 , τ l ) (2.17) = c m 0 ,n 0 H(m 0 F 0 ) - P -1 l=IN h l e -j2πmF 0 τ l A g (0, n 0 , τ l ) α(m 0 ) - M -1 m=0,m =m 0 c m,n 0 P -1 l=IN h l e -j2πmF 0 τ l A g (m -m 0 , n 0 , τ l ) ICI(m 0 ,n 0 ) + M -1 m=0 c m,n 0 -1 P -1 l=IN h l e -j2πmF 0 τ l A g (m -m 0 , n 0 , τ l ) ISI(m 0 ,n 0 -1) (2.18) In practical PLC systems, c m,n is i.i.d ∀m ∈ [0, M/2 -1] and c m,n = c * M -m,n , c 0,n = c M/2,
n = 0. Furthermore, we assume that the channel is block-based invariant. Then, the total interference on subcarrier m 0 can be calculated as

P I (m 0 ) = P ICI (m 0 ) + P ISI (m 0 ) = M m=1 W (m 0 , m)P (m) (2.19)
where W (m 0 , m) is the interference contribution of subcarrier m on subcarrier m 0 and P (m) is the power allocated on subcarrier m. The values of W (m 0 , m) can be approximated as

W (m 0 , m) ≈    2 H g (m 0 , m) + H g (m 0 , M -m) 2 , m = m 0 H g (m 0 , m 0 ) + H g (m 0 , M -m 0 ) 2 , m = m 0 (2.20)
where

H(m 0 , m) = P -1 l=IN h l e -j2πmF 0 τ l G(m -m 0 , τ l ) .
Let us denote by A use the subset of active carriers. Since P (m) = 0, ∀m / ∈ A use , the interference power on subcarrier m 0 ∈ A use can be re-written as

P I (m 0 ) = m∈A use W (m 0 , m)P (m) = L b=1 W (a, b)P (b) (2.21)
where

W (a, b), ∀a, b ∈ [1, L] is defined as W (a, b) = W (m 0 , m) where m 0 = A use (a), m = A use (b) and W (m 0 , m) is calculated as in Eq. (2.20).

Interference calculation in MIMO-PLC systems

For the sake of simplicity, we consider a 2x2 MIMO-PLC spatial multiplexing system. The demodulated sample at the Rx port k ∈ {1, 2} corresponding to the m 0 -th subcarrier and n 0 -th OFDM symbol denoted by y k (m 0 , n 0 ) is

y k (m 0 , n 0 ) = 2 i=1 y ki (m 0 , n 0 ) + n k (m 0 , n 0 ) (2.22)
where y ki (m 0 , n 0 ) is the demodulated signal from Tx port i to Rx port k and n k (m 0 , n 0 ) is the noise sample on the m 0 -th subcarrier and n 0 -th OFDM symbol at the k-th Rx port.

As in the SISO case, y ki (m 0 , n 0 ) can be expressed as

y ki (m 0 , n 0 ) = M -1 m=0 +∞ n=-∞ c i m,n P ki -1 l=0 h ki l e -j2πmF 0 τ ki l (2.23) × 1 T 0 +∞ -∞ g(t -nT -τ ki l ) f (t -n 0 T )e j2π(m-m 0 )F 0 t dt Ig(m-m 0 ,n,n 0 ,τ ki l )
where:

• c i m,n : complex symbol transmitted on the m-th subcarrier of the n-th OFDM symbol at Tx port i;

• h ki (t) = P ki -1 l=0 h ki l δ(t -τ ki l ): multi-path channel impulse response from the i-th Tx port to the k-th Rx port.

By using the same calculation as in the SISO case, we obtain

y ki (m 0 , n 0 ) = M -1 m=0 +∞ n=-∞ c i m,n IN ki -1 l=0 h ki l e -j2πmF 0 τ ki l δ(n -n 0 )δ(m -m 0 ) + M -1 m=0 +∞ n=-∞ s i m.n P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l {δ(n -n 0 )[δ(m -m 0 ) -A g (m -m 0 , n, τ ki l )] + δ(n -n 0 + 1)A g (m -m 0 , n 0 , τ ki l )} = c i m 0 ,n 0 P ki -1 l=0 h ki l e -j2πm 0 F 0 τ ki l + M -1 m=0 (s i m,n 0 -1 -s i m,n 0 ) x P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l A g (m -m 0 , n 0 , τ ki l ) = c i m 0 ,n 0 H ki (m 0 F 0 ) - P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l A g (0, n 0 , τ ki l ) α ki (m 0 ) - M -1 m=0,m =m 0 c i m,n 0 P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l A g (m -m 0 , n 0 , τ ki l ) ICI ki (m 0 ,n 0 ) + M -1 m=0 c i m,n 0 -1 P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l A g (m -m 0 , n 0 , τ ki l ) ISI ki (m 0 ,n 0 -1) (2.24) 
The terms ICI ki (m 0 , n 0 ) and ISI ki (m 0 , n 0 -1) are the interference from the n 0 -th and (n 0 -1)-th OFDM symbol to the m 0 -th subcarrier on the n 0 -th OFDM symbol. They are caused by the paths whose delay is greater than GI -RI.

We assume that the s i m,n are independently and identically distributed ∀i, m, n with zero mean and variance σ 2 s (m, n, i). The power contributions of ICI ki (m 0 , n 0 ) and of ISI ki (m 0 , n 0 -1) are written as

P 1 = E |ICI ki (m 0 , n 0 )| 2 = M -1 m=0 m =m 0 σ 2 s (m, n 0 , i)|W ki (m, m 0 )| 2 (2.25) P 2 = E |ISI ki (m 0 , n 0 -1)| 2 = M -1 m=0 σ 2 s (m, n 0 -1, i)|W ki (m, m 0 )| 2 (2.26)
where

W ki (m, m 0 ) = P ki -1 l=IN ki h ki l e -j2πmF 0 τ ki l 1 T 0 τ ki l +RI GI (1 -g(u -τ ki l
))e j2π(m-m 0 )F 0 u du.

We assume that the channel is time-invariant and the power allocation P i (m) = σ 2 s (m, n, i), ∀n. Then, the total interference power is rewritten as

P ki I (m 0 ) = P 1 + P 2 = M -1 m=0 P i (m)Ψ ki (m, m 0 ) (2.27)
where

Ψ ki (m, m 0 ) = 2|W ki (m, m 0 )| 2 if m = m 0 and Ψ ki (m 0 , m 0 ) = |W ki (m 0 , m 0 )| 2 .
Taking into account Eq. (2.24) and under the assumption of slowly time-variant channels, we can rewrite Eq. (2.22) under the matrix form as

Y m 0 = A m 0 X m 0 + I m 0 + N m 0 , (2.28) 
where

Y m 0 = y 1 (m 0 ) y 2 (m 0 ) T ; X m 0 = c 1 m 0 c 2 m 0 T ; N m 0 = n 1 (m 0 ) n 2 (m 0 ) T ; A m 0 = α 11 (m 0 ) α 12 (m 0 ) α 21 (m 0 ) α 22 (m 0 ) ; I m 0 = i ICI ki (m 0 ) + ISI ki (m 0 ) T = [I 1 (m 0 ) I 2 (m 0 )] T
The covariance matrix of the noise plus interference is

Ψ IN (m 0 ) = E[(I m 0 + N m 0 )(I m 0 + N m 0 ) H ] (2.29)
It can be rewritten as

Ψ IN (m 0 ) =   E I 1 I * 1 (m 0 ) + σ 2 1 (m 0 ) E I 1 I * 2 (m 0 ) E I 2 I * 1 (m 0 ) E I 2 I * 2 (m 0 ) + σ 2 2 (m 0 )   (2.30)
Indeed, the covariance matrix Ψ IN (m 0 ) depends on the power allocated at all transmitters and on all used subcarriers because the terms E I a I * b (m 0 ) (after some algebra) depend on the power allocation P 1 (m), P 2 (m), ∀m. (see Appendix A)

Influence of interference on the capacity in MIMO-PLC systems

In this section, we figure out the influence of interference on the capacity in MIMO-PLC systems. Indeed, the interference causes a decrease of the signal-to-interferenceplus-noise ratio (SINR) as well as a degradation of the capacity.

Theoretical analysis

Since the number of used subcarriers employed in practical PLC systems is quite large, we assume that the interference on a given subcarrier is normally distributed (following the central limit theorem). Different normality tests for the interference have been introduced in [START_REF] Cortes | On PLC channel models: an OFDM-based comparison[END_REF]. According to this analysis, our assumption is valid in practical PLC systems. Under a Gaussian continuous input distribution, taking into account the interference and assuming that a perfect channel state information is available at the receiver, the theoretical capacity is given by [START_REF] Krusevac | Channel capacity estimation for MIMO systems with correlated noise[END_REF] 

C M IM O (m 0 ) = log 2 det I 2x2 + Ψ -1 IN (m 0 )A(m 0 )Q(m 0 )A H (m 0 ) (2.31)
where

Q(m 0 ) = diag [P 1 (m 0 ) P 2 (m 0 )] .
When the interference in Eq. (2.28) is neglected, the theoretical capacity can be approximated by [START_REF] Stadelmeier | MIMO for inhome Power Line Communications[END_REF][START_REF] Hashmat | MIMO communications for inhome PLC networks: Measurements and results up to 100 MHz[END_REF]:

ĈMIMO (m 0 ) = 2 i=1 log 2 1 + λ i (m 0 )P i (m 0 ) σ 2 i (m 0 ) (2.32)
where λ i (m 0 ) is the i-th eigenvalue of A(m 0 )A H (m 0 ).

In the following, we compare the theoretical capacity given by Eq. (2.31) with its approximation in Eq. (2.32) and then we discuss the influence of interference into MIMO-PLC systems in terms of capacity.

Simulation results

The simulation parameters are fixed by the IEEE P1901 standard [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF]: • Channel model H ki (f ): SISO-PLC Class 2 channel of Tonello's model [START_REF] Tonello | A fitting algorithm for random modeling the PLC channel[END_REF] and 2x2 MIMO-PLC (same circuit using P-N, N-PE) of Hashmat's model [START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF]. • The channel impulse response h ki (t) is derived from H ki (f ) by applying IFFT and time-domain rectangular window function, keeping 95% of the initial energy [START_REF]Seventh Framework Programme: Theme 3 ICT-213311 OMEGA, Deliverable D3.2[END_REF]. • Noise model: the noise vector has independent colored Gaussian components simulated with the extension of Esmailian's model [START_REF] Hashmat | Analysis and modeling of background noise for inhome MIMO-PLC channels[END_REF]. • Spectral mask constraint: P 1 (m) + P 2 (m) ≤ P 0 ∆f, ∀m. The total power allocated on any subcarrier is less than or equal to P 0 ∆f , where P 0 = -55 dBm/Hz and ∆f is the subcarrier spacing between two consecutive subcarriers [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF].

• Number of active subcarriers L = 917. • f s = 100 MHz, F 0 = 1 T 0 = 24.
We use the class 2 channel model in the simulations as it corresponds to one of the most frequent practical channel classes [START_REF]Seventh Framework Programme: Theme 3 ICT-213311 OMEGA, Deliverable D3.2[END_REF]. To illustrate the impact of interference, we use the minimum value of GI defined in the IEEE P1901, i.e. GI = 5.56 µs.

The transmission quality depends both on noise and interference levels and we shall study the impact of interference when added to noise. We assume a Zero-Forcing (ZF) equalization on each subcarrier. At the ZF equalizer output, the interference plus noise level at the m 0 -th used subcarrier on Rx port k is derived as follows:

P k IN (m 0 ) = {w m 0 Ψ -1 IN (m 0 )w H m 0 }(k, k), (2.33) 
where

w m 0 = A H (m 0 )A(m 0 ) -1 A H (m 0 ) is the coefficient matrix of the ZF equal-
izer at the m 0 -th used subcarrier. The SINR at the k-th receiver on the m 0 -th used subcarrier is

SIN R k (m 0 ) = P k (m 0 ) P k IN (m 0 ) , (2.34) 
where P k (m 0 ) is the power allocated at the k-th Tx port on the m 0 -th used subcarrier. Note that the SNR can be also determined by replacing Ψ IN (m 0 ) in Eq. (2.33) and Eq. (2.34) with

X N (m 0 ) = diag [σ 2 1 (m 0 ), σ 2 2 (m 0 )] . Fig. 2.8(a) (resp. Fig. 2.8(b))
shows the SINR and SNR at the ZF equalizer output for the receiver port P-N (resp. N-PE) in the MIMO-PLC class 2 with the equal maximum power allocation, P 1 (m) = P 2 (m) = P 0 /2, ∀m. In these figures, the notches represent the unused subcarriers. The SNR level is always much higher than the SINR level on all subcarriers. The mean shift between SNR and SINR is about 17 dB at the P-N receiver and about 15 dB at the N-PE receiver. This confirms that the interference cannot be neglected and that it significantly degrades the transmission quality in the case of GI = 5.56 µs. In practice, the IEEE P1901 standard has also defined other longer guard interval values (7.56 µs and 47.12 µs). The length of guard interval is negotiated after the channel estimation. The longer the guard interval is chosen, the less impact the interference has. However, the throughput may be also decreased if the GI is too long.

To illustrate the capacity degradation due to interference, we compute the theoretical capacity given by Eq. (2.31) and its approximation (interference neglected). Table 2.1 shows the simulation results averaged over 200 channel realizations. In Eq. (2.31), the theoretical capacity C M IM O depends on the power allocation at all subcarriers in a complex way. Thus, to evaluate the dependence of theoretical capacity on the power allocation, we also calculate the total theoretical capacity with equal power allocation P 1 (m) = P 2 (m) = P 0 /32, ∀m. Simulation results are also given in Table 1. We can see that the exact capacity is much smaller than its approximation. Moreover, when the power allocation at every Tx port on every subcarrier changes from P 0 /2 to P 0 /32, the value given by the approximation is significantly reduced. However, this is not the case for the value obtained with the exact formulation because not only Q(m 0 ) but also Total capacity terference cannot be neglected. In the presence of interference, even when the power allocation is multiplied by a factor of 16, the capacity keeps roughly the same. This can be explained by the fact that with the equal power allocation, the covariance matrix

P 1 =P 2 =P 0 /2 P 1 =P 2 =P 0 /
Ψ IN (m 0 ) can be considered as Ψ IN (m 0 ) = P W(m 0 ) (see Appendix A)
, where P is the (scalar) power value allocated on every Tx port and on every subcarrier, i.e. P 1 (m) = P 2 (m) = P and W(m 0 ) is a 2x2 matrix that can be considered independent from P . In this case, we obtain:

C M IM O (m 0 ) = log 2 det I 2x2 + Ψ -1 IN (m 0 )A(m 0 )Q(m 0 )A(m 0 ) (2.35) = log 2 det I 2x2 + (P W) -1 (m 0 )A(m 0 )P I 2x2 A(m 0 ) (2.36) = log 2 det I 2x2 + W -1 (m 0 )A(m 0 )A(m 0 ) (2.37)
The capacity doesn't depend on P if W(m 0 ) is considered independent from P . However, this is valid for high SNR values only. Thus, there is a small capacity shift when P varies from P 0 /2 to P 0 /32.

Simulations for the MIMO-PLC Class 9 channel (SISO-PLC Class 9 channel of Tonello's model + 2x2 MIMO-PLC) are also shown and support the preceding comment. As the maximum delay spread of Class 9 channel is less than 0.6 µs (= GI -RI) in most of realizations, there is no interference or the interference is insignificant. Then, the exact capacity coincides with its approximation. Table 2.2 illustrates the simulation results for the Class 9 channel. The simulation results in Tables 2.1 and 2.2 confirm that the interference can have a strong impact depending on the severity of the channel and must be considered in the optimization of PLC systems. In that case, equal power allocation is not an efficient solution and hence joint bit-loading/power allocation should be done. In practical systems, where the receiver cannot make the difference between noise and interference, the exact formula should be used.

Conclusion

This chapter has presented a detailed analysis of the interference in SISO and MIMO PLC systems. It takes into account the channel characteristics and filter re-sponses at the Tx and at the Rx sides. In this study, we have used the filters specified in IEEE P1901 standard to simulate the SINR in MIMO-PLC. The simulation results show that the SINR at both receiver ports is significantly less than the SNR in the case of class 2 channel when a GI of 5.56 µs is used. Moreover, the degradation of transmission quality in terms of capacity is also carried out. It is also demonstrated that the equal maximum power allocation, i.e. P 1 (m) = P 2 (m) = P 0 /2, which is used in conventional MIMO-OFDM systems with the assumption of no interference and no CSIT, is not a good strategy for the power allocation in such PLC channels and such length of guard interval. We will use this interference analysis in chapter 4 to study bit/power/guard interval allocation problem and propose an efficient strategy to solve it.

APPENDIX A Calculation of Ψ IN

In this appendix, we show that E I a I * b (m 0 ) depends on the power allocation P 1 (m), P 2 (m), ∀m.

Let us denote by c i m and ci m the complex symbol allocated at Tx port i on subcarrier m of the current OFDM symbol and of the previous OFDM symbol, respectively. {c i m } (respectively {c i m }) is a sequence of independent and identically distributed symbols with zero mean. We can thus write:

E c i m (c i m ) * = 0 ∀i, i , m, m ; (A.1) E c i m (c i m ) * = E ci m (c i m ) * = 0 ∀i = i , m, m ; (A.2) E |c i m | 2 = E | ĉi m | 2 = P i (m). (A.3)
Then, we obtain:

E ICI ki (m 0 ) (ICI k i ) * (m 0 ) = E ICI ki (m 0 ) (ISI k i ) * (m 0 ) =          0 i = i M -1 m=0 m =m 0 P i (m)W ki (m, m 0 )W * k i (m, m 0 ) i = i (A.4) and E ISI ki (m 0 ) (ISI k i ) * (m 0 ) =        0 i = i M -1 m=0 P i (m)W ki (m, m 0 )W * k i (m, m 0 ) i = i (A.5)
Using Eq. (A.4), Eq. (A.5) and the definition of I 1 (m 0 ) in Eq. (2.28), E [

I 1 I * 1 ] (m 0 ) reads E I 1 I * 1 (m 0 ) = M -1 m=0 P 1 (m)Ψ 11 (m, m 0 ) + M -1 m=0 P 2 (m)Ψ 12 (m, m 0 ) (A.6) 47 
In practice, only L subcarriers are used (L < M/2). Let us denote by Ψ 1 , (resp. Ψ 2 ) the matrix that contains the coefficient Ψ 11 (m, m 0 ), (resp. Ψ 12 (m, m 0 )), ∀ m ∈ A use ;

P 1 = P 1 (m) , P 2 = P 2 (m) , ∀ m ∈ A use and P = P 1 P 2 T . Then E I 1 I * 1 (m 0 ) can be written as E I 1 I * 1 (m 0 ) = Ψ 1 Ψ 2 P (m 0 ) = W 1 P (m 0 ) (A.7)
Similarly, we can derive E

I 1 I * 2 (m 0 ) = W 2 P (m 0 ) and E I 2 I * 2 (m 0 ) = W 3 P (m 0 )
where W 2 and W 3 can be calculated in the same way as W 1 . Obviously, E I a I * b (m 0 ) depends on the power allocation P.

Finally, the covariance matrix Ψ IN (m 0 ) can be written as

Ψ IN (m 0 ) = W 1 P (m 0 ) + σ 2 1 (m 0 ) W 2 P (m 0 ) W * 2 P (m 0 ) W 3 P (m 0 ) + σ 2 2 (m 0 ) (A.8)
If the equal power allocation P 1 (m) = P 2 (m) = P , ∀m ∈ A use is applied, we simplify

Ψ IN (m 0 ) as Ψ IN (m 0 ) = P    W 1 (m 0 , :) + σ 2 1 (m 0 ) P W 2 (m 0 , :) W * 2 (m 0 , :) W 3 (m 0 , :) + σ 2 2 (m 0 ) P    = P K(m 0 ) (A.9)
where W i (m 0 , :) is the m 0 -th row vector of matrix W i and S is the sum of the components of vector S. Note that if σ 2 i (m) P << W i (m 0 , :) , K(m 0 ) can be assumed independent from P . CHAPTER 3 Optimal Bit-Loading

Algorithm for PLC systems without interference

This chapter considers bit-loading algorithms in interference-free OFDM systems. We present a new low-complexity loading algorithm that exploits the bit vector obtained by rounding the water-filling algorithm solution to the associated continuous problem as an efficient initial bit vector of the Greedy algorithm. We theoretically prove that this bit vector has two interesting properties. The first one states that it is an efficient bit vector, i.e., there is no movement of a bit from one subcarrier to another that reduces the total used power. The second one states that the optimized throughput, starting from this initial bit vector, is achieved by adding or removing bits on each subcarrier at most once. Simulation results show the efficiency of the proposed algorithm, i.e., as compared to the well-known optimal algorithms in the literature. The objective function obtained with the proposed algorithm is identical with a significantly reduced computation cost.

Finally, we recall that section 3.2 has been published in the IEEE Transactions on Communications [START_REF] Vo | A Computationally Efficient Discrete Bit-Loading Algorithm for OFDM Systems Subject to Spectral-Compatibility Limits[END_REF] and section 3.3 has been accepted for a publication in the IEEE Communications Letters.

State-of-the art

In OFDM systems, with channel state information available at the transmitter, a loading algorithm can be used to allocate power and bits to the subcarriers under given constraints. It can be designed to achieve different objectives in OFDM systems, such as rate maximization, power minimization, error rate minimization, etc. Different algorithms have been proposed among which we can enumerate: adaptive-rate algo-3.1. STATE-OF-THE ART 49 rithms which maximize the capacity under the power and bit-error rate constraints (BER) [START_REF] Leke | A maximum rate loading algorithm for discrete multitone modulation systems[END_REF][START_REF] Fischer | A new loading algorithm for discrete multi-tone transmission[END_REF][START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF][START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF][START_REF] Hughes-Hartogs | Ensemble modem structure for imperfect transmission media[END_REF][START_REF] Campello | Practical bit loading for DMT[END_REF]; margin-adaptive algorithms which minimize the consumed power under data rate and BER constraints [START_REF] Hughes-Hartogs | Ensemble modem structure for imperfect transmission media[END_REF][START_REF] Papandreou | A new computationally efficient discrete bit-loading algorithm for DMT applications[END_REF][START_REF] Chow | A practical discrete multitone transceiver loading algorithm for data transmission over spectrally shaped channels[END_REF][START_REF] Krongold | Computationally efficient optimal power allocation for multicarrier communication systems[END_REF][START_REF] Mahmood | An Efficient Algorithm for Optimal Discrete Bit-Loading in MultiCarrier Systems[END_REF][START_REF] Mahmood | An Efficient Methodology for Optimal Discrete Bit-Loading with Spectral Mask Constraints[END_REF].

In the wired communication systems such as ADSL and PLC, beside the total power constraint, a spectral mask constraint (i.e., peak-power constraint) must be taken into account to ensure the compatibility with other radio systems [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF], [107]. Several optimal discrete bit-loading algorithms have been proposed in the literature e.g. [START_REF] Leke | A maximum rate loading algorithm for discrete multitone modulation systems[END_REF][START_REF] Campello | Practical bit loading for DMT[END_REF][START_REF] Krongold | Computationally efficient optimal power allocation for multicarrier communication systems[END_REF][START_REF]Multi-channel modulation[END_REF][START_REF] Sonalkar | Efficient bit-loading algorithm for DMT applications[END_REF][START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF]. Many other works such as [START_REF] Fischer | A new loading algorithm for discrete multi-tone transmission[END_REF][START_REF] Chow | A practical discrete multitone transceiver loading algorithm for data transmission over spectrally shaped channels[END_REF][START_REF] Czylwik | Adaptive OFDM for wideband radio channels[END_REF] proposed a suboptimal solution by rounding off the continuous solution of an optimization problem and claimed complexity advantages over the conventional Greedy algorithm [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF] with minimum performance degradation with respect to the optimal discrete solution. While all these algorithms provide different performance to complexity trade-off possibilities for discrete bit allocation, the problem of peak-power constraint has not been fully addressed.

For the rate maximization problem with peak-power constraint, major contributions were done by Baccarelli et al. in [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF] for the continuous bit-loading and in [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF] for the discrete bit-loading and by Papandreou et al. in [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF]. For the power consumption minimization problem with peak-power constraint, major contributions were done by Baccarelli et al. in [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], by Mahmood and Jaffrot in [START_REF] Mahmood | An Efficient Methodology for Optimal Discrete Bit-Loading with Spectral Mask Constraints[END_REF] and by Papandreou et al. in [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF].

Our contribution is a new low-complexity bit loading algorithm that can be used for both rate maximization problem and power minimization problem with peak-power constraints. To this end, instead of using a zero bit loading initialization in the conventional Greedy algorithm or the maximum allowable bit loading initialization in the bit-removing algorithm in [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF], we propose a novel initial bit vector resulting from the rounding of the Water-filling (WF) solution of the continuous bit loading problem. We prove that the use of the proposed initial bit vector in the Greedy procedure can achieve the global optimum solution. In addition, starting from this proposed initial bit vector, we also prove that to obtain the global optimum bit-loading, the number of bits per subcarrier needs to be increased or removed at most once. The computation cost as well as the run-time are theoretically analyzed and compared through simulations for the proposed algorithm, and the well-known existing algorithms in the literature. This chapter is organized as follows. The throughput maximization problem under the total power and peak-power constraints is given in Section 1.2. In Section 1.3, we consider the power consumption minimization problem. Finally, Section 1.4 is dedicated to conclusions and perspectives.

Rate maximization problem in OFDM systems with peak-power constraints

In this section, we consider the rate maximization problem under total and peakpower constraints in OFDM systems. Then, based on analytic results, we propose a new algorithm that can achieve the global optimum solution with a reduced complexity as compared to other algorithms in the literature. To this end, we exploit the bit vector obtained by rounding the water-filling algorithm solution to the associated continuous-input rate maximization problem as an efficient initial bit vector of the Greedy algorithm. We theoretically prove that this bit vector has two interesting properties. The first one states that it is an efficient bit vector, i.e., there is no movement of a bit from one subcarrier to another that reduces the total used power. The second one states that the optimized throughput, starting from this initial bit vector, is achieved by adding or removing bits on each subcarrier at most once.

Rate maximization problem and existing algorithms

The discrete bit-loading problem in interference-free OFDM systems, i.e., there is neither ISI nor ICI, under the total power and peak-power constraints is given in

(3.1), maximize m b m s.t. b m ≤ A max | b m ∈ N b m ≤ c m = log 2 1 + g m P m Γ (3.1) m P m ≤ P tot P m ≤ P max m , ∀m
where b m and P m are the number of bits and the power allocated to the subcarrier m; A max is the maximum number of bits defined by the maximum order constellation; g m is the channel gain to noise ratio; Γ ≥ 1 is the "SNR gap" that effectively estimates the gap (in terms of signal to noise ratio) between subcarrier capacity and actual rate conveyable (bits/symbol). It depends on the desired symbol error probability P E , coding gain γ C and required margin γ M [START_REF] Campello | Optimal discrete bit loading for multicarrier modulation systems[END_REF][START_REF] Bingham | ADSL, VDSL and Multicarrier Modulation[END_REF]:

Γ = 1 3 Q -1 ( P E 4K ) 2 γ M γ C , where Q -1 (x)
is the inverse tail probability of the standard normal distribution and K is an edge-effect correction factor fast approaching unity for medium and large-size QAM constellations. This SNR gap has been used in many bit loading algorithms to calculate the number of bits allocated on a subcarrier [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF][START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF][START_REF] Chow | A practical discrete multitone transceiver loading algorithm for data transmission over spectrally shaped channels[END_REF][START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF][START_REF] Rhee | Increase in capacity of multiuser OFDM system using dynamic subchannel allocation[END_REF][START_REF] Armada | A simple multiuser bit loading algorithm for multicarrier WLAN[END_REF]. Interested readers can find more details about this "SNR gap" in [START_REF] Campello | Optimal discrete bit loading for multicarrier modulation systems[END_REF][START_REF] Kalet | The multitone channel[END_REF]. 

P r max (m) = (2 b r max (m) -1)Γ g m ≤ P max m
(where is the floor function) the maximal number of bits limited by the peak-power constraint on subcarrier m, the maximal effective number of bits and the maximal effective power allocated on subcarrier m.

Problem (3.1) can be rewritten as maximize

m b m s.t. b m ≤ c m = log 2 1 + g m P m Γ , b m ∈ N (3.3) m P m ≤ P tot P m ≤ P r max (m), ∀m
In the following, we introduce some well-known algorithms of the literature that we will use as references.

Conventional Greedy or Greedy-based bit-adding with zero bit loading initialization (Z-GBA) algorithm: A well-known optimal solution of problem (3.1) is obtained from the Z-GBA algorithm. The bit vector is initialized to the null vector. At every iteration, a subcarrier with minimum required incremental power is allocated an additional bit if the power constraints remain fulfilled. In [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], it is proved that this algorithm yields the global optimum solution of (3.1). Its performance in terms of computation cost depends on the total allowable power: it requires a higher computation cost when the total allowable power is high.

Greedy-based bit-removing with maximum allowable bit loading initialization (M-GBR) algorithm: This algorithm has been used in [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF] to solve the problem (3.1). The initial number of bits allocated on all subcarriers is set to their maximal allowable number of bits, i.e., b r max . Then, at every iteration, one bit is removed on a given subcarrier if its gain power is the maximum one. The iterative procedure is stopped when the total power constraint is fulfilled. Its performance in terms of computation cost depends on the total allowable power: it is lower when the total allowable power is high.

Sub-optimal Baccarelli-Fasano-Biagi algorithm (BFB): This algorithm was proposed by E. Baccarelli, A. Fasano and M. Biagi in [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF]. Hence, in the remainder of the chapter, we will refer to it as BFB algorithm. Its principle consists in two steps. Firstly, it solves the associated continuous optimization problem (3.3) 

P m ≤ P r max (m)
The solution of (3.4) is found by solving the following equation

f (S 1 ) = m S 1 - Γ g m P r max (m) 0 -P tot = 0 (3.5) with [x] p 0 =        p x ≥ p x 0 < x < p 0 x ≤ 0 (3.6)
In [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF], two methods have been proposed to solve (3.5). First, an "Iterative Waterfilling" (IWF) is proposed to find the exact solution with a complexity that is in the order of the square of the number of subcarriers. Second, a secant-based loading algorithm is used to find a reliable root of (3.5) with a complexity that grows only linearly with the number of subcarriers.

The capacity corresponding to subcarrier m is

c m = log 2 1 + g m Γ S 1 - Γ g m P r max (m) 0 (3.7)
In the second step, the bi-section method is applied to find the maximum value of α defined hereinafter in (3.8) so that the total power constraint is fulfilled. The number of bits allocated to subcarrier m is given by

b m = [ c m + α ] b r max (m) 0 (3.8)

Hybrid approach between the Z-GBA and M-GBR algorithms

In Section 3.2.1, we have reminded that the complexity of the Z-GBA algorithm and of the M-GBR algorithm are a non-decreasing function and a non-increasing function of the total allowable power, respectively. Thus, in the region of high values of P tot , the 
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M-GBR algorithm should be used instead of the Z-GBA algorithm and vice versa. In this section, we propose a simple threshold to switch between the two algorithms. In fact, the complexity of both algorithms is dominated by a product of the number of iterations to obtain the optimum bit and power allocation vectors (b op and P op ) and the complexity per iteration. Moreover, the complexity per iteration of both algorithms is almost the same, i.e., we find the subcarrier that requires minimum power to add one bit or find the subcarrier for which the power gain when removing one bit is maximal and then adjust the number of bits on this subcarrier. Let us denote by BA and BR the number of iterations to obtain b op in the Z-GBA and the M-GBR algorithms and L denotes the number of used subcarriers. They are dominated by BA L and BR L. Note that in these algorithms, only one bit is added or removed at each iteration. Then we

have BA = b op 1 , BR = b r max 1 -b op 1
, where 1 denotes the l 1 vector norm. Let us define ∆P BR and ∆P BA by

∆P BR = P r max 1 -P op 1 , (3.9 
)

∆P BA = P op 1 . (3.10) 
The proposed criterion relies on the following theorems.

Theorem 3.1. There exist ν > µ > 1 so that if ∆P BR ∆P BA ≤ µ then BR < BA and if

∆P BR ∆P BA ≥ ν then BR > BA .
Proof. See Appendix B.1.

The theorem 3.1 gives us a way to determine the regions where the M-GBR or the Z-GBA algorithm should be preferred. However, due to the ignorance of P op 1 , we cannot calculate ∆P BR and ∆P BA directly.

The theorem 3.2 enables us to have an approximation of P op

1 valid in some specific assumptions however satisfied in practice cases. Theorem 3.2. If P r max 1 > P tot and P tot >> P r max (m), ∀m, we have P op 1 ≈ P tot .

Proof. See Appendix B.2.

In practice, the condition of P tot >> P r max (m), ∀m is generally fulfilled since the number of active subcarriers is high. Then, ∆P BR and ∆P BA can be approximated as ∆P BR ≈ P r max 1 -P tot ; ∆P BA ≈ P tot .

(3.11)

An illustration of the switch between both algorithms is illustrated in Fig. 3 with respect to P tot for a given channel realization. However, we also checked that the value of ν highly depends on the channel realization. In contrast, µ can be considered constant (µ ≈ 1) w.r.t. channel realization. To reduce the complexity, we only take into account the criterion ∆P BR ∆P BA ≤ µ, where µ = 1, to determine the switch between the Z-GBA and the M-GBR algorithms. We refer to the resulting proposed algorithm as hybrid algorithm. This approach is based on the criterion ∆P BR ∆P BA ≤ µ. If the criterion is fulfilled, the M-GBR algorithm is used since BR < BA . Otherwise, the Z-GBA algorithm is used. Obviously, this simple criterion can only yield a sub-optimal switch between the two algorithms as we will see in the simulation section.

A new low-complexity loading algorithm: Theoretical analysis and implementation

Theoretical analysis

The WF algorithm provides an optimal loading solution to problem (3.4), denoted by {c W F m }. We define the rounding of the WF solution as b Solve Eq. (3.5) to find S 1 by using Iterative Water-Filling or secant-based loading algorithm in [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF] and calculate S 2 = log 2 ( S 1 Γ ).

W F R m = round(c W F m ), where round(x) = n ⇔ - 1 2 ≤ x -n < 1 2 , n ∈ N (3.12)
8:

Calculate b W F R m = round log 2 (g m ) + S 2 b r max (m) 0 , P W F R m = (2 b W F R m - 1 
)Γ g m and

P use = m P W F R m .
9:

if P use ≤ P tot then 10:

Use Greedy-based bit-adding as in [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF] to add the number of bits on the subcarriers that have not reached yet their effective maximal number of bits b r max .

11:

else 12:

Use Greedy-based bit-removing as in [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF] to remove the number of bits on the subcarriers that have not reached yet 0.

13:

end if

14: end if Theorem 3.6. The WFR-GBL algorithm converges to the globally optimal bit allocation solution to problem (3.3).

Proof. See Appendix B.6.

Note that in Step 7 of the pseudocode implementation of the WFR-GBL algorithm, the secant-based loading should be used to find S 1 for two reasons. First, note that the "efficiency" of b W F R is independent of S 1 , so that we can use an approximate version of the root of Eq. (3.5) instead of the exact one. Second, its complexity grows only linearly with the number of subcarriers. However, its main drawback is that in many cases, it do not converge to the exact root. To avoid it, we use a modified secant-based (also called Illinois) algorithm [START_REF] Dowell | A modified regula falsi method for computing the root of an equation[END_REF] whose pseudocode implementation is given in Algorithm 2. In the following, starting from b W F R , we prove that the optimized bit-loading is achieved by adding or removing the number of bits per subcarrier at most once.

Theorem 3.7. To achieve the optimized throughput from b W F R , the number of bits on every subcarrier needs to be increased or removed at most once.

Proof. See Appendix B.7. 4: Set f 0 = -P tot , f 1 = m P r max (m) -P tot .

5: while count < 5 do 6:

S 1 = 1 2 f 1 x 1 -f 0 x 0 1 2 f 1 -f 0 7: f = m S 1 - Γ g m P r max (m) 0 -P tot 8:
if f > 0 then 9:

x 1 = S 1 10:

f 1 = f 11:
else 12:

x 0 = S 1 13:

f 0 = f 14: end if 15:
if

S 1 -S old 1 S 1 < then 16: count = count + 1 17:
end if

18:

S old 1 = S 1 19: end while 20:

P m = S 1 - Γ g m P r max (m) 0

Complexity analysis

Let us denote by N s the number of iterations to find S 1 in the secant-based loading procedure, N r the number of iterations to find α in the BFB algorithm and L the number of used subcarriers. In [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], it is shown that N s and N r are independent of L. To find the optimum (i.e., maximum or minimum) of an array of size L, it requires about L operations. The calculations of b max (and of b W F R ), b r max from b max (and of P use ) and P r max from b r max (and of P W F R ) require 5L, L and 4L operations. Let us denote by W F R the number of iterations to obtain b op in the WFR-GBL algorithm. Note that in WFR-GBL algorithm, only one bit is added or removed at each iteration. Then we have

W F R = b op 1 -b W F R 1 (3.15)
In the following, we summarize the main steps for each algorithm.

• Z-GBA algorithm: calculate b max , b r max and required powers to add one bit to zero for every subcarrier + Greedy-based iteration to add the number of bits on subcarriers. In [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], it is shown that every iteration requires L + 3 operations.

Z-GBA (7 + BA )L + 3 BA M-GBR (11 + BR )L + 3 BR BFB (2N s + 7N r + 17)L WFR-GBL (2N s + W F R + 22)L + 3 W F R
• M-GBR algorithm: calculate b max , b r max , P r max and required power to remove one bit from b r max (m) for every subcarrier + Greedy-based iteration to remove the number of bits on subcarriers.

• BFB algorithm: calculate b max , b r max , P r max + Secant-based algorithm (Illinois algorithm) + 'alpha' compensation procedure. In [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], the number of iterations of the secant-based loading procedure to find S 1 and the bi-section method to find α is about (2N s + 1)L and (7N r + 6)L, respectively.

• WFR-GBL algorithm: calculate b max , b r max , P r max + Secant-based algorithm (Illinois algorithm) + calculate b W F R , P W F R , P use and the power required (power gain) for every subcarrier to add (remove) one bit from b W F R m + either Greedybased bit-removing or bit-adding.

The total number of operations required for each algorithm is summarized in Table 3.1.

Simulation results

To validate the proposed algorithm, we consider multi-path PLC channels. Their transfer function is simulated with Tonello's model. For the noise, we only take into account the background noise, which is modeled as a colored Gaussian noise with power spectral density described by the Esmailian model. These models are detailed in Chapter 2.

We suppose that there is zero-Doppler and the guard interval is chosen so that there is neither inter-carrier interference nor inter-symbol interference. Simulation results are obtained with the following parameters:

• Number of used subcarriers L = 917, maximum allowable number of bits A max = 12. • P max m = 1, ∀m ∈ {1, 2, ..., L} (normalized to P 0 ∆f where P 0 = -55 dBm (1 Hz) is the spectral mask value defined by the IEEE P1901 standard and ∆f is the subcarrier spacing between two consecutive subcarriers).

• P tot (normalized to P 0 ∆f ) varies from 10 to 900. 

Hybrid approach between the Z-GBA and M-GBR algorithms

The number of iterations and the run-time of the Z-GBA, M-GBR and hybrid algorithms are illustrated in Figs. 3.2 and 3.3 (with PLC class 2 channels). We can observe that the simple criterion exploited in the hybrid algorithm gives us a judicious switch between the two algorithms. Its performance is the same as the M-GBR algorithm in the region of high P tot and is the same as the Z-GBA algorithm in the region of small P tot . 

Number of Total run-time

WFR-GBL algorithm performance

We test the following algorithms: the WFR-GBL, the Z-GBA, the M-GBR and the BFB algorithms.

Figs. 3.4 and 3.5 show the achieved throughput and the total power use obtained with the four algorithms. We can check that the throughput achieved with the WFR-GBL algorithm is the same as the optimal one (obtained with the Z-GBA and the M-GBR algorithms). In addition, we have also checked that both bit/power allocations obtained by the Z-GBA, the WFR-GBL and the M-GBR algorithms are always the same. This confirms the optimality of the WFR-GBL algorithm. The throughput achieved with the BFB algorithm is slightly degraded but it seems to converge to the optimal one as N r increases.

The total required number of operations per subcarrier and the total run-time comparisons are illustrated in Figs. 3.6 and 3.7. We can see that both performance indicators of the Z-GBA algorithm and the M-GBR algorithm are non-decreasing and non-increasing function of P tot , respectively. Moreover, the total number of operations as well as the run-time of the BFB algorithm and the WFR-GBL algorithm little vary w.r.t. P tot . It is also shown that the complexity of the WFR-GBL algorithm is less than the one of the BFB algorithm and strongly reduced as compared to the Z-GBA algorithm or the M-GBR algorithm. The number of operations per subcarrier, calculated by dividing the total number of iterations given in Table 3.1 by L, and the total run-time are shown in Table 3.2. Both of them are results averaged over the range of P tot .

We have also tested the WFR-GBL algorithm for all 9 classes of PLC channels. We recall that every class has a particular average channel attenuation [START_REF] Tonello | A fitting algorithm for random modeling the PLC channel[END_REF]. In all cases, we have checked that the WFR-GBL algorithm can always achieve the same bit/power allocation as the ones obtained by the Z-GBA and M-GBR algorithms, i.e., the optimum one. The relative total run-time (in average over P tot ) w.r.t. the channel class is shown in Fig. 3.8. We can observe that the relative run-time of the Z-GBA algorithm as well as the run-time of the M-GBR algorithm are increasing functions of the channel class. This can be explained by the fact that the higher the channel class, the less variable and attenuated the channel frequency response [START_REF] Tonello | A fitting algorithm for random modeling the PLC channel[END_REF]. Thus, b op 1 and b r max 1 increase with the index of the channel class. This explains an increasing behavior of the relative run-time of the Z-GBA algorithm as well as the M-GBR algorithm. However, for channel classes 7, 8 and 9, we observe a decrease of The WFR-GBL algorithm strongly reduces the run-time as compared to the Z-GBA or the M-GBR algorithms. In addition, its run-time is about half of the BFB algorithm run-time. Note that while the WFR-GBL algorithm yields the global optimum solution for problem (3.1), the BFB algorithm is only sub-optimal. Figs. 3.9 and 3.10 illustrate the total number of operations and the run-time of the algorithms when we change the number of subcarriers, i.e., L = 256, 512 and 917, with P tot fixed to 100 (normalized to P 0 ∆f ). We observe that the WFR-GBL algorithm always outperforms the Z-GBA, the M-GBR and the BFB algorithms. In addition, the higher the number of active subcarriers, the higher the complexity reduction.

Conclusion

We have introduced a novel low-complexity algorithm that converges to the global optimum of the rate maximization problem. Its complexity is lower than that of some well-known algorithms of the literature such as Z-GBA, M-GBR and BFB algorithms.

Power consumption minimization in OFDM systems with peak-power constraint

In this section, we fix the throughput and the goal is the power consumption reduction. We thus search for the best bit/power allocation that minimizes the total power under a fixed throughput and spectral mask constraints. We assume an interferencefree OFDM system. We propose to apply the WFR-GBL algorithm in section 3.2 and we compare it to other algorithms of the state-of-art. With the same notations as in section 3.2 and R target denoting the targeted total number of bits, the power consumption minimization problem is given as follows

minimize m P m s.t. P m = (2 bm -1)Γ g m b m ≤ A max | b m ∈ N (3.16) P m ≤ P max m m b m = R target , R target ∈ N +
We describe hereinafter well-known algorithms available in the literature to solve this problem and we will use them as references.

Greedy bit-adding (Z-GBA)

The bit vector is initialized to the null vector. At every iteration, a subcarrier with minimum required incremental power is allocated an additional bit if the power constraints remain fulfilled. The procedure stops when the constraint of achievable throughput is fulfilled.

Greedy bit-removing (M-GBR)

The initial number of bits allocated on all subcarriers is set to the maximal allowable number of bits, denoted by b r max . Then, at every iteration, one bit is removed on a given subcarrier if its power gain is the maximum one. The iterative procedure is stopped when the constraint of achievable throughput is fulfilled.

Algorithm in [102] (PA algorithm)

This algorithm is proposed by Papandreou and Antonakopoulos in [START_REF] Papandreou | A new computationally efficient discrete bit-loading algorithm for DMT applications[END_REF]. It consists in three phases. First, an initial loop representation bit-allocation profile is proposed as follows:

b i =    log 2 (k i min ) + 1 i = i max log 2 (k i min ) -log 2 (k i ) otherwise, (3.17) 
where i max = arg max(g i ), i min = arg min(g i ) and

k i = g imax g i for 1 ≤ i ≤ L. If b imax
violates the upper bound b r max (i max ), we move the b i bit profile with the bit-limits as

follows b i = min b i -min b imax -b r max (i max ), 0 , 0 (3.18) 
Second, they use multiple-bits insertion or removal procedure to find an intermediate bit allocation. In other words, we calculate α so that

R(α) = N i=1 [b i + α] b r max (i) 0 (3.19)
is less than and closest to R target as possible. In other words,

α = R target -R(0) L * (3.20)
where L * is the total number of nonzero bit-loaded subcarriers.

Finally, a Greedy bit-adding is used for the non-allocated bits, starting from the intermediate bit-allocation, to obtain the required throughput.

3-dB subgroup algorithm (3-dB algorithm)

This algorithm was proposed by Mahmood and Jaffrot in [START_REF] Mahmood | An Efficient Methodology for Optimal Discrete Bit-Loading with Spectral Mask Constraints[END_REF]. It relies on a classification of the subcarriers in subgroups of 3 dB with respect to their bit-increment powers. Let K = log 2 g imax g i min + 1, we can divide all the subcarriers in K groups of 3 dB width each with respect to g i . A subcarrier i belongs to the subgroup if

2 -1 ≤ g imax g i < 2 (3.21)
Using these sub-groups, we can distribute R target bits among the subgroups of subcarriers. First, the subcarriers belonging to subgroup 1 will be added one bit at the first iteration. Then, at the second iteration, the subcarriers belonging to subgroups 1 and 2 will be allocated an additional bit and so on. In [START_REF] Mahmood | An Efficient Methodology for Optimal Discrete Bit-Loading with Spectral Mask Constraints[END_REF], it has been proved that it converges to the optimum bit allocation.

Then, a subgroup-based initial bit-allocation conforming to the peak-power constraints is analytically given. First we have to calculate j * , the maximum number of steps till which the allocation procedure goes in order to achieve R target :

R j * -1 < R target ≤ R j * (3.22)
where

R j = R j-1 + j i=1
ns i ; R 0 = 0 and ns i = 0 ∀i > K (3.23) 

b init i = min j * -(log 2 g imax g i + 1) , 0 (3.24) 
Finally, a Greedy bit-adding algorithm is used till the targeted throughput is achieved.

Application of WFR-GBL algorithm to power minimization problem

Theoretical results However, in general case, we can not ensure that Eq. f (S) = 0 has always at least one root, e.g. for the case g m = constant and modulo(R, L) = 0, we can not find any S so that f (S) = 0. Thus, in the following, we propose an algorithm that can be applied in all cases.

Let

Implementation

Let us define

c W F m (S) = S + log 2 (g m ) b r max (m) 0 (3.25) f (S) = m c m (S) -R target (3.26) b W F R m (S) = round(c m (S)) (3.27)
and ∆ be a desired tolerance value used in the bi-section algorithm. Then, the proposed algorithm is summarized in the table entitle "Algorithm 3".

The proof of the global optimality of the proposed algorithm is almost the same as the one of the WFR-GBL algorithm that we proposed for the rate maximization problem. It is based on the efficiency of the initial bit vector and the optimality of the Greedy-based bit-adding/removing algorithm. Find S by using the bi-section algorithm whose pseudocode is given in Algorithm 4.

6:

Calculate c W F m (S) and then b W F R m (S)

7: if m b W F R m (S) < R target then 8:
Use Greedy-based bit-adding to add the number of bits on the subcarriers that have not reached yet their effective maximal number of bits b r max .

9:

else if m b W F R m (S) > R target then 10:
Use Greedy-based bit-removing to remove the number of bits on the subcarriers that have not reached 0 yet. end if 14: end if Algorithm 4 Pseudocode of the bi-section algorithm to find S 1: Set ∆ ∈ N + to a desired tolerance value.

2: Set x 0 = log 2 min m 1 g m , x 1 = log 2 (max m { P r max (m) Γ + 1 g m }). 3: Set f 0 = -R target , f 1 = m b r max (m) -R target . 4: while |f | > ∆ do 5: S = f 1 x 1 -f 0 x 0 f 1 -f 0 6: f = m S + log 2 (g m ) b r max (m) 0 -R target . 7:
if f > 0 then 8:

x 1 = S 9:

f 1 = f 10:
else 11:

x 0 = S 12:

f 0 = f 13:
end if 14: end while

3.3. POWER CONSUMPTION MINIMIZATION IN OFDM SYSTEMS WITH PEAK-POWER CONSTRAINT 69 Z-GBA 5L + (L + 3)R target M-GBR 5L + (L + 3) m b r max (m) -R target 3-dB 10L + (L + 3) R target -R DB init PA 7L + 5 P A L + (L + 3) R target -R P A init WFR-GBL 10L + 4 W R L + (L + 3) R target -R W R init Table 3.
3 -Number of operations for the algorithms.

Complexity analysis

In this section, we compare the number of operations required for the proposed algorithm as well as for other algorithms to solve (3.16). Let us denote by R P A init , R DB init and R W R init the total number of bits obtained in the PA, 3-dB and proposed algorithms before using the Greedy-based algorithm, respectively and by P A the number of iterations to find the intermediate bit allocation, (to find α in Algorithm 4, page 11 of [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF]) and W R the number of iterations used to find S in the bi-section step of the proposed algorithm. The number of operations (additions, multiplications and comparisons) for each algorithm is given in Table 3.3. Corresponding numerical values for the number of operations will be illustrated in the next section.

Simulation results

Simulation results are obtained with the following parameters:

• Multi-path PLC channels for different classes [START_REF] Tonello | A fitting algorithm for random modeling the PLC channel[END_REF] and background Gaussian noise [START_REF] Hashmat | Analysis and modeling of background noise for inhome MIMO-PLC channels[END_REF]. • Number of used subcarriers L = 917, maximum allowable number of bits A max = 12. • P max m = 1, ∀m ∈ {1, 2, ..., L} (normalized to P 0 ∆f where P 0 = -55 dBm (1 Hz) is the spectral mask value defined by the IEEE P1901 standard and ∆f is the subcarrier spacing between two consecutive subcarriers).

• R target = η m b r max (m) where η varies from 0.05 to 0.95. • Γ = 7, for a targeted symbol error rate (SER) of 10 -5 [START_REF] Cioffi | MMSE decision-feedback equalizers and coding -part II: Coding results[END_REF].

• ∆ = 20.

• Number of channel realizations: 1000. In all cases, we have checked that the bit and power allocations obtained with all algorithms are identical. This supports the optimality of the proposed WFR-GBL algorithm. Figs. (3.11) the complexity and then the run-time as compared to other algorithms. The number of operations as well as the run-time averaged for different values of η is given in Table 3.4. The proposed WFR-GBL algorithm outperforms other computational efficient algorithms such as the PA or 3-dB algorithm. The average value of R target -R init for different algorithms is also given in Table 3.4. We observe a small value of R target -R W R init as compared to R target -R P A init and R target -R DB init which accounts for the significant computation cost reduction brought by the WFR-GBL. In other words, the initial bit allocation obtained by the WFR-GBL algorithm is much closer to the optimal bit than the one obtained with the PA and 3-dB algorithms. 

Conclusion

The proposed WFR-GBL algorithm can be applied to solve the power minimization problem. Its low-complexity has been theoretically analyzed and verified through simulation results.

Conclusion

In this chapter, we have proposed a novel, low-complexity and optimal WFR-GBL algorithm. Its optimality has been theoretically proved. Its remarkable performance relies on a judicious efficient bit initialization as well as a switching criterion between the Greedy bit-adding and bit-removing procedures. It ensures that each subcarrier is loaded up or down at most once. We have compared the proposed WFR-GBL algorithm with some well-known algorithms in the literature to solve either the rate maximization problem or the power minimization problem. The advantage in terms of computation cost has been theoretically analyzed. We have checked on simulations the efficiency of the proposed WFR-GBL algorithm in terms of achieved throughput (respectively power use) and run-time with different configurations, such as different numbers of subcarriers, different PLC channel classes and different total power (respectively required rate) constraints. In all cases, the proposed algorithm significantly outperforms the reference algorithms. Thus, the proposed WFR-GBL algorithm is a good candidate for the resource allocation in OFDM systems with spectral compatibility limits.

Let us denote by ε f BR and ε l BR the power obtained when removing one bit in the first and last iterations of the M-GBR algorithm to obtain b op from b r max ; ε f BA and ε l BA the power required to load up one bit in the first and last iterations of the Z-GBA algorithm to obtain b op from a null bit vector. Note that at every iteration in the M-GBR algorithm, one bit is removed so that the power gain is maximum and in the Z-GBA algorithm, one bit is loaded up so that the power required is minimum. Thus,

ε f BR > ε l BR , ε f BA < ε l BA and we have    BR ε l BR < ∆P BR < BR ε f BR BA ε f BA < ∆P BA < BA ε l BA (B.1) ⇒ BR ε l BR BA ε l BA < ∆P BR ∆P BA < BR ε f BR BA ε f BA (B.2) Let us note ν = ε f BR ε f BA and µ = ε l BR ε l BA
. Clearly, ν > µ and from Eq. (B.2),

∆P BR ∆P BA 1 ν < BR BA < ∆P BR ∆P BA 1 µ (B.3)
Moreover, ε l BR and ε l BA are also the power required to load up one bit and the power obtained when removing one bit from b op , respectively. Because b op is an efficient bit vector then ε l BR > ε l BA thus µ > 1 (see Appendix B.3). From Eq. (B.3), if ∆P BR /∆P BA ≥ ν, then BR / BA > 1 and the number of iterations used in the M-GBR algorithm is higher than that used in the Z-GBA algorithm and the Z-GBA algorithm should be chosen. On the other side, if ∆P BR /∆P BA ≤ µ, then BR / BA < 1 and the M-GBR algorithm should be chosen.

B.2 Proof of Theorem 2

When P r max 1 > P tot , there is always an allowable subcarrier that cannot be allocated one additional bit due to the total power constraint at the end of the Z-GBA algorithm. Let us denote by m 0 such an allowable subcarrier. Thus, ∆P m 0 ↑= 2 b op m 0 Γ g m 0 is the required power to add one bit on this subcarrier (b op m 0 → b op m 0 + 1). Then, we have

P op 1 ≤ P tot < P op 1 + ∆P m 0 ↑ (B.4) ⇒1 - ∆P m 0 ↑ P tot < P op 1 P tot ≤ 1 (B.5)
Because m 0 is an allowable subcarrier, we have

b r max (m 0 ) = log 2 1 + P r max (m 0 )g m 0 Γ ≥ 1 ⇒ Γ g m 0 ≤ P r max (m 0 ) (B.6) and b op (m 0 ) < b r max (m 0 ) ⇒ P op (m 0 ) = (2 b op (m 0 )-1 )Γ g m 0 < P r max (m 0 ) (B.7)
Let us assume that P r max (m) << P tot , ∀m. Let us consider two cases: b op m 0 = 0 and b op m 0 = 0. In the first case, we have:

∆P m 0 ↑= (2 b op m 0 -1)Γ g m 0 + Γ g m 0 < 2P r max (m 0 ) << P tot (B.8)
In the second case, we obtain

∆P m 0 ↑= Γ g m 0 ≤ P r max (m 0 ) << P tot (B.9)
In both cases, ∆P m 0 ↑<< P tot .

Let us denote = ∆P m 0 ↑ P tot << 1. Using Eq. (B.5), we have

1 -< P op 1 P tot ≤ 1 ⇒ P op 1 P tot ≈ 1 (B.10)

B.3 Proof of Theorem 3

We prove that b W F R = round(c W F ), is an efficient bit vector. The allocated power and continuous capacity for subcarrier m after using WF algorithm for problem (3.4) are given by [START_REF] Baccarelli | Novel efficient bit-loading algorithms for peak-energy-limited ADSL-Type multicarrier systems[END_REF] 

     P W F m = S 1 - Γ g m P r max (m) 0 c W F m = log 2 1 + P m g m Γ = log 2 (g m ) + S 2 b r max (m) 0 (B.11)
where S 1 is the root of Eq. (3.5) and S 2 = log 2 (S 1 /Γ).

The number of bits after the rounding and their corresponding power are

     b W F R m = round(c W F m ) P W F R m = (2 b W F R m -1)Γ g m (B.12) Let us denote by b W F R 1 , b W F R 2
the number of bits obtained by WF + rounding on any pair of distinct subcarriers. Without loss of generality, we suppose that ∆b = b

W F R 1 -b W F R 2 ≥ 0. Then, Case 1: 0 < b W F R k ≤ b r max (k) -1, k = 1, 2 ⇒ c W F k < b r max (k). By using n = round(x) ⇔ n -1/2 ≤ x < n + 1/2, then ⇒ b W F R 1 -1/2 -(b W F R 2 + 1/2) < c W F 1 -c W F 2 < b W F R 1 + 1/2 -(b W F R 2 -1/2) (B.13) ⇒ ∆b -1 < log 2 (g 1 ) + S 2 -(log 2 (g 2 ) + S 2 ) < ∆b + 1 (B.14) ⇒ 2 ∆b-1 < g 1 g 2 < 2 ∆b+1 (B.15)
• The required power to add one bit to subcarrier 1 and the power gain by removing one bit from subcarrier 2 are ∆P

W F R 1 ↑= 2 b W F R 1 Γ g 1 and ∆P W F R 2 ↓= 2 b W F R 2 -1 Γ g 2 .
Using Eq. (B.15),

g 1 g 2 < 2 ∆b+1 ⇒ ∆P W F R 1 ↑ > ∆P W F R 2 ↓.
• By following the same reasoning and using g 1 g 2 > 2 ∆b-1 given by Eq. (B.15), we

also have ∆P W F R 2 ↑ > ∆P W F R 1 ↓. Case 2: b W F R 1 = b r max (1), 0 < b W F R 2 < b r max (2). In this case log 2 (g 1 ) + S 2 ≥ b r max (1) -1/2, then log 2 (g 1 ) + S 2 -(log 2 (g 2 ) + S 2 ) > b r max (1) -b W F R 2 -1 (B.16) ⇒ log 2 (g 1 ) -log 2 (g 2 ) > ∆b -1 ⇒ g 1 g 2 > 2 ∆b-1 (B.17) Then, ∆P W F R 2 ↑ > ∆P W F R 1 ↓. Case 3: 0 < b W F R 1 ≤ b r max (1), b W F R 2 = 0. In this case, log 2 (g 2 ) + S 2 < 1/2. ⇒ log 2 (g 1 ) + S 2 -log 2 (g 2 ) -S 2 > b W F R 1 -b W F R 2 -1 (B.18) ⇒ log 2 (g 1 ) -log 2 (g 2 ) > ∆b -1 (B.19) ⇒ g 1 g 2 > 2 ∆b-1 (B.20) B.4. PROOF OF THEOREM 4 75 
Then, as in case 2,

⇒ ∆P W F R 2 ↑ > ∆P W F R 1 ↓.
In all cases, there is no movement of a bit from one subcarrier to another that reduces the total required power. Thus, b W F R is an efficient bit vector.

B.4 Proof of Theorem 4

Let I stand for the subset of subcarriers such that b

W F R m < b m and J the subset of subcarriers such that b W F R m > b m . As b W F R 1 = b 1 , then n∈I (b m -b W F R m ) = m∈J (b W F R m -b m ).
Let us consider b W F R . We denote by ∆P ↑ the total increase of power required to load up each subcarrier m of I such that it bears b m bits and ∆P ↓ the total power gain from removing bits from each subcarrier m of J such that it bears b m bits. The required total power associated with this new bit loading is equal to

P 1 = P W F R 1 + ∆P ↑ -∆P ↓ (B.21) We recall that ∆P W F R m ↑= (2 b W F R m )Γ g m and ∆P W F R m ↓= (2 b W F R m -1 )Γ g m
denote the required power to add one bit to subcarrier m and the power gain by removing one bit from subcarrier m, starting from b W F R . Then,

∆P ↑ = n∈I (2 bm -2 b W F R m ) Γ g m = n∈I (2 bm-b W F R m -1) ∆P W F R m ↑ ≥ n∈I (b m -b W F R m ) ∆P W F R m ↑> ε I min n∈I (b m -b W F R m ) (B.22)
where

ε I min = min n∈I ∆P W F R m ↑ and since 2 q -1 ≥ q, ∀q ∈ N + . ∆P ↓ = m∈J (2 b W F R m -2 bm ) Γ g m = m∈J 2(1 -2 bm-b W F R m ) ∆P W F R m ↓ (B.23) ≤ m∈J (b W F R m -b m ) ∆P W F R m ↓< ε J max m∈J (b W F R m -b m ) where ε J max = max m∈J ∆P W F R m ↓ and since 1 -2 -q ≤ q/2, ∀q ∈ N + .
In the proof of the efficiency of b W F R , we have proved that for any pair of subcarriers i and j, ∆P W F R i ↑> ∆P W F R j ↓. Thus, ε I min > ε J max and then ∆P ↑> ∆P ↓. Finally,

P 1 = P W F R 1 + ∆P ↑ -∆P ↓> P W F R 1 (B.24)
The equality P 1 = P W F R 1 holds only when b = b W F R .

B.5 Proof of Theorem 5

The sufficient condition, i.e., b e ≥ b f ⇒ P e 1 ≥ P f 1 , is easily demonstrated by the fact that the power allocated on a subcarrier is an increasing function of allocated number of bits, i. 

b e m 0 < b f m 0 ⇒ b e m 0 ≤ b f m 0 -1 (B.25) ⇒∆P ↑ b e m 0 →b e m 0 +1 = 2 b e m 0 Γ g m 0 ≤ 2 b f m 0 -1 Γ g m 0 = ∆P ↓ b f m 0 →b f m 0 -1 (B.26) and b e m 1 > b f m 1 ⇒ b e m 1 ≥ b f m 1 + 1 (B.27) ⇒∆P ↓ b e m 1 →b e m 1 -1 = 2 b e m 1 -1 Γ g m 1 ≥ 2 b f m 1 Γ g m 1 = ∆P ↑ b f m 1 →b f m 1 +1 (B.

B.6 Proof of Theorem 6

We consider two cases: a) P r tot ≤ P tot and b) P r tot > P tot . In the first case, the total power constraint is always fulfilled. Thus, P m = P r max (m) and b m = b r max (m) is the globally optimal allocation. If P r tot > P tot , we have to consider two cases: i) P W F R 1 ≤ P tot and ii) P W F R 1 > P tot .

In the case i), the Greedy-based bit-adding algorithm is applied and its solution b op satisfies 0 < b W F R ≤ b op . In the following, we prove that b W F R must be an intermediate bit vector in the Z-GBA algorithm and thus b op is the globally optimal solution.

Let us denote by b I BA the intermediate bit vector obtained in the Z-GBA algorithm such that b I BA 1 = b W F R 1 . Let P I BA stand for the corresponding power allocation. According to [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF], the bit vector at any step always yields the minimum total power use. So, P I BA 1 ≤ P W F R 1 . On the other hand, by applying Theorem 2, we have P I BA 1 ≥ P W F R 1 . We thus deduce that P I BA 1 = P W F R 1 and b I BA = b W F R . Consequently, the WFR-GBL algorithm in case i) converges to the same solution as the Z-GBA algorithm, i.e., to the global optimum one.

In the case ii), P r max 1 ≥ P W F R 1 ≥ P tot ≥ P op 1 and according to Theorem 6, we have b r max ≥ b W F R ≥ b op . Note that the M-GBR algorithm yields at every step an efficient bit vector. Using the same reasoning as before, we deduce that b W F R is an intermediate bit vector of the M-GBR algorithm.

Consequently, the WFR-GBL algorithm in case ii) conveys to the same solution as the M-GBR algorithm, i.e., to the global optimum one.

We have proved that in all cases, the WFR-GBL algorithm yields the global optimum solution for problem (3.1).

B.7 Proof of Theorem 7

In this appendix, we aim to prove that, after the initialization step, a given subcarrier state (allocated bit number and power) is modified at most once. To this end, we consider two cases: a) P r tot ≤ P tot and b) P r tot > P tot . In the first case, P r tot ≤ P tot and the algorithm consists of a single iteration. All subcarriers are allocated their maximum number of bits with maximum power level, i.e., subcarrier m will be allocated b r max (m) bits and a power equal to P r max (m). This allocation obviously achieves the global optimum from the initialization state.

In the second case, P r tot > P tot and we have to distinguish between the bit-adding and the bit-removing procedures depending on whether P use = P W F R 1 after initialization be less or greater than P tot . Our reasoning relies on two lemmas introduced hereinafter.

The first lemma states that the subcarriers selected for update within first successive iterations of the algorithm WFR-GBL are necessarily different. Then, in the second lemma, we prove that the number of bits added or removed by the WFR-GBL algorithm is upper-bounded by Card(U), where U denotes the set of subcarriers that can be added (case P W F R 1 ≤ P tot ) or removed (case P W F R 1 > P tot ) at least one bit in the Greedy-based procedure and Card(U) is the cardinality of U.

In the following, we denote by j the current iteration index and by i j the index of the subcarrier selected for update. Lemma 1. Given k ≤ Card(U), k successive iterations of the WFR-GBL algorithm necessarily update k different subcarriers, i.e., i j = i for all 1 ≤ < j ≤ k.

Proof. We prove the lemma only for the case P W F R 1 ≤ P tot as the same reasoning holds for the other case. Then, the algorithm applies the bit-adding procedure with the initialization state (b W F R , P W F R ).

We first prove that i 2 = i 1 . The required powers to add one bit on both subcarriers at second iteration are:

∆P ↑ b i 1 →b i 1 +1 = 2 b i 1 Γ g i 1 ; ∆P ↑ b i 2 →b i 2 +1 = 2 b i 2 Γ g i 2 (B. 29 
)
where b i 1 = b W F R i 1 + 1 and b i 2 = b W F R i 2 .
Since b W F R is an efficient bit vector, we have

2 b W F R i 1 Γ g i 1 > 2 b W F R i 2 -1 Γ g i 2 , which implies that ∆P ↑ b i 1 →b i 1 +1 > ∆P ↑ b i 2 →b i 2 +1
. This means that i 2 is necessarily different from i 1 . We can easily generalize the result and deduce that i k = i for 1 ≤ < k ≤ Card(U), which states the first lemma. An equivalent reasoning can be applied to prove the lemma when

P W F R 1 > P tot . Lemma 2. W F R = b op 1 -b W F R 1 ≤ Card(U).
Proof. Let us assume that P W F R 1 ≤ P tot . Then, the final bits vector b op is componentwise higher than the initial one b W F R .

The Greedy-based bit-adding procedure is applied and

U = {n|c W F m < b r max (m)}. Let us denote by U C the complementary set of U. Note that c W F m ≤ b r max (m), ∀m. Thus U C = {n|c W F m = b W F R m = b r max (m)}.
Obviously, the optimized throughput is always less than the sum capacity obtained by the Water-filling. Then, we have

b W F R m = round(c W F m ) > c W F m -1/2, ∀m (B.30) and m b op m < m c W F m (B.31)
Thus,

W F R = m (b op m -b W F R m ) ≤ m c W F m -b W F R m (B.32) = n∈U c W F m -b W F R m <1/2 + n∈U C c W F m -b W F R m 0 (B.33) < Card(U) 2 < Card(U) (B.34)
Let us now assume that P W F R 1 > P tot . Then, the final bits vector b op is componentwise less than the initial one b

W F R : b op ≤ b W F R ≤ b r max . The Greedy-based bit-removing procedure is applied, U = {n|b W F R m ≥ 1} and U C = {n|b W F R m = b op m = 0}. Let us define b W F D m = c W F m , we have b W F R m = round(c W F m ) ≤ b W F D m + 1, ∀m (B.35) b op m ≥ b W F D m , ∀m (B.36)
The second inequality results from the fact that b W F D is also an efficient bit vector and the total power use corresponding to b W F D is less than P tot (and thus less than or equal to P op 1 since P op 1 ≈ P tot ). Using Theorem 5, we obtain b op ≥ b W F D . The proof of the efficiency of b W F D relies on an equivalent reasoning as used in Appendix B.3 and uses x = n ⇒ n ≤ x < n + 1.

Then, we have

W F R = m (b W F R m -b op m ) (B.37) = n∈U b W F R m -b op m + n∈U C b W F R m -b op m 0 (B.38) = n∈U b W F R m -b op m ≤ n∈U b W F D m + 1 -b W F D m (B.39) ≤ Card(U) (B.40)
Finally, we have proved for both cases,

W F R = b op 1 -b W F R 1 ≤ Card(U). (B.41)
On one hand, Lemma 1 states that the first k iterations, where k is upper-bounded by the cardinality of U, update k different subcarriers. On the other hand, Lemma 2 states that the variation of the number of bits between initialization and optimum convergence states is upper-bounded by the cardinality of U. From both lemmas, we deduce that to obtain b op , starting from b W F R , the number of bits allocated to a given subcarrier will be increased or decreased by at most one bit.

B.8 Proof of Theorem 8

In this appendix, we prove that

|R target - L m=1 b W F R m | ≤ ∆ + L 2 (B.42)
First, let us consider the bi-section algorithm used to solve |f (S) -R target | < ∆. Then,

|R target - L m=1 c W F m (S)| ≤ ∆ (B.43) As b W F R m = round(c W F m (S)). |c W F m (S) -b W F R m | ≤ 1 2 (B.44)
We thus deduce

|R target - L m=1 b W F R m | ≤ |R target - L m=1 c W F m (S)| + | L m=1 c W F m (S) - L m=1 b W F R m | (B.45) ≤ ∆ + L m=1 |c W F m (S) -b W F R m | (B.46) ≤ ∆ + L 2 (B.47)
We have proved that

|R target -L m=1 b W F R m | is upper bounded by ∆ + L 2
. However, we should note that in Eq. (B.45), the value of In simulation, we observed that

| L m=1 c W F m (S) -L m=1 b W F R m | is
| L m=1 c W F m (S) -L m=1 b W F R m | << L/2.

CHAPTER 4 Resource allocation in PLC Systems in the Presence of Interference

This chapter deals with resource allocation (bit/power/guard interval) for PLC systems throughput maximization under power spectrum limitations and taking into account the presence of interference. There are two kinds of interference: intercarrier interference (ICI) and inter-symbol interference (ISI). Interference may arise in Windowed-OFDM systems when the GI is shorter than a threshold.

We first consider the throughput maximization problem for a fixed GI in both SISO and MIMO-PLC systems. To this end, we propose an initial iterative Greedybased algorithm and reduced complexity versions of it. Simulation results show that the reduced complexity algorithm with the lowest complexity achieves performance tight with its upper bound with a significant decrease of the computation cost. Compared to non iterative algorithms such as constant power Water-filling allocation and maximum power allocation the proposed algorithm significantly improves the system throughput. This work was published in the IEEE Transactions on Communications with the title "A Computationally Efficient Discrete Bit-Loading Algorithm for OFDM Systems Subject to Spectral-Compatibility Limits" for the SISO case and its extension into the MIMO case was published in conference EUSIPCO in 2015.

In a second step, we consider the GI as a part of the optimization problem to achieve a trade-off between residual interference and systems throughput. We focus only on SISO-PLC systems. Our contribution is a simple model to adapt the GI to the channel conditions. Finally, by combining both contributions, a low-complexity and near-optimal solution that jointly optimize the bit/power allocation and GI adaptation is given. This work was submitted for publication in the IEEE Journal on Selected Areas in Communications.

Introduction

In PLC systems, many phenomena such as frequency offset between the transmitter and the receiver, insufficient guard interval or Doppler frequency shift, etc. may induce inter-carrier interference (ICI) as well as inter-symbol interference (ISI) that significantly degrade the performance of OFDM systems [START_REF] Russell | Bounds on the interchannel interference of OFDM in time-varying impairement[END_REF][START_REF] Lang | Effects of cyclic prefix on OFDM systems over time-varying channels[END_REF] and make the resource management more complicated. Many techniques have been developed to combat the effects of ISI and ICI, such as time domain windowing [START_REF] Wan | An ISI suppression technique using timedomain windowing for OFDM systems[END_REF], frequency-domain equalization [START_REF] Martinez | Low complexity synchronization and frequency equalization for OFDM systems[END_REF] or ISI and ICI self-cancellation [START_REF] Chen | ISI and ICI analysis and mitigation for OFDM systems with insufficient cyclic prefix in time-varying channels[END_REF].

When the ISI and ICI are present, the system can be modeled as a Gaussian interference channel [START_REF] Yu | Iterative water filling for gaussian vector multiple access channel[END_REF]. In this case, by using joint coding and decoding, the system capacity is maximized by using the water-filling algorithm derived in [START_REF] Yu | Iterative water filling for gaussian vector multiple access channel[END_REF]. In the absence of joint coding and decoding, the interference is considered as noise when solving the resource allocation problem [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF][START_REF] Alessandro | On Power Allocation in Adaptive Cyclic Prefix OFDM[END_REF][START_REF] Wolkerstorfer | Joint powerloading and cyclic prefix length optimization for OFDM-based communication[END_REF][START_REF] Yu | Distributed Multiuser Power Control for Digital Subscriber Lines[END_REF][START_REF] Chung | A Game Theoretic Approach to Power Allocation in Frequency Selective Gaussian Interference Channels[END_REF]. In [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF], the bit-loading algorithm relies on two simplifying assumptions. First, the conventional OFDM is taken into account to calculate ISI and ICI in PLC systems while, as mentioned above, PLC systems exploit the Windowed-OFDM instead of the conventional OFDM. The second simplification is enabled by on/off power loading and integer bit number constraint. The latter leads to bit discretization that causes non optimal power use. Actually, the discretized bitloading can be achieved with lower power consumption than with the approach in [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF] and the residual power could be exploited to increase data rate or/and transmission quality. Bit-loading for Windowed-OFDM systems in the presence of interference is considered in [START_REF] Alessandro | Adaptive pulse-shaped OFDM with application to in-home power line communication[END_REF]. Unfortunately, the power allocation strategy in [START_REF] Alessandro | Adaptive pulse-shaped OFDM with application to in-home power line communication[END_REF] is also non optimal due to the bit discretization.

The first contribution of this chapter is to use the greedy principle to solve the achievable throughput maximization problem in PLC systems in the presence of interference and under power and bit-error rate constraints assuming a fixed guard interval. Relying on the ISI and ICI analysis in Chapter 2 and the greedy principle, we propose an initial greedy algorithm to calculate the achievable throughput maximization in the presence of ISI and ICI. Then, several approaches are proposed in order to reduce the complexity with a negligible degradation compared to the initial greedy solution.

In a second phase, we aim to search for the GI length that maximizes the throughput of PLC systems. Many works in the literature such as [START_REF] Henkel | The Cyclic Prefix of OFDM/DMT: An Analysis[END_REF][START_REF] Matariere | Cyclic Prefix length Analysis for 4G OFDM systems[END_REF] claimed that it is better to let the small channel taps 'escape' the GI. In other words, as the tail of channel impulse response (CIR) contains only little energy, it has little impact (can be considered as zero) and thus we can choose a GI shorter than the length of CIR to increase the throughput. However, these works haven't given any hint on how to choose an efficient guard interval. In [START_REF] Tonello | Bit, tone and Cyclic Prefix Allocation in OFDM with application to In-Home PLC[END_REF][START_REF] Galli | Advanced Signal Processing for PLCs: Wavelet-OFDM[END_REF], it has been shown that the choice of a GI length equal to the channel impulse response length is inefficient in terms of system throughput. The bit, tone and cyclic prefix allocation in PLC systems have been studied in [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF]. However, this allocation is based on the calculation of the interference power in the conventional OFDM while, as mentioned above, most of PLC systems exploit the Windowed-OFDM instead of the conventional OFDM. Moreover, the power allocation in [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF] does not maximize the achievable throughput. Indeed, the discretized bit-loading resulting from maximal power allocation can be achieved with lower power consumption and the power gain could be exploited to increase data rate or/and transmission quality. GI design for maximizing the achievable throughput for Windowed-OFDM systems is considered in [START_REF] Alessandro | Adaptive pulse-shaped OFDM with application to in-home power line communication[END_REF]. Unfortunately, the power allocation strategy in [START_REF] Alessandro | Adaptive pulse-shaped OFDM with application to in-home power line communication[END_REF] is not optimal either. Recently, joint GI adaptation and power loading based on the interference calculation for the conventional OFDM systems have been considered in [START_REF] Wolkerstorfer | Joint powerloading and cyclic prefix length optimization for OFDM-based communication[END_REF]. Several approaches to search for the upper-bound of the achievable throughput have been studied in [START_REF] Wolkerstorfer | Joint powerloading and cyclic prefix length optimization for OFDM-based communication[END_REF] but no practical solution of the achievable throughput maximization problem with low-complexity has been given.

The second contribution of this chapter is to propose a simple statistical approach to determine the optimum value of the GI length that only depends on the CIR. We also deal with the performance degradation caused by channel estimation errors when using our proposed GI adaptation and bit/power allocation. This chapter is organized as follows. Section 4.2 describes the bit-loading in SISO-PLC systems in the presence of ISI and ICI for throughput maximization assuming that the GI is fixed. In Section 4.3, the algorithm proposed in Section 4.2 is extended to MIMO-PLC systems. In Section 4.4, we consider the GI adaptation in PLC systems. Finally, the conclusions and perspectives are given in Section 4.5.

Bit loading in SISO-PLC systems with interference 4.2.1 System model

Let us consider a Windowed-OFDM system with L subcarriers used out of M . The activation subcarriers is subject to a given spectral mask constraint. We assume that the GI length is fixed. The demodulated sample on the m 0 -th used subcarrier and n 0 -th OFDM symbol is given by

y(m 0 , n 0 ) = α(m 0 , n 0 )c m 0 ,n 0 + ICI(m 0 , n 0 ) + ISI(m 0 , n 0 ) + b(m 0 , n 0 ), (4.1)
where α(m 0 , n 0 ), c m 0 ,n 0 , ISI(m 0 , n 0 ), ICI(m 0 , n 0 ), b(m 0 , n 0 ) denote the channel multiplicative factor, the symbol of interest, the ISI and ICI coefficients and the complex circularly Gaussian noise sample at the m 0 -th used subcarrier and n 0 -th OFDM symbol, respectively.

We assume that the channel is block-based time invariant. Without loss of generality and for the sake of simplicity, we omit the index n 0 in the remainder of this section. Then, Eq. (4.1) can be re-written as

y(m 0 ) = α(m 0 )c m 0 + ICI(m 0 ) + ISI(m 0 ) + b(m 0 ). (4.2)
Since the number of subcarriers used in practical PLC systems is quite large, we assume that the interference on a given subcarrier is normally distributed (following the central limit theorem) [START_REF] Cortes | On PLC channel models: an OFDM-based comparison[END_REF][START_REF] Seoane | Analysis of intertone and interblock interference in OFDM when the length of the cyclic prefix is shorter than the length of the impulse response of the channel[END_REF]. Different normality tests for the interference have been introduced in [START_REF] Cortes | On PLC channel models: an OFDM-based comparison[END_REF]. These tests have confirmed the validity of Gaussian distribution of the interference in practical PLC systems. Then, the signal to interference plus noise ratio (SINR) and the theoretical capacity on the m 0 -th used subcarrier are given as follows:

SIN R(m 0 ) = |α(m 0 )| 2 P (m 0 ) P ICI (m 0 ) + P ISI (m 0 ) + σ 2 b (m 0 ) , (4.3) C(m 0 ) = log 2 1 + SIN R(m 0 ) Γ . (4.4) 
where P (m 0 ) is the power allocated to m 0 -th used subcarrier and Γ is the SNR gap that models the practical modulation and coding scheme for a target symbol error rate (SER):

Γ = 1 3 Q -1 SER 4 2 , (4.5) 
with Q -1 (x) is the inverse tail probability of the standard normalization distribution [START_REF] Cioffi | A multicarrier primer[END_REF].

Let us denote by A use the set of used subcarriers, then Card(A use ) = L. As shown in Chapter 2, on a given subcarrier, the interference power generally depends on the power allocated to other used subcarriers and can be written as

P I (m 0 ) = P ICI (m 0 ) + P ISI (m 0 ) = L m=1 W (m 0 , m)P (m), (4.6) 
where W (m 0 , m) is the interference contribution of the m-th used subcarrier on the m 0 -th used subcarrier. In other words, W (m 0 , m) is the interference contribution of the m-th entry of A use on the m 0 -th entry of A use .

Let W denote the interference matrix with entry (a,b) equal to W (a, b) for a, b ∈ {1, ..., L}. Let P denote the allocated power vector and N the noise power vector. The total interference power and the SINR on the m 0 -th used subcarrier are given by

P I (m 0 ) = [WP](m 0 ), (4.7) SIN R(m 0 ) = |α(m 0 )| 2 P (m 0 ) P I (m 0 ) + N (m 0 ) . (4.8)

Greedy principle and reduced complexity approaches

In this section, we present the greedy principle for the discrete bit-loading problem. Generally, a greedy algorithm does not produce a global optimum, but nonetheless it may yield a local optimum that approximates well a global optimum [START_REF] Cormen | Introduction to Algorithms -3rd edition[END_REF]. Hereinafter, only the active subcarriers are taken into account.

Greedy principle to solve the bit-loading problem

Let b, A, Q and C denote the bit-allocation vector, the allowable set of numbers of bits that correspond to available modulations on subcarriers, the objective function and the set of constraints (power constraints, data rate constraints, BER constraints). As Q and C depend on b, the corresponding optimization problem can be written as

Q(b); b ∈ A L , C(b) (4.9)
An algorithm is said to be greedy if every decision taken at any stage is the one with the most obvious immediate advantage. That is to say it makes a locally optimal choice in the hope that successive choices will lead to a globally optimal solution.

In practice, the standard greedy algorithm initializes vector b = {b(m)} m=1,..,L to the null vector. Then, the greedy process successively increases the number of bits on the subcarriers up to their upper level in A, according to a predefined cost function F, which enables to optimize Q. The cost function is practically defined according to the objective function and taking into account the constraints. For example, for the throughput maximization problem under the total power constraint, the cost function is defined as the required upgrade power [START_REF] Al-Hanafy | A new low-cost discrete bit loading using greedy power allocation[END_REF][START_REF] Wen | Resource management techniques for OFDM systems with the presence of ICI[END_REF] or as the gradient information in [START_REF] Chan | Multiuser spectrum optimization for discrete multitone systems with asynchronous crosstalk[END_REF] or as the metrics of log-likelihood ratios (LLRs) for the throughput maximization under the BER constraint [START_REF] Guerrini | LLRbased bit-loading algorithm and its applications to HomePlug AV over OPERA power-line channels with impulsive noise[END_REF]. Generally, the cost function values depend on the subcarrier index and the iteration. We denote by F(m, k) the cost function value associated to an increase of the number of bits on the m-th subcarrier at the k-th iteration. At the k-th iteration, the greedy principle evaluates F(m, k) for all values of m and decides which subcarrier will be allocated additional bits. The number of bits on the m 0 -th subcarrier, i.e. b(m 0 ), is increased after k-th iteration if

   m 0 = arg min m F(m, k), ∀m ∈ [1, L] C(b) (4.10)
From (4.10), even if F(m 0 , k) is the minimum value of F(m, k), if there exists any unsatisfied constraint, then the number of bits allocated to the subcarrier cannot be increased. In this case, to avoid meaningless loops, the cost function F(m 0 , k) is set to infinity and this subcarrier must not be considered for additional bits allocation in following iterations. The procedure stops if there is no subcarrier left to allocate additional bits.

Reduced complexity approaches

In many cases, although the use of the greedy principle described in Section 4.2.2 yields an efficient solution to the problem (4.9), its high complexity makes it unfeasible in practice. Since the complexity depends on the computational effort to calculate the cost function and the number of iterations, it can be reduced in particular by using computationally less expensive approximation of the cost function. On the other hand, the number of iterations depends on the bit-loading vector initialization and the number of simultaneously increased subcarriers per iteration. Thus, the number of iterations can be reduced by choosing a judicious initial bit-loading vector instead of a null vector and by simultaneously processing several subcarriers per iteration. We will see that these modifications lead to reduced complexity approaches at the expense of a little degradation compared to the greedy solution. In the next sections, the greedy principle and the reduced complexity approaches are utilized to form a reduced complexity algorithm that closely solves the achievable throughput maximization problem in singleuser Windowed-OFDM systems in the presence of ISI and ICI. In the simulation part, this algorithm is applied in the context of PLC systems.

Proposed Reduced Complexity Algorithm (RCA)

The achievable throughput optimization problem is difficult when taking into account ISI and ICI. In fact, even with the continuous bit allocation relaxation, the rate-adaptive problem in the presence of ISI and ICI cannot be easily solved because the term P (m), which is the power allocation on the m-th subcarrier, exists both in the numerator as well as in the denominator of the throughput calculation formula (see Eq. (4.3), (4.4)). In [START_REF] Wen | Resource management techniques for OFDM systems with the presence of ICI[END_REF] the solutions for both continuous and discrete bit-loading cases in the presence of ICI are determined. Nevertheless, the proposed bit-adding algorithm with null initial bit-loading vector for the discrete bit-loading remains highly complex. In [START_REF] Alessandro | On Power Allocation in Adaptive Cyclic Prefix OFDM[END_REF], the power allocation corresponding to the continuous bit-loading optimization is derived. It indicates that the mutual in-out information is not a convex function of the input power distribution and that the optimal solution must be obtained via an exhaustive search that is equivalent to an NP-hard problem. In the simulation part (Section 4.2.4), we will give an illustration of the non-convexity of the mutual information.

Let T d be the down discretization function defined as

T d (R + → A) : x → max{T ∈ A : T ≤ x} (4.11)
Then, the achievable throughput optimization problem under the power constraints in single-user Single Input Single Output (SISO)-OFDM systems can be expressed as

                 max R = L m=1 T d log 2 1 + P (m)|α(m)| 2 ([WP](m) + N (m))Γ L m=1 P (m) ≤ P total 0 ≤ P (m) ≤ P max (m), ∀m ∈ [1, L] (4.12)
The second constraint in Eq. ( 4.12) imposes to satisfy a given spectral mask.

Problem (4.12) closely resembles the multi-user power control problem in digital subscriber lines (DSL) systems. The multi-user power control can be solved by the optimal spectrum balancing (OSB) [START_REF] Cendrillon | Optimal multiuser spectrum management for digital subscriber lines[END_REF][START_REF] Yu | Dual methods for nonconvex spectrum optimization of multicarriers systems[END_REF] and the iterative spectrum balancing (ISB) [START_REF] Yu | Dual methods for nonconvex spectrum optimization of multicarriers systems[END_REF][START_REF] Cendrillon | Iterative spectrum balancing for digital subscriber lines[END_REF], which decompose the initial problem into smaller problems corresponding to each subcarrier. These algorithms are thus interesting when the number of subcarriers is significant, which does not correspond to our case, as the optimization problem is equivalent to the achievable throughput optimization problem for L users on a single subcarrier. In addition, calculating the global optimum is very complex and the problem is only solvable when it involves few variables [START_REF] Xu | Global concave minimization for optimal spectrum balancing in multiuser DSL networks[END_REF][START_REF] Qian | Mapel: Achieving global optimality for nonconvex wireless power control problem[END_REF]. In the following, relying on the greedy principle described in Section 4.2.2, greedy algorithms as well as a reduced complexity algorithm for the achievable throughput maximization problem in the presence of ISI and ICI are derived.

Bit number -Power level relation

Firstly, we do not consider any constraint on the power allocated on each subcarrier and we search the solution for the following problem: given b = [b(1), b(2), . . . , b(L)] T the vector of number of bits allocated to subcarriers, we find the power vector P = [P (1), P (2), . . . , P (L)] T so that:

log 2 1 + P (m)|α(m)| 2 ([WP](m) + N (m))Γ = b(m), ∀m ∈ [1, L] (4.13)
Let us note

P (m) [WP](m) + N (m) = (2 b(m) -1))Γ |α(m)| 2 = λ m (4.14)
Then, re-writting Eq. (4.14) in the matrix form, we obtain:

P = Λ (b) WP + Λ (b) N ⇒ P = (I -Λ (b) W) -1 Λ (b) N (4.15)
where Λ (b) = diag(λ 1 , ..., λ L ). Equation (4.15) yields the solution of problem (4.13) alone without the constraints imposed on the power allocated to the subcarriers. However, power constraints always exist, i.e. 0 ≤ P (m) ≤ P max (m), then there are many cases where we can't find the power allocation corresponding to a given bit allocation and satisfying the set of constraints.

The monotonicity of the right-hand side of Eq. (4.15) has been already demonstrated in [START_REF] Chan | Multiuser spectrum optimization for discrete multitone systems with asynchronous crosstalk[END_REF] where it is shown that if b 1 ≤ b 2 component-wise, then the corresponding power vectors satisfy P 1 ≤ P 2 component-wise. It means that when the number of bits on a subcarrier is increased, the resulting power levels on all subcarriers are higher than or equal to the current ones.

Greedy Principle

As already mentioned in Section 4.2.2, the standard greedy algorithm initializes b to all-zero vector, that is to say Λ = 0 and P = 0. Then it tries to successively increase the number of bits on the m-th subcarrier to its upper level according to the cost function F and derives the allocated power by using Eq. (4.15). However, the difficulty of cost function construction causes the complicated implementation to this algorithm. The search for a relevant cost function for an optimal greedy algorithm is a complex problem because for every number of bits increase on any subcarrier, the power levels on all subcarriers must be changed to account for the increased interference. As mentioned above, both power constraints, i.e. total allocated power and spectral mask constraint, have to be taken into account to define the cost function. In this work, for the sake of simplicity, we only take into account the incremental power needed to transmit an additional bit as the cost function in our proposed solutions. This cost function has been utilized to solve efficiently the achievable throughput maximization problem in OFDM systems under the total power constraint in [START_REF] Al-Hanafy | A new low-cost discrete bit loading using greedy power allocation[END_REF][START_REF] Wen | Resource management techniques for OFDM systems with the presence of ICI[END_REF][START_REF] Cioffi | Advanced Digital communication[END_REF]. The greedy-based algorithms such as the bit-adding and bit-removing are practically utilized to derive feasible solutions in many bit-loading optimization problems [START_REF] Papandreou | Bit and power allocation in constrained multicarrier systems: The single-user case[END_REF][START_REF] Guerrini | LLRbased bit-loading algorithm and its applications to HomePlug AV over OPERA power-line channels with impulsive noise[END_REF][START_REF] Akujuobi | A new parallel greedy bit-loading algorithm with fairness for multiple users in a DMT system[END_REF].

Standard Algorithm

Let us denote by P k the power allocation and by Λ k the corresponding matrix (Eq. (4.14)) after iteration k. For an additional number of bits on the m-th subcarrier, Λ (m) k+1 and P (m) k+1 denote the new matrix and power allocation vector updated accordingly. Let (A) denote the sum of the components of vector A. Then, the incremental power needed to transmit an additional bit on the m-th subcarrier at iteration (k + 1), is chosen as a cost function and defined by

F(m, k + 1) = ∆P bit (m, k + 1) = (P (m) k+1 -P k ) ∆b (m) k+1 (4.16) 4.2. BIT LOADING IN SISO-PLC SYSTEMS WITH INTERFERENCE 89 
The number of bits on the m 0 -th subcarrier is increased at iteration (k + 1) to its upper level in A if

       m 0 = arg min m ∆P bit (m, k + 1) (P (m 0 ) k+1 ) ≤ P total 0 ≤ P (m 0 ) k+1 (m) ≤ P max (m), ∀m ∈ [1, L] (4.17)
After updating the number of bits on the m 0 -th subcarrier, Λ and P become:

Λ k+1 = Λ (m 0 ) k+1 ; P k+1 = P (m 0 ) k+1 (4.18)
As in Section 4.2.2, the procedure is repeated until there is no subcarrier left to allocate additional bits.

The complexity of this standard algorithm is high. Let us denote by A k+1 on the set of subcarriers to which we can allocate additional bits at iteration (k + 1) and

L k+1 on = Card(A k+1 on ) (≤ L). At iteration (k + 1), L k+1 on matrices of size L × L must be inverted to derive P (m) k+1 , ∀m ∈ A k+1
on . Hence, the complexity is about O(L 3 × L k+1 on ) due to the matrix inversions for the minimum search. This algorithm becomes intractable as the number of subcarriers becomes significant.

Efficient computation of the cost function

The complexity of the standard greedy algorithm is mainly due to matrix inversions in the cost function calculation. To reduce the complexity, an efficient method is proposed to solve the matrix inversion problem. Let reason from Eq. (4.15),

P k = (I -Λ k W) -1 Λ k N = M k Λ k N (4.19)
At the iteration (k + 1), if the bit allocation on the m-th subcarrier is increased by ∆b

(m) k+1 , then ∆λ (m) k+1 = (2 b k (m)+∆b (m) k+1 -2 b k (m) )Γ |α(m)| 2 (4.20) Λ (m) k+1 = Λ k + ∆λ (m)
k+1 e m e T m (4.21)

P (m) k+1 = (I -Λ (m) k+1 W) -1 Λ (m) k+1 N (4.22)
where e m is a column vector that has m-th entry equal to 1 and the others equal to 0. Introducing M

(m) k+1 = (I -Λ (m) k+1 W) -1 , we obtain: M (m) k+1 = (I -Λ (m) k+1 W) -1 (4.23) = (I -Λ k W -∆λ (m) k+1 e m e T m W Wm ) -1 (4.24) = (M -1 k -e m ∆λ (m) k+1 W m ) -1 (4.25) = M k + M k e m W m M k 1 ∆λ (m) k+1 -W m M k e m (4.26) = M k + ∆M (m) k+1 (4.27) 
P (m) k+1 = M (m) k+1 Λ (m) k+1 N (4.28) 
Note that M 0 = I because b = 0 or equivalently Λ 0 = 0 at the first iteration. At any iteration, we can derive the power vector

P (m)
k+1 when the number of bits on m-th subcarrier is increased. We choose the m 0 -th subcarrier to increase its number of bits as in Eq. (4.17). Finally, matrix M, the power vector and the bit-allocation corresponding matrix are updated to

M k+1 , P k+1 , Λ k+1 = M (m 0 ) k+1 , P (m 0 ) k+1 , Λ (m 0 ) k+1 (4.29)
Thanks to the simple expression of e m , the complexity of ∆M (m) k+1 calculation is only O(2L 2 ). Thus, the total complexity at iteration (k + 1) of this algorithm is

O(4L 2 × L k+1 on ), i.e. O(3L 2 × L k+1 on ) to calculate M (m) k+1 , O(L 2 * L k+1 on ) to calculate P (m)
k+1 for all the values of m. Finally, the complexity is reduced by a factor of about L/4 thanks to the proposed implementation of matrix inversion.

In the following, the greedy algorithm which uses this computation is called the proposed greedy algorithm and referred to as GR to distinguish from the standard greedy algorithm (Standard GR), which exploits the matrix inversion to calculate the cost function.

Reduced complexity approaches

In this section, we try to further decrease the total complexity of the greedy algorithms by relying on the reduced complexity approaches proposed in Section 4.2.2.

Cost function approximation:

To further reduce total complexity, an approximation of the incremental power needed to transmit an additional bit on m-th subcarrier is proposed. By using Eq. (4.15), we obtain: 

   P k -Λ k WP k = Λ k N P (m) k+1 -Λ (m) k+1 WP (m) k+1 = Λ (m) k+1 N (4.30 
k+1 -Λ k W∆P (m) k+1 -∆Λ (m) k+1 WP k -∆Λ (m) k+1 W∆P (m) k+1 = ∆Λ (m) k+1 N (4.31) 
We assume that ∆Λ

(m) k+1 WP k >> ∆Λ (m) k+1 W∆P (m) k+1 or equivalently [WP k ](m) >> [W∆P (m)
k+1 ](m), i.e. the interference increase on each subcarrier due to the increase of power allocation is negligible as compared to the current interference level on this subcarrier. This assumption is valid when the power allocation becomes high. We have checked through simulations that it is valid with a probability higher than 0.9. Then, we can approximate ∆P (m) k+1 from Eq. (4.31) as

∆P (m) k+1 ≈ (I -Λ k W) -1 ∆Λ (m) k+1 (WP k + N) ≈ M k ∆λ (m) k+1 (WP k + N) (4.32) 
The required power per additional bit on m-th subcarrier is

∆P bit (m, k + 1) = (∆P (m) k+1 ) ∆b (m) k+1 ≈ (M k (:, m))∆λ (m) k+1 (WP k + N)(m) ∆b (m) k+1 (4.33)
where M k (:, m) is the m-th column vector of matrix M k . Note that the matrix inversion in the calculation of ∆P bit (m, k + 1) has already been calculated to derive P k :

P k = (I -Λ k W) -1 Λ k N = M k Λ k N (4.34)
Then, at every iteration, only one matrix inversion is required. Thus the complexity reduction gain at iteration (k + 1) is of about L k+1 on as compared to the standard greedy algorithm.

Reduction of the number of iterations The choice of null initial bit-allocation vector (b = 0) or equivalently P = 0 and Λ = 0 involved by the standard greedy approach makes the number of iterations high. We can enhance the convergence rate by judiciously initializing the vector b. An initial bit-loading vector that can be utilized is the bit-loading solution obtained by the water-filling followed by bit discretization. In other words, the power allocation obtained by the Constant Power Water-Filling (CPWF) [START_REF] Alessandro | On Power Allocation in Adaptive Cyclic Prefix OFDM[END_REF] is used to calculate the continuous bit-loading. From the CPWF solution we perform the discrete bit-loading and we determine the corresponding power allocation applying Eq. (4.15). It is exploited to judiciously initialize bit-loading and power allocation vectors.

Theorem 4.1. The power allocation corresponding to the bit-loading initialized by the CPWF algorithm followed by bit discretization always satisfies the power constraints.

Proof. See Appendix C.1.

Complexity Number of Number Algorithm per iteration iterations of matrix inversions

Standard GR ≈ O(βL 4 ) N s N s * O(βL) Z-GR ≈ O(4βL 3 ) N s N s * O(4β) CPWF-GR ≈ O(4β 1 L 3 ) N 1 << N s N 1 * O(4β 1 ) RCA ≈ O(L 3 ) N K << N s N K * O(1)
Table 4.1 -Complexity per iteration, number of iterations and equivalent total number of matrix inversions.

In the simulations, it is shown that the performance obtained by choosing the initial bit-loading vector obtained by the water-filling and bit discretization is slightly different from the one obtained by choosing a null one. The proposed greedy algorithm combined with this initialization is referred to as CPWF-GR in the simulations. For further complexity reduction, we tried to simultaneously increase the number of bits on K subcarriers per iteration corresponding to the K minimum values of the cost function instead of only one subcarrier per iteration as in the previous approaches. At any iteration, if the number of bits on K subcarriers cannot be increased simultaneously, then we try to increase them one by one.

Proposed reduced complexity algorithm

Applying the three above reduced complexity approaches results in a reduced complexity algorithm (RCA). The initial discrete bit-loading vector obtained by the CPWF followed by bit discretization algorithm, the cost function approximation and the simultaneous increase of K subcarriers per iteration are utilized in this proposed algorithm. The average complexity per iteration is dominated by matrix inversion computation.

Let Lon = βL, (0< β <1) be the average number of subcarriers that can be allocated additional bits at each iteration, i.e. Lon =

1 N N -1 k=0 L k
on , where N is the number of iterations. To illustrate the total complexity, the equivalent number of matrix inversions is calculated by normalizing the total complexity with the complexity of matrix inversion (the complexity of a matrix inversion is O(L 3 )). The complexity per iteration, the number of iterations and the equivalent total number of matrix inversions are shown in Table 4.1 where β 1 < β.

The convergence of the algorithms

All the algorithms studied in this paper always converge. The proof of this convergence relies on the monotonicity of the right-hand side of Eq. (4.15) and of the bit 
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number increment in the greedy process. The initial power allocation vector always satisfies the power constraints. At every iteration, we try to increase the number of bits on the subcarriers or equivalently, to setup a new bit-loading vector that is greater (component wise) when compared to the current bit-loading vector. This leads to the increase of power allocation vector. However, the constrained area of the power allocation vector is bounded. Hence, all proposed algorithms converge to a final state, which depends on the initial bit-loading vector and the way the subcarriers are chosen at every iteration.

Simulations results

The simulation parameters are given as follows:

• Single-user SISO-PLC system with the IEEE P1901 standard.

• T s = 0.01 (µs), T 0 = 40.96 (µs) (IEEE P1901 standard).

• GI = 5.56 (µs), RI = 4.96 (µs) (IEEE P1901 standard). 

• A = {0, 1, 2, 3, 4, 6, 8, 10, 

Non-convexity of the problem

In this subsection, we illustrate the non-convex structure of the problem under study. The continuous version of the bit-loading problem (4.12) is stated as

                 max C = L m=1 log 2 1 + P (m)|α(m)| 2 ([WP](m) + N (m))Γ L m=1 P (m) ≤ P total 0 ≤ P (m) ≤ P max (m), ∀m ∈ [1, L] (4.35)
The non-convexity of the problem (4.35) has already been mentioned in [START_REF] Alessandro | On Power Allocation in Adaptive Cyclic Prefix OFDM[END_REF]. To support this result, it is quite easy to find directions in the constrained power area where non-concavity arises. For instance, letting:

P (m) =    P 0 m ∈ [401, 420] 10 -3 m ∈ [1, 400] ∩ [421, 917] (4.36) 
where P 0 linearly varies in from 0 to 0.4 (normalized to P mask ) yields non-concavity shape of C as seen in Fig. 4.2.

Simulations restricted to a reduced subcarriers subset

For the sake of simulation run-time, in the first time, we only consider the first hundred subcarriers (L = 100) in the simulations. Moreover, we take the minimum allowable value of GI (5.56 µs) defined in the IEEE P1901 standard. In this case, the effect of interference on the system performance is significant. illustrate the achievable throughput and total consumed power for the proposed greedy algorithm with null initial bit vector (Z-GR), the proposed greedy algorithm with the initialization from discretized CPWF solution (CPWF-GR), the reduced complexity algorithm (RCA) with K = 1, the CPWF algorithm before/after discretization and throughput obtained with the maximum power allocation (MPA), which allocates the maximum allowable powers to the subcarriers, i.e. P (m) = P max (m), ∀m. Moreover, the upper bound of achievable throughput is also plotted. This upper bound is obtained by omitting the constraints of spectral mask, i.e. P (m) ≤ P max (m), ∀m in the problem (4.12). The efficient solution for the relaxed problem is given by the proposed greedy algorithm with the use of incremental power needed to transmit an additional bit as the cost function. The performance of Z-GR and CPWF-GR algorithms in terms of achievable throughput are almost the same. The achievable throughput of the proposed RCA with K = 1 is little higher than that obtained with the GR algorithms and significantly improved as compared to the CPWF or MPA algorithm. For example, if the total exploitable normalized power is 50, the RCA with K = 1 increases the throughput by 1% as compared to the GR algorithms and it outperforms by 16% (resp. 15%) the CPWF (resp. MPA) algorithm. Moreover, it reduces by 44% (resp. 72%) the total consumed power when compared to the CPWF (resp. MPA) algorithm. achievable throughput between the GR algorithm and RCA is negligible (<1%) and thus the RCA can be exploited to calculate the achievable throughput instead of the S-GR algorithm. The achievable throughput is decreased and the total consumed power is increased when K is increased. It means that the use of power is less efficient when we increase K. In the case of the RCA with K = 10, the achievable throughput decreases by 0.3% while the computation cost is reduced by 99% (resp. 90%) (see Figure 4.7) when compared to the Z-GR algorithm (resp. CPWF-GR algorithm). Note that the Z-GR algorithm complexity is already strongly reduced as compared with the standard greedy algorithm (S-GR) that exploits the matrix inversion.

Finally, in Figures 4.7 and 4.8, we have plotted the complexity of the different algorithms. Figure 4.7 shows the complexity comparison between the GR algorithms and the RCA. We can see that the initialization from CPWF algorithm solution reduces significantly the complexity of the GR algorithm. The RCA has reduced the complexity by >90% (resp. 80%) as compared to the Z-GR algorithm (resp. CPWF-GR algorithm). It is also seen that the complexity of RCA is decreased when K increases, which can be explained by the diminution of the number of iterations. Nevertheless, the complexity of both cases K = 5 and K = 10 is almost the same. This is due to the number of failed attempts. Remember that in the reduced complexity algorithm with K > 1, at every iteration, we try to simultaneously increase the number of bits on K subcarriers. However, at any iteration, if the attempt has failed, we must try to increase those K subcarriers one by one. This increases the number of matrix inversions. Table 4.2 lists the run-time per iteration, number of iterations and total run-time for the standard greedy, proposed greedy and reduced complexity algorithms. Those values are obtained in the case of P total = 90 and with a computer equipped with a duo-core processor (2x2.7 GHz), RAM 4Gb and Matlab 2009. According to Table 4.2, the Z-GR algorithm reduces the total run-time by a factor of 3.8 as compared to the S-GR algorithm. This gain is almost the same as the run-time ratio between the direct inversion matrix calculation and the use of iterative calculation to calculate matrix inversion in Matlab. Indeed, the use of the initial bit-loading vector obtained by the discretized CPWF algorithm solution reduces strongly not only the number of iterations but also the run-time per iteration due to the decrease of the average number of subcarriers for which we have to calculate the value of cost function. Table 4.2 also shows that the run-time per iteration of the reduced complexity algorithm and its number of iterations are much smaller when compared to the standard and proposed greedy algorithms. Hence, its total run-time is significantly reduced as compared to the standard and proposed greedy algorithms. 

Simulation for a PLC system with 917 subcarriers

In this section, the proposed algorithm is applied to a realistic PLC system, where 917 subcarriers are considered (L = 917). The number of channel realizations is set to 200. Figures 4.9, 4.10 and 4.11 show the performance of RCA algorithms with K = 5 and K = 20 when compared to the CPWF algorithm followed by bit discretization for different classes of channel (class 2, 5 and 9) with a GI of 5.56 µs. In these figures, the throughput obtained with RCA is increased by 17% (resp. 13%) as compared to that of CPWF algorithm for class 2 (resp. class 5) channel. In these cases, the interference is significant. However, for class 9 channel, the use of the CPWF and bit discretization is sufficient for an efficient bit-loading and power allocation because there is almost no interference or the interference power is insignificant as compared to the noise power. Moreover, in this case, all subcarriers have reached their maximum number of bits determined by the maximum constellation and the maximum power constraint. Thus, no additional iteration is required.

Moreover, the performance of RCA for different mandatory GI values from 5.56 µs to 47.12 µs (specified in the IEEE P1901 standard: 5.56, 7. 56, 9.56, 11.56, 15.56, 19.56 and 47.12 µs) is illustrated in Figure 4.12 with class 2 channel and P total = 500 (normalized). In this figure, the RCA algorithms improve the achievable throughput by about 10% when compared to the CPWF + discretization. Moreover, we can observe that the GI value that maximizes the throughput coincides with the one that maximizes the capacity. This observation can be used to optimize jointly the GI value and bit/power allocation. In other words, firstly, we could use the CPWF algorithm to calculate the capacity for every value of GI specified in the IEEE P1901 standard. We would choose the GI value corresponding to the maximum capacity. Then, with this GI value, we use the RCA algorithm to determine the bit-loading and power allocation that maximize the achievable throughput. The GI adaptation together with the bit loading is studied in Section 4.4.

The cumulative distribution function (CDF) of allocated number of bits and of allocated power for 100 channel realizations are plotted in Figures 4.13 and 4.14. We can clearly see that transmitting on Class 5 channel requires less power than on Class 2 channel (mean value: 0.13 vs 0.2) while the throughput obtained in Class 5 channel is higher than that of Class 2 channel (mean value: 8.8 vs 6.2 bit).

Finally, to adapt the proposed algorithm to the periodically-time varying PLC channels [START_REF] Kim | Channel Adaptation for Time-varying Powerline Channel and Noise Synchronized with AC Cycle[END_REF][START_REF] Picorone | Linear and Periodically Time Varying PLC Channels Estimation in the Presence of Impulsive Noise[END_REF], we can re-use the channel adaptation principle described in [START_REF] Kim | Channel Adaptation for Time-varying Powerline Channel and Noise Synchronized with AC Cycle[END_REF].

In [START_REF] Kim | Channel Adaptation for Time-varying Powerline Channel and Noise Synchronized with AC Cycle[END_REF], it is assumed that the channel periodically switches among several values. We can use this block-based invariance to apply our proposed algorithm for each channel state. As soon as the frame error rate exceeds a given threshold, the channel estimation and the bit/power allocation must be re-operated.

Bit loading in MIMO-PLC systems with interference

In this section, we consider the bit/power allocation problem for MIMO-Windowed OFDM PLC systems with the presence of inter-symbol and inter-carrier interference. The self inter-antenna interference is dealt with on each subcarrier. We assume that the GI length is fixed. We resort to Chapter 2 to model the interference. The key point is the formulation of an equivalent bit-loading problem for a SISO-OFDM system and then the application of the reduced complexity algorithm introduced in Section 4.2 with some small modifications involving power constraints to solve it.

MIMO-Windowed OFDM PLC system model

We consider a 2x2 MIMO-OFDM system with L active subcarriers. The extension to n T × n R MIMO-OFDM is straightforward. The transmission model restricted to subcarrier m is

y 1 (m) y 2 (m) = h 11 (m) h 12 (m) h 21 (m) h 22 (m) x 1 (m) x 2 (m) + I 11 (m) + I 12 (m) I 21 (m) + I 22 (m) + ξ 1 (m) ξ 2 (m) , (4.37) 
where y j (m), x j (m) and ξ j (m) are the received signal, the transmitted signal and the complex circularly-symmetric Gaussian noise with variance σ 2 j (m) at antenna j on subcarrier m; h ji (m) and I ji (m) are the channel frequency response and interference term (resulting from an insufficient guard interval) from transmit antenna i to receive antenna j on subcarrier m. The matrix form of (4.37) reads

Y(m) = H(m)X(m) + I(m) + Ξ(m). (4.38) 
In SISO-PLC systems with Windowed-OFDM, the interference power on a given subcarrier depends on the signal power on all subcarriers. Similarly, as shown in Chapter 2, the interference power in the MIMO system at a given receive antenna and on a given subcarrier depends on the signal power at all antennas and on all subcarriers. The covariance matrix of the noise plus interference, denoted by C I+Ξ (m), equals

C I+Ξ (m) = [W 1 P](m) + σ 2 1 (m) [W 2 P](m) [W * 2 P](m) [W 3 P](m) + σ 2 2 (m) (4.39) 
where P = [P 1 (1), ..., P 1 (L), P 2 (1), ..., P 2 (L)] T denotes the power allocation vector; W of size L × 2L is related to the interference (see Chapter 2, section 2.3.2 for full description) and [W i P] stands for the product of W i and P.

In this work, we assume that the zero-forcing detection on a subcarrier basis is used at receiver. The MIMO detection matrix denoted by A(m) reads

A(m) = H -1 (m), (4.40) 
Then, the signal of interest is

Z(m) = A(m)Y(m) = X(m) + A(m) (I(m) + Ξ(m)) . (4.41) 
Let a i (m) stand for the entry in i-th row and -th column of matrix A(m). The post-detection signal to noise-plus-interference ratio corresponding to the i-th transmit antenna is denoted by SIN R i (m) and is equal to

SIN R i (m) = P i (m) J i (m) + N i (m) , (4.42) 
where the interference power is

J i (m) = 2 =1 |a i (m)| 2 [W 2 -1 P](m) + 2 (a * i2 (m)a i1 (m)[W 2 P](m)), (4.43) 
and the noise power is

N i (m) = |a i1 (m)| 2 σ 2 1 + |a i2 (m)| 2 σ 2 2 .

Bit loading for MIMO-PLC with the presence of interference

In this section, we address the problem of bit-loading for MIMO-OFDM systems assuming zero-forcing detection on a subcarrier basis and residual inter-carrier and inter-symbol interference. After formulating the optimization problem, we derive the relation between the allocated bit number and the corresponding minimum required power. We then extend to the MIMO-OFDM case the method proposed in Section 4.2 for the SISO-OFDM case.

Bit-loading problem formulation

The bit-loading problem consists in finding the minimum power allocation that maximizes the achievable throughput. In the case of the 2x2 MIMO-PLC system, each subcarrier on each transmit antenna is allocated an integer number of bits, denoted by 

2 i=1 P i (m) ≤ P max (m) b i (m) ∈ A
To solve (4.44), it is necessary to find a relation between the bit numbers {b i (m)} and the corresponding minimum power allocation {P i (m)}.

Relation between allocated power and bit loading

In the continuous case, the maximum throughput on subcarrier m at transmit antenna i is equal to log 2 1 + SIN R i (m) Γ . The minimum power required to transmit reliably b i (m) bits is computed from an equivalent SINR value λ i (m) related to b i (m) by

λ i (m) = 2 b i (m) -1 Γ , b i (m) ∈ A. (4.45) 
Using (4.42), we deduce the relation between allocated bit number and required power for i = 1, 2 and m = 1, 2, ..., L:

P i (m) = λ i (m) J i (m) + N i (m) ; (4.46)
As J i (m) is a function of the allocated power vector P (cf. (4.43)), we deduce from (4.45) and (4.46) that the number of bits allocated to a given subcarrier at a given transmit antenna is related not only to its allocated power but also to the power levels on the other subcarriers at all transmit antennas, which makes the problem complex.

Given a vector of number of bits b allocated to the subcarriers and on the antennas, we have to find the corresponding vector of allocated power P so that (4.46) is satisfied for all subcarriers.

By using matrix formulation, we can gather the 2 × L power constraints given by (4.46) into a single equation. To this end, we introduce the following notations: The rewriting of 2 × L equations of (4.46) under matrix form yields

Λ b = diag λ 1 (
Q = A 1 W 1 W 1 + 2 A 2 W 2 W 2 + A 3 W 3 W 3 ( 4 
P = Λ b QP + N ⇒ P = I -Λ b Q -1 Λ b N, (4.54) 
which gives the relation between the bit loading vector b and the required minimum power vector P.

Adaptation of the RCA algorithm to the MIMO-PLC case

In this section we describe an algorithm to solve the optimization problem (4.44) where the cost function satisfies (4.54). (4.54) is the same as the equation (4.15) in Section 4.2, except that the matrices are twice as big. However by doubling the number of subcarriers in the SISO-PLC problem, we do not obtain a problem equivalent to (4.44). The difference comes from the power constraint 2 i=1 P i (m) ≤ P max (m). In the following, we apply the method adopted in Section 4.2. However, for the sake of further complexity reduction, we can use the Equal Power Allocation (EPA) instead of the CPWF as initialization. With EPA, the total power P tot is uniformly allocated between the subcarriers and the antennas.

The extension to the MIMO case is straightforward, the aforementioned power constraint difference will be taken into account in the iterative procedure while selecting the subcarriers to be loaded up. The complexity comparison between the conventional Greedy algorithm (referred to as Z-GR), the Greedy algorithm with EPA initialization (referred to as EPA-GR) and the reduced complexity algorithm with EPA initialization (referred to as RCA) is illustrated in Table 4.1 by changing variable K by 2K. 

Application to the spatial multiplexing scheme

In the spatial multiplexing case, no precoding is done and then the detection matrix is A = H -1 .

Application to the optimum eigen beamforming scheme

The optimum eigen beamforming scheme makes the MIMO transmission equivalent to the superposition of multiple parallel independent SISO transmissions, which enables to increase the data rate compared to the spatial multiplexing scheme. The Singular Value Decomposition (SVD) of the channel matrix [START_REF] Paulraj | Introduction to Space-Time Wireless Communications[END_REF] enables to obtain the independent eigen modes of the channel:

H = UDV H (4.55)
where U, V are unitary matrices, i.e. U -1 = U H and V -1 = V H and D is a diagonal matrix containing the singular values of H.

Assuming perfect eigen beamforming with precoding matrix V, the channel matrix H is replaced by HV in Eq. (4.38) and the detection matrix A reads [START_REF] Yonge | An overview of the HomePlug AV 2 technology[END_REF] 

A = HV -1 = D -1 U H . ( 4 

Simulation results

We consider the IEEE P1901 standard as described in [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF]. The simulation parameters are the following:

• Exploitable subcarriers defined in the IEEE P1901 standard [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF] with sampling rate f s = 100 MHz, frequency shift ∆f = 24.414 kHz. • Channel model: SISO-PLC Class 2 channel of Tonello's model [START_REF] Tonello | A fitting algorithm for random modeling the PLC channel[END_REF] and 2x2 MIMO-PLC (same circuit using P-N, N-PE) of Hashmat model [START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF]. • Noise model: 2x2 MIMO-PLC independent noise of Esmailian model [START_REF] Hashmat | Analysis and modeling of background noise for inhome MIMO-PLC channels[END_REF].

• Spectral mask constraint: P max (m) = 1, ∀m ∈ {1, 2, ..., L} (normalized to P 0 ∆f where P 0 = -55 dBm (1 Hz) is the spectral mask value defined by the IEEE P1901 standard and ∆f is the frequency shift) [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF]. • P tot (normalized to P 0 ∆f ) varies from 10 to 100.

• A = {1, 2, 3, 4, 6, 8, 10, 12} (bits).

• Number of channel realizations: 1000.

For the sake of simplicity, we only take into account the first 100 useful subcarriers out of 917 defined in IEEE 1901 standard in our simulation, i.e. L = 100. The covariance matrix C I+Ξ is computed from the formula derived in Chapter 2 with the value of guard interval of 5.56 µs, the minimum allowable value defined in the IEEE P1901 standard. In this case, the effect of interference on the system performance is significant. In the RCA, the number of couples (subcarrier, antenna) chosen to simultaneously increase the bit number is set to 5. We illustrate in Figs. 4.15 and 4.16 the achieved throughput for Z-GR, EPA-GR and RCA in the case of spatial multiplexing and of optimum eigen beamforming. In the legend, 'EPA-D' corresponds to the initialization state of EPA-GR and RCA, while 'EPA-C' refers to the continuous case with equal power allocation.

In both cases, the performance of Z-GR and EPA-GR in terms of achievable throughput are almost the same. The achievable throughput of the proposed RCA is slightly degraded when compared to the Z-GR and significantly improved as compared to the EPA-D. The maximal shift of achievable throughput between RCA and the Z-GR is about 0.2% and in average, the RCA increases the achievable throughput by 17% w.r.t the EPA-D in both cases. In addition, we can see that the achievable throughput obtained by the RCA with optimum eigen beamforming is increased by about 4% (in average) as compared to the one of spatial multiplexing. Hence, as com-pared to the spatial multiplexing, the achievable throughput gain obtained by the optimum eigen beamforming is not really significant in 2x2 MIMO-PLC systems in presence of significant interference resulting from an insufficient guard interval. The achievable throughput comparison when the total normalized power P tot = 50 and with spatial multiplexing is shown in Table 4.3. In Fig. 4.17, the complexity of different algorithms is illustrated by the total number of matrix inversions used to find the bit/power allocation in the case of spatial multiplexing. Note that the vertical axis is in logarithmic scale. The complexity of the algorithms in the optimum eigen beamforming case is almost the same as in the spatial multiplexing case. In both cases, the RCA has reduced the complexity by 97% as compared to the Z-GR, while achieving almost the same throughput. The run-time comparison when P tot = 50 is also shown in Table 4.3. As compared to the Z-GR, the RCA only degrades the achievable throughput by 0.1%. However, the run-time is reduced by about 35 times.

Conclusion

We have proposed a reduced complexity algorithm to solve the bit-loading problem in the presence of interference assuming a fixed value of the guard interval. The throughput obtained with the proposed algorithm is almost the same as the one obtained by the conventional greedy algorithm. However, the complexity is significantly reduced. In the next section, we will jointly optimize the GI length and the bit-loading in order to maximize the achievable throughput.

GI adaptation in PLC systems

Achievable throughput optimization in OFDM-PLC systems taking into account the GI

We consider a Windowed-OFDM system as described in Section 4.2 and we take into account the guard interval in the throughput optimization. We assume that L subcarriers out of M are active. For illustrative purpose, we focus on the IEEE P1901 standard and the values of M , RI and L are found in [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF].

The problem of bit, power and guard interval adaptation to optimize the throughput is to find optimal GI µ opt and power allocation vector P that are solution of the following Note that the interference matrix depends on the guard interval length µ. This is why we note W (µ) to stress this dependence. Problem (4.58) can be solved by using the brute-force search method or an iterative branch-and-bound method [START_REF] Wolkerstorfer | Joint powerloading and cyclic prefix length optimization for OFDM-based communication[END_REF]. Both of them rely on the bit/power loading algorithm to obtain the maximum achievable throughput in the presence of interference that results from an insufficient GI value.

With the RCA proposed in Section 1.2, with a given µ, we can solve the bit-loading in the presence of interference, i.e., to find P (µ) to maximize the achievable throughput, with a low-complexity. Unfortunately, to find µ opt , the total complexity remains very high due to a high number of examined GI values. To alleviate this problem and thus reduce the complexity, some suggestions will be given in this section. First, we consider the achievable throughput R (µ) that is given by

R (µ) = M M + µ F (µ) L m=1 T d log 2 1 + P (m)|α (µ) (m)| 2 ([W (µ) P](m) + N (m))Γ K (µ) (4.59)
It is quite difficult to explicitly evaluate the variation of R (µ) with respect to µ. However, in the following, we try to give some hints about the evolution of R (µ) in PLC systems. We use the following notations: t M = M × T s , t µ = µ × T s , t RI = RI × T s and k max = τmax Ts . We can list some important remarks:

• The power allocated in PLC systems is less than or equal to the spectral mask level P 0 for the active subcarriers and null for the others. The maximum number of bits allocated to a subcarrier is limited to 12 bits. • T s = 0.01 µs and the maximum delay of PLC channels τ max is about 5.56 µs [START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF],

which is much smaller than the OFDM symbol duration, t M = 40.96 µs. • RI value is fixed and equal to 496 samples in the IEEE P1901 standard [START_REF]IEEE Standard for Broadband over Power Line Networks: Medium Access Control and Physical Layer Specification[END_REF].

In the following, we introduce an important assumption.

Assumption 1. With a same power allocation vector P, the interference power is roughly a non-increasing function of µ, that is for any m, [W (µ 1 ) P](m) ≥ [W (µ 2 ) P](m) whenever µ 1 ≤ µ 2 . The plausibility of this assumption is illustrated in Fig. 4.18 where µ is measured in number of samples.

To evaluate the variation of the system throughput R (µ) , we consider three regions for the values of µ:

• µ ≥ µ * = k max +RI: there is no interference. Note that µ * is the minimum value of µ that enables total removal of the interference. In Eq. (4.59), K (µ) is independent from µ and thus the optimal GI value is k max + RI because F (µ) is a non-increasing function of µ.

• k max + RI -ω ≤ µ < k max + RI, where ω is chosen so that in this region, the interference power is much smaller than the noise power. We can choose ω so that [W (µ) P](m) < χN (m), ∀m, (e.g. χ = 0.1). Then, in this region, the influence of interference is negligible and K (µ) can be considered independent from µ. Then, the optimal GI value is k max + RI -ω.

• RI < µ < k max + RI -ω: the explicit evolution of R (µ) is really difficult to determine.

To determine an interval that contains µ opt , we derive the following theorem: where χ << 1 and when maximal power allocation is used, i.e. P (m) = P 0 for all active subcarriers, µ opt ∈ µ LB , µ UB .

Proof. See Appendix C.2.

An example of the achievable throughput evolution as well as the associated values of µ LB , µ UB and µ * is illustrated in Fig. 4.19 for a PLC class 2 channel, RI = 496, k max = 556, M = 4096 and χ = 0.1. The theorem gives us the way to calculate theoretically the upper and lower bounds of the region that we can find µ opt . However, it is difficult to obtain these values in practice since we have to calculate matrix W for each value µ and then derive µ LB and µ UB as in Eq. (4.60).

In the following, we propose a linear regression between µ opt and k γ + RI, where k γ defines the interval that contains at least γ percentage of the power of the CIR. Then by exploiting this linear relation, we propose a simple model to calculate µ opt .

Guard interval length optimization based on a linear regression

In this section, we aim to optimize the GI length from a linear regression analysis. First, we describe two algorithms to obtain µ opt . Then we use a linear regression between µ opt and k γ + RI to get a low-complexity way to fix judiciously the GI length.

Comparison between the brute-force search and the iterative branch-andbound search to determine µ opt :

We consider the maximum length search interval (RI, k max + RI]. The µ opt value can be found by using a brute-force search or an iterative branch-and-bound (BnB) search [START_REF] Wolkerstorfer | Joint powerloading and cyclic prefix length optimization for OFDM-based communication[END_REF] combined with the reduced complexity algorithm. In other words, given a value of µ, we use the reduced complexity algorithm to calculate the achievable throughput. The optimal GI value corresponds to the maximal achievable throughput. Indeed, the complexity of the brute-force search is very high. The iterative branch-andbound search can significantly reduce the complexity w.r.t. the brute-force search. In the following, we use two approaches to calculate µ opt . First, we deal with a simplified brute-force search (SBF), i.e. we only take into account the GI values µ = RI + l∆ and µ ≤ k max + RI with ∆ = 20 samples (= 0.2 µs). Second, we exploit the BnB search for the set (RI, k max + RI], i.e. at every iteration, we try to exclude the values of µ such that the upper bound of their achievable throughput is less than or equal to the best achievable throughput value found so far. In the following, we demonstrate that the throughput degradation of the SBF as compared to the optimal one is negligible. µ) denote the maximum total allocated number of bits when GI = µ. Then K (µ 1 ) ≥ K (µ 2 ) , ∀µ 1 ≥ µ 2 .

Theorem 4.3. Let K (µ) = M + µ M R ( 
Proof. See Appendix C.3.

Corollary 4.4. The throughput degradation of the SBF as compared to the optimal one is

η = R (µopt) -R (µ SBF ) R (µ SBF ) < ∆ M + RI (4.62) Proof. See Appendix C.4.
The throughput and complexity comparisons between the simplified brute-force search and the iterative branch-and-bound search are illustrated in Fig. 4.20 and 4.21. For the sake of visibility, we only show the results for 20 channel realizations out of 1000. We have found that the throughput obtained by the BnB search is always slightly higher than the one obtained by the SBF. In addition, the BnB search reduces the complexity w.r.t. the SBF search since the BnB search requires less iterations. Note that at every iteration, in general, both methods firstly calculate W (µ) and then apply the RCA. The average achievable throughput obtained by the BnB and SBF are 219 and 218.8 (Mbps), respectively. The average number of iterations to determine the optimal GI value is 18 for BnB and 28 for SBF. In addition, in our simulation, the BnB algorithm reduces the run-time by 20% as compared to the SBF algorithm. 

Linear regression to calculate GI length

In this subsection, we try to find a linear relation between µ opt and k γ + RI. To find an acceptable model, first we make vary the value of γ, i.e., γ = 80, 85, 90, 95, 99. Then, a linear regression is used to find the relation between µ opt and k γ + RI that can 

Quantization of GI value

The linear regression gives a simple way to adapt the GI value. Given a channel realization, we can choose its corresponding GI value by using the model proposed in the previous subsection. However, in practice, in order to reduce the complexity and the overhead due to feedback information, only some predefined set of GI values should be considered. In this section, we propose a GI set and a 'ceiling' procedure to determine an efficient GI value. First, the GI set can be determined by dividing the interval (RI, RI + k max ] into sub-intervals with length of δ samples. In other words, we consider the set of values of GI, G = {µ | µ = RI + lδ}. Let T u be the 'ceiling' function that is defined as follows

T u (R + → G) : x → min{a ∈ G : a ≥ x} (4.65)
then we have: where R (µp) and R (µq) are the throughput obtained by the real GI value µ p and its quantized value µ q . In the case of IEEE P1901 standard and letting δ = 60, we obtain η ≈ 1.3%.

Proof. See Appendix C.5.

We have demonstrated that the throughput degradation due to the GI quantization is very small. With the GI quantization using δ = 60, we define a set of 10 values and we only need 4 bits to transfer the GI adaptation from receiver to transmitter. In addition, without any extra overhead, we can complete this set with another six additional GI values, e.g. 15.56, 19.56, 23.56, 27.56, 31.56 and 47.12 µs, which may be used for the channels with τ max > 5.56 µs or for the channel estimation to fully eliminate the interference and hence increase the estimation quality. Finally, we propose a predefined GI set is [5.56, 6.16, ... , 10.96, 15.56, 19.56, 23.56, 27.56, 31.56, 47.12] (µs) or equivalent [556, 616, ... , 1096, 1556, 1956, 2356, 2756, 3156, 4712] (samples). This set only involves one additional bit as compared to the current IEEE P1901 standard.

Proposed GI adaptation and channel estimation

As mentioned above, the GI adaptation depends on the CIR knowledge and more specifically on the value of τ γ . In addition, the bit/power allocation also depends on the CIR knowledge. In practice, we only have imperfect channel knowledge through channel estimation. In PLC systems, the channel estimation is practically done in frequency domain by inserting the pilot symbols [START_REF] Hirotomo | A study on channel estimation using pilot symbols under impulsive PLC channel[END_REF][START_REF] Nayagam | Tradeoff between channel estimation accuracy and application throughput for in-home MIMO power line communication[END_REF][START_REF] Huang | Robust Approach for channel estimation in Power Line Communication[END_REF][START_REF] Andari | Pilot based channel estimation in Broadband Power Line Communication Networks[END_REF]. We assume that perfect channel frequency responses can be obtained on the pilot carriers and we use an IFFT/FFT transformation as interpolation method to estimate channel frequency response on other subcarriers. Thus we optimize jointly GI adaptation and bit/power allocation from the estimated channel instead of the true one.

We denote by H and H es the true and estimated channel frequency responses and by W and W es the corresponding interference matrices; µ and µ es stand for the GI value adapted to the true channel and the estimated channel by using our proposed linear regression approach. Let b es and P es denote the bit and the power allocation resulting from the estimated channel. The upper bound of true symbol error rate SER(m) on this subcarrier reads [START_REF] Cioffi | A multicarrier primer[END_REF] 

SER(m) ≤ 4Q 3SIN R 2 bes -1 (4.67) 
where 

SIN R(m) = |H(m)| 2 P es (m) [WP es ](m) + N (m) and Q(x) = 1 √ 2π ∞ x e -
SER(m) ≤ 4Q 3Γ SIN R(m) SIN R es (m) (4.69)
Remember that Γ is a SNR gap intended to satisfy SER constraints, i.e. SER(m) ≤ S thres where S thres = 4Q( √ 3Γ) [START_REF] Cioffi | A multicarrier primer[END_REF]. Note also that Q is a decreasing function and thus we have two cases:

• For subcarriers such that SIN R(m) ≥ SIN R es (m), we have SER(m) ≤ S thres .

The SINR is under-estimated and the bit allocation is pessimist (lower than the optimum).

• For subcarriers such that SIN R(m) < SIN R es (m), we have SER(m) > S thres . On these subcarriers, the SINR is over-estimated and the bit allocation is optimist (higher than the optimum).

In our simulation, we observe that by using the proposed approach, the mean SER over all subcarriers is almost less than the SER threshold. Nevertheless, there is also some isolated cases where the mean SER is greater than the SER threshold. However, the occurrence rate of these cases is really low. More quantitative results will be given in the following section.

Simulation results

We consider a single-user SISO-PLC system that fulfills most of IEEE P1901 standard requirements. The simulation parameters are taken as follows:

• T s = 0.01 (µs), T 0 = 40.96 (µs).

• t RI = 4.96 (µs). In this section, a performance comparison between the approaches below is shown:

• Linear regression-based approach (LRA): μopt (95) = a 95 (k 95 + RI) + b 95 .

• Conventional approach: µ = k max + RI to ensure entire interference absorption.

• Current approach in PLC systems: use the minimum GI value in a predefined GI set that can fully eliminate interference. The GI set used in the IEEE P1901 standard is [556,756,956,1156,1556,1956,4712] samples.

Comparison of different approaches (no quantization, perfect CSI)

We assume perfect CSI, M = 4096 (samples), RI = 496 (samples) and L = 917 (subcarriers). The GI values obtained with above approaches and the corresponding achievable throughput are given in Figs. 4.24 and 4.25, respectively. We can see that the linear regression-based approach always chooses the most judicious GI value against the conventional approach and the approach used in the IEEE P1901 standard. Thus, the achievable throughput obtained by the linear regression-based approach is always the best. In addition, this achievable throughput almost coincides with the optimal one obtained by the iterative branch-and-bound (BnB) search or by the simplified brute-force (SBF) search. However, the complexity (expressed in terms of number of iterations) of our proposed algorithm is significantly reduced because it does not require any search. Note that for one iteration (given a GI value) in the search procedure (BnB, SBF), we have to calculate all entries of matrix W and exploit the RCA to optimize the achievable throughput corresponding to this GI value. In other words, our proposed approach based on the linear regression does not need any search procedure and thus strongly reduces the complexity of the GI adaptation.

The maximum, minimum and average values of the throughput obtained with tested approaches are given in Table 4.4. We observe that in all cases, the LRA outperforms by 10% the conventional and standard approaches. In addition, when compared to the iterative branch-and-bound or simplified brute-force search, the throughput degradation is negligible (about 0.6%). As mentioned above, the LRA significantly reduces the number of iterations, i.e. no iteration w.r.t. 18 iterations (in average) for the BnB search and 28 iterations for the SBF search. This confirms the efficiency of the LRA to calculate the quasi-optimal GI value.

Influence of quantization on the proposed model (perfect CSI)

Fig. 4.26 illustrates the throughput degradation when the GI quantization is applied. In all cases, the degradation is insignificant and the GI adaptation approach based on the proposed GI set outperforms the conventional and standard approaches used in the IEEE P1901 standard. The minimum, maximum and mean values of the achievable throughput of the proposed model and of its quantization are given in Table 4.5.

To evaluate the throughput degradation due to the GI quantization, we define We observe that the maximum and mean values of η are about 1.23% and 0.5%, respectively. The maximum value of η is smaller than the upper bound value, i.e., 1.3%. This demonstrates that the throughput degradation due to the GI quantization is negligible and thus, the proposed GI set can be exploited to reduce the feedback overhead.

η = R (µ) -R (µq) R ( 

Influence of the channel estimation

In the following, we show the symbol error rate (SER) obtained by using the LRA when the channel is estimated. In practice, channel frequency response is estimated only for specific subcarriers, called pilot subcarriers. For PLC systems, the pilot subcarrier step is 8 [START_REF] Nayagam | Tradeoff between channel estimation accuracy and application throughput for in-home MIMO power line communication[END_REF] and the channel response for other subcarriers is estimated thanks to an IFFT/FFT interpolation. Figs. 4.27 and 4.28 show the value of τ 95 of the true channel and the estimated channel and the Symbol Error Rate (SER) averaged over all subcarriers with different channel realizations, respectively. For the sake of visibility, we only illustrate in these figures the simulation results for 20 channel realizations. In Fig. 4.27, we observe that the τ 95 values for the true channel and the estimated channel are almost the same. Their maximal shift and the mean shift values are about 5% and 0.2%, respectively. We can see in Fig. 4.28 that the SER for the LRA with estimated channel is under the SER threshold for most channel realizations. However, there is also some isolated cases where the LRA with estimated channels yields higher SER. Let us define the SER shift between the LRA and the threshold for a channel realization as

β = SER -SER thres SER thres (4.71)
where SER is the mean symbol error rate over all subcarriers for a channel realization and SER thres = 10 -3 . Table 4.6 lists the maximal and mean values of β for all channel realizations. We can see that in average, the LRA reduces the symbol error rate (caused by channel estimation error) by about 30%. There are also some extreme and isolated cases where the LRA yields a double SER value as compared to the SER threshold. However, the occurrence frequency of these cases is low (about 1 out of 1000 in our simulation). The total number of cases where the symbol error rate is greater than the SER threshold is about 8 (over 1000 cases). Thus, the LRA and the RCA algorithms can be efficiently used for a joint optimization of GI value and of bit/power allocation in practice when the channel state information is estimated. To reduce the feedback overhead, in practice the quantized LRA should be used.

Conclusion

In this section, we have proposed a simple model to adapt the GI length to optimize the achievable throughput in SISO PLC systems. This model relies on a statistical linear regression between the optimal GI value and the interval length that contains prescribed percentage of the power of the channel impulse response that we set to 95%. The simulation results show the efficiency of the proposed solution in both cases: perfect channel knowledge and estimated channel.

General conclusions and perspectives

In this chapter, new robust algorithms for the problem of achievable throughput maximization in PLC systems in presence of interference have been devised. Assuming first that the GI is fixed, we have developed different versions of the greedy algorithm as well as a reduced complexity algorithm. Simulation results in both SISO and MIMO cases have clearly shown that the reduced complexity algorithm is efficient, i.e. the achievable throughput loss is negligible and the complexity is significantly reduced as compared to the greedy solutions. It is also shown that the proposed algorithm achieves a throughput tight with its upper bound and outperforms the MPA and CPWF algorithms. Then, we have also proposed a joint optimization of the GI value and bit/power allocation solved by the reduced complexity algorithm. Finally, as the reduced complexity algorithm is based on the greedy principle, it can be also exploited for the margin-adaptive problem with some modifications in the initialization of bit allocation vector. Therefore, it is a good candidate to solve resource management problems for single-user Windowed-OFDM systems in the presence of significant interference. Fu-is high, i.e. SN R =

P 0 |α(m)| 2 N (m)Γ >> 1. Then, for µ ∈ [RI, µ LB ], R (µ) = M M + µ L m=1 T d log 2 1 + P 0 |α(m)| 2 ([W (µ) P 0 ](m) + N (m))Γ ≤ M M + µ L m=1 T d log 2 1 + P 0 |α(m)| 2 4N (m))Γ ≤ M M + µ L m=1 T d log 2 1 4 4 + P 0 |α(m)| 2 N (m)Γ ≈ M M + µ L m=1 T d log 2 1 + P 0 |α(m)| 2 N (m)Γ -log 2 4 (C.3)
In in-home PLC systems considered in this paper, the set of allowable modulations is defined by the standard, i. m. For all x, we have

T d (x -2) =        0 x < 2 τ d (x) -2 x ∈ U, x ≥ 2 τ d (x) -1 x ∈ U (C.4)
Let us denote by L the set of active subcarriers such that c(m) ∈ U and c(m) ≥ 2. Then

L m=1 T d c(m) -2 = L m=1,m ∈L T d c(m) -1 + L m=1,m∈L T d c(m) -2 = L m=1 T d c(m) -(L + card(L)) = M + µ * M R (µ * ) -(L + card(L)) (C.5)
From Eq. (C.3) and Eq. (C.5), we deduce an upper bound for R (µ) :

R (µ) ≤ R (µ * ) + 1 M + µ (µ * -µ)R (µ * ) -M (L + card(L)) (C.6) Using 0 ≤ µ * -µ < k max and R (µ * ) < Lb max , another upper bound of R (µ) reads R (µ) ≤ R (µ * ) - L M + µ M (1 + card(L) L ) -k max b max (C.7)

PLC systems

In this chapter, we consider the MIMO precoding design of MIMO-PLC systems. To reduce the complexity at the receiver side, two MIMO precoding techniques are introduced: singular value decomposition (SVD)-based technique also called optimal linear precoding (OLP) and orthogonalized spatial multiplexing (OSM). Then, we evaluate and compare the performance of both techniques in terms of bit error rate and system capacity.

Introduction

MIMO technology has been considered as a major key to increase the data rate in the next generation of broadband indoor power line communication systems [START_REF] Berger | MIMO Power Line Communication[END_REF]. The HPAV2 specification recommends the MIMO technology to achieve higher data rates as well as a larger coverage [START_REF] Yonge | An overview of the HomePlug AV 2 technology[END_REF]. MIMO-PLC is feasible since a protective earth (PE) wire is available in addition to phase (P) and neutral (N) wires. Hence, a MIMO scheme with two transmitting ports can be applied in the context of PLC.

We remind that in order to deal with the frequency-selective characteristic of PLC channels, the multi-carrier modulation OFDM is utilized. OFDM divides the total bandwidth into non-overlapping sub-bands, centered at subcarriers. The subcarriers spacing must be smaller than the channel coherence bandwidth. In this case, the frequency response on every sub-band can be considered as flat. In this context, depending on a given objective, MIMO schemes can be classified into two groups. The first group deals with the spatial diversity to combat channel fading. It exploits the transmission of the signals over different MIMO paths. These MIMO schemes are named space-timefrequency codes. A well-known example is the Alamouti code [START_REF] Alamouti | A simple transmit diversity technique for wireless communication[END_REF]. It achieves the spatial diversity by transmitting replicas of each symbol via the different ports at several time blocks. This makes the transmission more reliable. The space-time frequency block code for an arbitrary number of transmit ports can be found in [START_REF] Zhang | High-rate full-diversity space-timefrequency codes for broadband MIMO block-fading channel[END_REF]. A discussion of 5.2. MIMO-PLC MODEL 131 space-time-frequency block codes for MIMO-PLC is detailed in [START_REF] Schneider | Inhome power line communication using multiple input multiple output principes[END_REF] and the references therein. The second group of MIMO schemes aims to maximize the throughput by sending different streams via different transmit ports. These schemes are called Spatial Multiplexing (SMX). Many precoding techniques such as SVD-based technique [START_REF] Sampath | Generalized linear precoder and decoder design for MIMO channel using weight MMSE criterion[END_REF][START_REF] Scaglione | Optimal design for space-time linear precoder and decoder[END_REF], max d min precoder [START_REF] Collin | Optimal minimum distancebased precoder for MIMO spatial multiplexing systems[END_REF], orthogonalized spatial multiplexing (OSM) [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF], Long-Term Evolution (LTE) precoder have been proposed to optimize specific criteria: error rate, throughput... The outline of this chapter is as follows. In the next section, the MIMO-PLC model is described. Next, the SVD-based and OSM-based techniques are briefly introduced. Then, a performance comparison between these two techniques is given. Finally, some conclusions and perspectives are drawn.

MIMO-PLC model

In this section, we consider a MIMO-OFDM system with N t transmitter and N r receiver ports. To simplify the notation and for better legibility, the subcarrier index is omitted. In other words, all theoretical results in this chapter are derived for one subcarrier. Let us define by x and y the size N t -complex transmitted signal vector and size N r -complex received signal vector. Then, the system model is

y = Hx + n (5.1)
where H denotes the channel response matrix and n is the noise vector. H is defined as

H =    h 11 h 12 . . . h 1Nt . . . . . . • • • . . . h Nr1 . . . . . . h NrNt1    (5.2) 
where h ji represents the channel response between the i-th transmitter and the j-th receiver ports.

As introduced in Chapter 1, the maximum values of N t and N r are 2 and 4, respectively.

In MIMO Spatial Multiplexing systems, the Maximum Likelihood Decoding (MLD) is optimal to detect the transmitted symbols. Given the channel matrix H, the MLD estimates the transmitted symbols by solving (5.

3)

The main drawback of the MLD is its high complexity that is exponential in the number of constellation points. In this chapter, we briefly introduce two precoding techniques that allow simple MLD implementation: Singular Value Decomposition (SVD)-based precoding and Orthogonal Spatial Multiplexing (OSM) precoding.

MIMO precoded spatial multiplexing technique

In MIMO systems, to increase the throughput, Spatial Multiplexing (SMX) is used to transmit different streams via different Tx ports. In this chapter, we only consider the SVD-based precoding and the OSM-based precoding that allow a simple MLD implementation at the receiver.

SVD-based precoding

The SVD [START_REF] Horn | Matrix Analysis[END_REF] decomposes the channel matrix H into three matrices:

H = UDV H (5.4)
D is a diagonal matrix of dimensions K × K containing the positive singular values of the channel matrix H:

D = diag( λ 1 , . . . , λ K ) =       √ λ 1 0 . . . 0 0 √ λ 2 . . . 0 . . . . . . . . . . . . 0 0 . . . √ λ K       (5.5) 
where K is the maximum number of independent streams defined as K = min(N t , N r ). Note that the singular values are real and without loss of generality, they can be assumed given in decreasing order [START_REF] Horn | Matrix Analysis[END_REF].

U and V are isometric matrices

U H U = V H V = I K , U : N r × K V : N t × K. (5.6) 
The SVD decomposes the channel matrix into parallel and independent SISO streams [START_REF] Paulraj | Introduction to Space-Time Wireless Communications[END_REF] and an example of the decomposition for a MIMO 2x4 is visualized in Figure 5.1.

Optimized Linear Precoder

The basic block diagram of SVD-based SMX for MIMO-PLC systems is illustrated in Figure 5.2. The optimum precoder matrix F can be factored into two matrices V and P [START_REF] Sampath | Generalized linear precoder and decoder design for MIMO channel using weight MMSE criterion[END_REF][START_REF] Scaglione | Optimal design for space-time linear precoder and decoder[END_REF], i.e. F = VP. P is a diagonal matrix standing for the power allocation of the total transmit power to each of transmitted stream.

Optimal Unitary Precoder (OUP) or eigenbeamforming (EBF): For limited feedback cases, the optimal precoder F is given by F = V, where V is the right-hand x(N )

x

x( 1)

F(N) F (2) 
F( 1) 

s(N ) s (2) s(1) 
D -1 z = D -1 U H y = x + D -1 U H n (5.10)
To reduce the channel information feedback overhead, we have to quantize the precoding matrix V. Since V is a 2×2 unitary matrix, it can be rewritten as V = cos ψ sin ψ -e jφ sin ψ e jφ cos ψ (5.11) where 0 ≤ ψ ≤ π/2 and -π ≤ φ ≤ π.

In practice, the values of ψ and θ are calculated and quantized at the receiver and then are resent to the transmitter in order to reduce the feedback overhead.

Power allocation (PA) for Spatial Multiplexing Streams: It consists in finding the power allocation matrix P that optimizes some criterion if the channel information is available at the transmitter. A well-known case is the power allocation to maximize information rate or system capacity. Water-Filling (WF) is the optimum MIMO power allocation to maximize system capacity if the input symbols are Gaussian distributed [START_REF] Paulraj | Introduction to Space-Time Wireless Communications[END_REF]. However, if the input symbols are taken from a finite set of symbols (QAM), the optimum power allocation is the Mercury Water-Filling (MWF) [START_REF] Lozano | Mercury/waterfilling: Optimum power allocation with arbitrary constellation[END_REF][START_REF] Lozano | Optimum power allocation for parallel Gaussian channels with arbitrary input distribution[END_REF]. Power allocation for other objectives such as QoS-based design, MMSE design (to minimize the sum of symbol estimation errors) and equal error design can be found in [START_REF] Sampath | Generalized linear precoder and decoder design for MIMO channel using weight MMSE criterion[END_REF].

In the following, we give a brief description of two power allocation designs that will be used in the simulation section.

• Simplified Mercury Water-filling (SVD-MWF):

It is described in [START_REF] Schneider | Precoded spatial multiplexing MIMO for inhome power line communication[END_REF]. Only three power allocation coefficients are used: 0, 1 and √ 2. It means that if one stream of one subcarrier can not be allocated any bit of information because of insufficient SNR for the lowest constellation, the total power is allocated to another stream. If both streams can carry information, the total power is equally allocated to both streams. This design does not require any feedback information about the power allocation since the transmitter can derive the power allocation coefficients, based on another feedback information, i.e., the information of number of bits allocated on the subcarriers. In [START_REF] Berger | MIMO Power Line Communication[END_REF] (chapters 8, 9), [START_REF] Schneider | Precoded spatial multiplexing MIMO for inhome power line communication[END_REF], the performance of this simplified PA is close to the optimum MWF. The main drawback of this design is the throughput drop in the low SNR region where only one stream can be used.

• PA to Equal Error Design (SVD-EED):

The SNR of demodulated signals on two reception ports are SN R 1 = λ 1 P 1 σ 2 ; SN R 2 = λ 2 P 2 σ 2 , (5.12)

where the total power P 1 + P 2 is normalized and equal to 2.

MIMO PRECODED SPATIAL MULTIPLEXING TECHNIQUE

To ensure the same transmission quality on both receiver ports, both SNR must be identical, i.e. SN R 1 = SN R 2 . This leads to

P = diag(P 1 , P 2 ) =     2λ 2 λ 1 + λ 2 0 0 2λ 1 λ 1 + λ 2     (5.13)
In other words, more power is allocated to the weaker stream and vice versa so that the SNRs and then the mean-square errors (MSEs) on both streams are identical.

Orthogonalized spatial multiplexing (OSM)

This scheme has been introduced in [START_REF] Lee | Orthogonalized Spatial Multiplexing for Closed-Loop MIMO systems[END_REF] by H. Lee, S. Park and I. Lee. Let us consider a MIMO-OFDM system with two transmitter ports. To simplify the Maximum-Likelihood detection at the receiver side, the OSM introduces the orthogonality among transmitted symbols. To this end, we encode the two transmitted symbols as follows u = 1 0 0 e jθ s(x) (5.14) where θ is the rotation phase applied to the second port and s(x) is defined as

s(x) = R[x 1 ] + jR[x 2 ] I[x 1 ] + jI[x 2 ]
(5.15)

The OSM scheme requires that the symbols belong to a QAM alphabet. Then, the system model (5.1) can be rewritten as y = Hu + n = H θ s(x) + n (5.16) where H θ = H 1 0 0 e jθ (5.17 

I[h θ Nr1 ] I[h θ Nr2 ] R[h θ Nr1 ] R[h θ Nr2 ]                 R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]      + n (5.19) y = h θ 1 h θ 2 h θ 3 h θ 4 H θ      R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]      s(x)
+n (5.20)

We observe that h θ 1 ⊥ h θ 3 and h θ 2 ⊥ h θ 4 . Thus, this SM scheme becomes fully orthogonal if and only if h θ 1 ⊥ h θ 4 and h θ 2 ⊥ h θ 3 . In [START_REF] Lee | Orthogonalized Spatial Multiplexing for Closed-Loop MIMO systems[END_REF], the full orthogonality between the two transmitted symbols can be obtained by choosing where |x| and ∠x denote the amplitude and the angle of x, respectively.

According to [START_REF] Lee | An efficient decoding algorithm for stbc with multi-dimensional rotated constellations[END_REF], by using this orthogonality, the ML detection at the receiver in Eq. (5.3) can be achieved individually as follows: 

Precoding in OSM systems:

Because h θ 1 = h θ 3 , h θ 2 = h θ 4 and (h θ 1 ) T h θ 2 = (h θ 3 ) T h θ 4 , one may think that two transmitted symbols experience a same quality of effective channels and then there is no need for precoding operation. However, since h θ 1 = h θ 2 ( h θ 3 = h θ 4 ), the channel gains corresponding to the real and imaginary components of x 1 (respectively x 2 ) are different. As a result, the symbol component with a smaller channel gain can degrade the system performance.

Starting from this observation, a precoding algorithm is introduced in [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF] for OSM systems to maximize the minimum Euclidean distance d min between two adjacent points of the constellation at the reception. The OSM system model with precoding can be rewritten as y = H θ Ps(x) + n (5.26)

where P is the 4x4 real matrix: P = P 1 0 0 P 2 (5.27) P 1 and P 2 stand for 2x2 real matrices that control the channel gain associated with x 1 and x 2 , respectively. In [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF], it is shown that we can choose P 1 = P 2 since the channel quality of h θ 1 and h θ 2 are identical to h θ 3 and h θ 4 in terms of minimum distance d min . Hence, the problem can be reduced to calculate P 1 . By using SVD, P 1 can be rewritten as Note that P 1 = 2 (and then P = 4) and since the practical total power allocated on every subcarrier is P max , the practical power allocation matrix in PLC systems is equal to P multiplied by P max /4. According to [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF], the optimal value of α is

Mod

α opt = tan -1 C + √ C 2 + 4D 2 2D (5.29)
where C = h θ 2 -h θ 1 and D = (h θ 1 ) T h θ 2 . The optimal values of β and p depend on the modulation type and on k = , the square of the ratio between the first and the second singular values of the matrix H. To reduce the feedback information without performance loss, a simplified approach is also proposed in [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF]. The values of β opt and p opt for 4-QAM and 16-QAM are given in Table 5.1. Note that the case p = 1 corresponds to uniform power allocation. We observe that thanks to this simplification, the feedback information requires only 1 bit (respectively 2 bits) in the case of a 4-QAM (respectively 16-QAM).

In [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF], two other sub-optimum precoders for OSM are also considered. Interested readers can find more details in [START_REF] Kim | Optimal Precoding for Orthogonalized Spatial Multiplexing in Closed-Loop MIMO systems[END_REF]. A block diagram of the OSM scheme with precoder to maximize d min is illustrated in Fig 5 

Performance degradation due to parameter quantization

In MIMO-PLC systems, the channel estimation is realized at the receiver side. The transmission parameters such as bit allocation, power allocation and precoder matrix are calculated at receiver. Then, the receiver feeds these information back to the transmitter to adapt the transmission to channel conditions. To reduce the feedback overhead in MIMO-PLC systems, these information, e.g., the precoder-defining parameters in this chapter should be quantized. This means that the receiver only transmits the quantized value of the parameters instead of the exact one. This may cause system degradation because the transmission cannot be perfectly adapted to the channel condition from quantized parameters. Even when the noise power is negligible, i.e., in very high SNR region, a BER due to parameters quantization may be significant. In the following, we compare the BER for the SVD and the OSM schemes caused by parameters quantization, assuming that the noise is negligible.

SVD scheme:

Let us consider the SVD scheme and denote by Ṽ the quantized version of V. The MIMO model without accounting for the noise can be rewritten as To derive the BER lower bound, since the symbol detection in SVD scheme is done separately for each receiver port, in the following we consider the SNR at two receiver ports where e SV D is treated as a complex Gaussian noise.

SN R 1 = E[|x 1 | 2 ] E[|e 1 SV D ]| 2 = σ 2 x K 11 σ 2 x = 1 K 11 (5.37) SN R 2 = E[|x 2 | 2 ] E[|e 2 SV D ]| 2 = σ 2 x K 22 σ 2 x = 1 K 22 (5.38) 
(5.39)

The BERs at two receiver ports with 4-QAM are given by [START_REF] Stern | Communications Systems[END_REF]: Then, we can perfectly detect x. In the simulation section, we can see that the BER degradation is negligible as compared to the ZF matrix used in Eq. (5.31) that always causes a BER lower bound.

p i e = Q( SN R i ) = Q 1 K ii , i = 1,

OSM scheme:

Let us denote by θ the quantized value of θ. Without loss of generality, we assume that θ = θ and the orthogonality between transmitted symbols is lost as using θ instead of θ. It means that Let us recall that the system model for the OSM scheme without noise can be written as follows

y = h θ 1 h θ 2 h θ 3 h θ 4      R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]     
(5.44)

MIMO PRECODED SPATIAL MULTIPLEXING TECHNIQUE

Then, the ML detection in OSM scheme is given by

x = [x 1 , x 2 ] = arg min x 1 , x 2 ∈Q 2 y -h θ 1 h θ 2 h θ 3 h θ 4      R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]     
(5.45)

In the following, we rewrite In the case of full orthogonality, i.e., θ = θ, a T b is null and y is independent from x, thus we can detect two transmitted symbols separately. In our case, θ = θ and the orthogonality between the two transmitted symbols does not hold. Then,

y -h θ 1 h θ 2 h θ 3 h θ 4      R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]      ( 
a T b = R[x 1 ] I[x 1 ] (h θ 1 ) T (h θ 2 ) T h θ 3 h θ 4 R[x 2 ] I[x 2 ] (5.51) = R[x 1 ] I[x 1 ] 0 δ -δ 0 R[x 2 ] I[x 2 ]
(5.52)

Finally, the ML detection can be rewritten as

x = [x 1 , x 2 ] = arg min x 1 , x 2 ∈Q 2 y -h θ 1 h θ 2 h θ 3 h θ 4      R[x 1 ] I[x 1 ] R[x 2 ] I[x 2 ]     
(5.53)

= arg min the practical case where precoder parameters are quantized. We first consider the exact values for the precoder parameters. Figures 5.5, 5.6 and 5.7 show the simulation results of BER for PLC classes 2, 5 and 9, respectively. We can see that the OSM scheme outperforms the SVD scheme. The higher the SNR, the higher the gain in terms of BER obtained. For instance, the SNR gain at BER = 10 -2 is of about 6 dB for all three channel classes and at BER = 10 -3 , it is more than 10 dB.

We now consider the parameter quantization to reduce the feedback overhead and we apply separate detection of each transmitted stream. For the parameter quantization, we use 5 bits to quantize V for both SVD scheme (2 bits for ψ and 3 bits for φ) and OSM scheme (5 bits for θ). We can observe that for the SVD scheme, the performance degradation is negligible. However, it is more critical in the OSM scheme. Moreover, when the SNR increases, the performance degradation due to the parameter quantization in the OSM scheme becomes higher. We observe a flattening of the BER curve as the SNR gets large. This can be explained by the fact that in the high SNR region, the impact of noise on system performance is negligible as compared to the one caused by parameter quantization. 

Optimized power allocation

In this section, we test the performance of the following schemes: SVD with equal power allocation, SVD with power allocation for equal error design (SVD-EED), SVD with mercury water-filling (SVD-MWF), OSM with equal power allocation (OSM) and OSM with max-d min precoder (OSM-d min ). No parameter quantization is assumed. Fig. 5.8 shows the BER performance of these schemes for PLC class 2 channels. We can see that compared to the SVD without precoding, the SVD-EED performance is degraded while the SVD-MWF outperforms the SVD without precoding. The gain of SVD-MWF as compared to the SVD is roughly constant and equal to 2.5 dB. We also observe that the OSM with max d min precoder yields the best performance among these schemes. At BER = 10 -3 , it gains about 4 dB and 13 dB as compared to the OSM without precoding and the SVD without precoding. In addition, its gain increases as SNR gets higher. We can also notice that in the region of small SNR, the performance of the SVD-MWF scheme is little higher as compared to the one of the OSM scheme without precoding. It can be explained by the fact that in the low SNR region, only one stream can be transmitted on a certain subcarrier. This can lead to a decrease of BER. However, this also causes a degradation in terms of throughput. We illustrate in Fig. 5.9 the throughput decrease when using the SVD-MWF scheme. We can see that in the region of low SNR, almost all subcarriers transmit only one stream (2 bits/stream in this case). When the SNR increases, the number of subcarriers that can transmit 2 streams also increases. Finally, Figs. 5.12 and 5.13 show the simulation results for Class 9 PLC channels. At BER = 10 -3 , the OSM max-d min gains about 4 dB and 14 dB as compared to the OSM without precoding and the SVD without precoding.

To summarize, in all cases, the OSM with max-d min precoding outperforms the OSM without precoding, the SVD-EED, the SVD-MWF and the SVD without precoding. In addition, as compared to the SVD without precoding, the SVD-MWF gives a higher performance in terms of BER. However, it degrades the throughput performance when the SNR is low. The preliminary results show that the OSM precoder can be considered as alternative scheme to the conventional SVD precoder. However, some further investigations should be done before exploiting it in practical PLC systems.

Conclusion

In this chapter, we have focused on 2x2 PLC MIMO and we have studied two MIMO precoding designs that make the MLD complexity at the receiver side rather low: the SVD-based and the OSM-based schemes. The SVD-based scheme relies on the singular value decomposition that allows using two MLD separately. The OSM-based scheme adds a phase shift on the second data stream to create the orthogonality between both data streams and then allows using two MLD separately. The maximum mutual information obtained by both schemes is theoretically proved to be identical. However, the OSM-based scheme outperforms the SVD-based scheme for both cases: with or without precoding matrix P. Its main weakness is its performance degradation with parameter quantization. The future work consists in investigating the performance of the OSM-based scheme for the practical PLC systems with limited feedback information, with the presence of the impulsive noise and higher constellations. It should take into account the external error correcting code that should be able to make the whole systems more robust toward noise and quantization.

Conclusion

Nowadays, power lines can be used as an alternative medium for data transmission in in-home networks. Since its main purpose is not dedicated for data communication, it is a challenging environment for high-speed and reliable communication systems. Fortunately, the release of the IEEE P1901 standard in 2010 largely contributed to improve the quality of data communication systems using power lines. Nevertheless, in order to increase the data rate or reduce the power consumption, further improvements such as new resource allocation techniques in PLC systems should be carried out. The recent HPAV2 specification expects to increase the data rate as well as the coverage of PLC systems by extending the frequency band up to 87 MHz and by applying MIMO techniques.

In this thesis, we have first addressed the resource allocation problem in PLC systems in both cases: with and without self-interference. Then, we have investigated two well-known MIMO precoding schemes, which reduce the complexity of the Maximum Likelihood Detection at the receiver side: the Singular Value Decomposition-based scheme and the Orthogonal Spatial Multiplexing-based scheme.

Chapter 1 of this thesis was dedicated to a general introduction of PLC systems. At the end of the chapter, based on the channel and noise measurements, we have shown some interesting preliminary results about channel and noise modeling.

Chapter 2 investigated the self-interference, which results from an insufficient guard interval. An analytic formula was given to calculate the inter-carrier and inter-symbol interference. Then, we analyzed its influence on system performance. We have shown that the self-interference must be taken into account when calculating system capacity. In addition, the Equal Power Allocation, which can be efficiently exploited as a bitloading technique in ideal OFDM systems (without self-interference), is not a good solution in PLC systems with the presence of self-interference and the power allocation should be optimized jointly with the bit-loading.

In Chapter 3, we proposed a new bit-loading algorithm to solve the bit/power allocation in ideal PLC systems, i.e. OFDM-based systems without self-interference, named Water-Filling Rounding Greedy Bit Loading algorithm. It is a Greedy-based algorithm initialized with the bit vector obtained by rounding the water-filling algorithm solution to the associated continuous problem. The proposed algorithm yields the global optimum for the bit-loading problem. The proof relies on the efficiency of the initialized bit vector and the Greedy principle. In this chapter, both rate maximization and power allocation problems are efficiently solved by using the proposed algorithm. Its complexity in both cases is significantly reduced as compared to some well-known solutions already existing in the literature.

Chapter 4 described two contributions. First, we consider the bit-loading problem in PLC systems with the presence of interference for both SISO and MIMO cases. The Reduced Complexity Algorithm (RCA) has been proposed to solve this problem. The RCA outperforms the conventional Greedy algorithm in terms of computation cost while it yields almost the same achievable throughput. Second, the guard interval adaptation is taken into account to maximize the system throughput. In other words, this is a joint optimization problem involving the choice of the guard interval and bit/power allocation. A simple approach has been given to choose the value of the guard interval to maximize the achievable throughput. Finally, by combining the proposed approach to choose the guard interval value and the proposed RCA, the resulting joint optimization problem can be efficiently solved.

Chapter 5 analyzes the performance of two 2x2 MIMO-PLC precoding schemes: Singular Value Decomposition scheme and the Orthogonal Spatial Multiplexing scheme. Both of them allow simplifying the Maximum Likelihood Detection at the receiver. We have observed that the OSM used with minimum distance precoding outperforms all other schemes in terms of BER and data throughput. However, its drawbacks are the constraint of identical modulation on both transmitted streams and the sensibility to quantization errors.

Perspectives:

In future works, we will investigate the following problems that we believe be important to extend the results presented in the thesis:

• Improve MIMO-PLC channel and noise modeling based on data measured by Orange Labs. In chapter 1, due to limited time, we only showed some preliminary results for SISO-PLC and noise modeling.

• Find analytic formula to calculate the number of bits under symbol error rate constraint when the distribution of the noise after FFT is arbitrary. Then, we would apply this formula for the Generalized Normal Distribution (GND)-based noise and would adapt our proposed bit-loading algorithms for both with/without interference.

• Although we believe that more accurate channel and noise models do not sig-
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 12 Figure 1.2 -Industrial groups and consortiums in the PLC technology [13].
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 1 Fig.1.3 illustrates an example of the frequency transfer functions of PLC channels for classes 1, 5 and 9. Note that the higher class index, the less attenuation and less frequency-selective channels are.
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 1 Fig. 1.5 shows the plot of the Esmailian model for two parameter sets (a = -145, b = 38.75, c = -0.720 for the best case and a = -140, b = 53.23, c = -0.337 for the worst case) as well as the plot of the OMEGA model.
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 16 Figure 1.6 -MIMO-PLC inductive coupler configurations [42].
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 17 Figure 1.7 -MIMO-PLC scheme with 2 transmitter ports and 4 receiver ports.
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 1 Fig. 1.8 illustrates an example of a 2x2 MIMO-PLC channel (Tx: S1, S2; Rx: D1, D2) obtained with the above model.
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 18 Figure 1.8 -An example of MIMO-PLC channel with star-style coupler at the reception.
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 119 Fig.1.9 shows an example of a 2x2 MIMO-PLC channel (Tx: D1, D2; Rx: S1, S2) realized with the model in[START_REF] Hashmat | A channel model for multi input multi output in-home power line networks[END_REF]. To summarize, in both models, first the channel function of link S1-D1 was generated by using a multi-path SISO-PLC channel model such as OMEGA model or Tonello's model. Then, channel transfer functions of other links are

  c Uniform(-0.410,-0.275) Normal(µ = -0.29,σ = 0.03) Uniform(-0.410,-0.275)Table 1.5 -Parameter statistics of MIMO-PLC noise model based on Esmailian model.
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 2425 Figure 2.4 -Reception scheme in PLC systems.

  414 kHz, GI = 5.56 µs, RI = 4.96 µs, T = 46.52 µs, M = 4096.

  or SINR (dB) SNR SINR (b) N-PE receiver.
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 28 Figure 2.8 -SINR and SNR comparison at two receiver ports (MIMO-PLC class 2 channel).
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 2 RATE MAXIMIZATION PROBLEM IN OFDM SYSTEMS WITH PEAK-POWER CONSTRAINTS 51 Let us denote by b max (m) = log 2 1 + g m P max m Γ , b r max (m) = min(A max , b max (m)), (3.2)

Figure 3 . 1 -

 31 Figure 3.1µ, ν values and switch between Z-GBA and M-GBR algorithms.

3: if P r tot ≤ P tot then 4 :

 4 

3. 2 . 57 Algorithm 2 1 : 2 : 3 :

 2572123 RATE MAXIMIZATION PROBLEM IN OFDM SYSTEMS WITH PEAK-POWER CONSTRAINTS Pseudocode of the modified secant-based algorithm Set to a desired tolerance value. Set count = 0, S old 1 = 0. Set x 0 = min m
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 23233 Figure 3.2 -Number of iterations per subcarrier comparison.
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 34 Figure 3.4 -Achieved throughput comparison.
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 35 Figure 3.5 -Total used power comparison.
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 3637 Figure 3.6 -Number of operations per subcarrier comparison.
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 23839 Figure 3.8 -Relative total run-time (averaged over various P tot ∈ [10, 900]) vs channel class.
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 3310 Figure 3.10 -Total run-time vs number of subcarriers.
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 36531 POWER CONSUMPTION MINIMIZATION IN OFDM SYSTEMS WITH PEAK-POWER CONSTRAINT Power consumption minimization problem and existing solutions Power consumption minimization problem

  S ∈ R + . We define b m (S) = round S + log 2 (g m ) b r max (m) 0 and P m (S) = (2 bm(S) -1)Γ g m . We have proved in Appendix B.3 that b(S) is an efficient bit vector. Let us define f (S) = m b m (S) -R target . If there exists S * ∈ R + such that f (S * ) = 0, then P m (S * ) is the solution to (3.16).

Theorem 3 . 8 .Algorithm 3 1 :

 3831 To obtain the global optimum bit allocation solution to (3.16), i.e., b op , starting from b W F R , the number of iterations used in Greedy bit-adding or bit-removing is upper bounded by ∆ + L/2. Proof. See Appendix B.8. Pseudocode of WFR-GBL to solve Problem (3.16) Calculate b max , b r max . 2: if R target ≥ m b r max (m) then

Figure 3 .

 3 Figure 3.12 -Run-time of the algorithms.

  e., b e ≥ b f (component-wise) ⇒ P e ≥ P f (component-wise) and thus P e 1 ≥ P f 1 . To demonstrate the necessary condition, i.e., b e and b f are two efficient bit vectors, if P e 1 ≥ P f 1 then b e ≥ b f , we use the counter-evidence approach. Suppose that P e 1 ≥ P f 1 and ∃m 0 : b e m 0 < b f m 0 . If ∀m = m 0 , b e m ≤ b f m , then P e 1 < P f 1 , which contradicts the hypothesis. Thus, ∃m 1 : b e m 1 > b f m 1 . Then, we have

28 )f m 1 +1→b f m 1 > ∆P ↓ b f m 0 →b f m 0 - 1 .

 2811 Since b f is an efficient bit vector, ∆P ↑ b Then using (B.26) and (B.28), we deduced that ∆P ↑ b e m 0 →b e m 0 +1 < ∆P ↓ b e m 1 →b e m 1 -1 which contradicts the hypothesis "b e is an efficient bit vector". Thus, b e m ≥ b f m , ∀m, i.e., b e ≥ b f (component-wise).

  very small w.r.t. L/2. Qualitatively, in average, we have a half carriers where c W F m (S)round c W F m (S) ≤ 0 and half carriers where c W F m (S) -round c W F m (S) ≥ 0. Then
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  12}. • P max (m) = 1 (normalized to the spectral mask at P mask = -55 dBm/Hz), ∀m ∈ [1, L]. • Γ = 4.038, corresponding to SER = 10 -3 . • The channel impulse response (CIR) h(t) is obtained by the IFFT of the frequency response of Tonello model (class 2) [93] and time rectangular filtering, keeping 95% of the initial energy [40]. • Noise model: Background noise (Esmailian model) [49]. • Number of channel realizations for Monte-Carlo simulation: 1000.
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 41 Figure 4.1 -An example of truncated CIR for PLC class 2 channel.
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 442 Figure 4.1 gives an example of CIR for PLC class 2 of Tonello's model. The calculation of the interference power (i.e. the entries of matrix W) in the case of insufficient guard interval (GI) in PLC systems is already given in Chapter 2.

  Figures 4.3 and 4.
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 43 Figure 4.3 -Achievable throughput of different algorithms.

Figures 4 .

 4 Figures 4.5 and 4.6 show the comparison between the GR algorithms and the RCA with different values for K. It demonstrates that the achievable throughput of the RCA is slightly different as compared to that of the GR algorithm. The difference of
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 44 Figure 4.4 -Total consumed power of different algorithms.
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 45 Figure 4.5 -Achievable throughput comparison.
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 46 Figure 4.6 -Total consumed power comparison.
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 4748 Figure 4.7 -Algorithms complexity comparison.
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 49 Figure 4.9 -RCA vs CPWF in PLC class 2 channel.
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 410 Figure 4.10 -RCA vs CPWF in PLC class 5 channel.
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 411 Figure 4.11 -RCA vs CPWF in PLC class 9 channel.
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 4413414 Figure 4.12 -Throughput evolution with different GI values.

  b i (m), which takes on values in A specified by the standard. The optimization problem can thus be written as follows:

. 51 ) 1 2L(

 511 N = N 1 (1), ..., N 1 (L), N 2 (1), ..., N 2 (L) T (4.52) I = diag 1, 1, ..., identity matrix) (4.53)
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 415 Figure 4.15 -Achievable throughput (spatial multiplexing).
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 4 Figure 4.16 -Achievable throughput (optimum eigen beamforming).
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 417 Figure 4.17 -Average complexity (spatial multiplexing).

T d log 2 1 +P

 1 P (m)|H(m)| 2 ([W (µ) P](m) + N (m)(m) ≤ P total (4.58) 0 ≤ P (m) ≤ P max (m), ∀m ∈ [1, L]

Figure 4 .

 4 Figure 4.18 -Interference power on the active subcarriers with different µ values.
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 42419 Figure 4.19 -An example of the throughput evolution and search domain of µ opt .
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 420 Figure 4.20 -Throughput comparison between SBF and BnB searches.
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 421 Figure 4.21 -Comparison of the iteration number between SBF and BnB searches.
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 42464 Figure 4.22 -N M SE(γ) w.r.t. γ.
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 423 Figure 4.23 -Linear regression between µ opt and k 95 + RI.
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 45 The throughput degradation due to the GI quantization with the 'ceiling' function T u , i.e. μ = T u (µ) isη = R (µp) -R (µq) R(µq) 

u 2 2

 2 du is the tail probability of the normal distribution. We also have b es (m) = log 2 1 + SIN R es Γ (4.68) where SIN R es (m) = |H es (m)| 2 P es (m) [W es P es ](m) + N (m) . Inserting Eq. (4.68) into Eq. (4.67), we obtain

  • A = {0, 1, 2, 3, 4, 6, 8, 10, 12}. • P max (m) = 1 (normalized to the spectral mask at P mask = -55 dBm/Hz), ∀m ∈ [1, L]. In this paper, we only take into account the spectral mask constraint P (m) ≤ P max (m) that is usually used in PLC systems. • Γ = 4.038, corresponding to SER = 10 -3 . • The channel impulse response (CIR) h(t) is obtained by the IFFT of the frequency response generated from Tonello's model with 9 PLC channel classes and truncated at τ max = 5.56 µs. • Noise model: Background noise (Esmailian model). • Number of channel realizations for Monte-Carlo simulation: 1000.
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 424 Figure 4.24 -GI adaptation with different approaches (perfect CSI).
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 426 Figure 4.26 -Throughput degradation due to the GI quantization (perfect CSI).
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 4 Figure 4.27τ 95 for true channel and estimated channel.

3 )

 3 Threshold + perfect CSI LRA + estimated CSI Quantized LRA + estimated CSI

Figure 4 . 28 -

 428 Figure 4.28 -Symbol error rate for the LRA with estimated channel and its threshold.

  e. A = {0, 1, 2, 3, 4, 6, 8, 10, 12}. Let us define U = [5, 6) and c(m) = log 2 1 + P 0 |α(m)| 2 N (m)Γ be the theoretical capacity on subcarrier

  x = [ x1 x2 ] T = arg min x∈Q 2 y -Hx 2

Figure 5 . 1 -

 51 Figure 5.1 -Decomposition of the 2x4 MIMO-PLC channel into two parallel SISO channels or spatial streams.

Figure 5 . 2 - 9 )

 529 Figure 5.2 -Block diagram of SVD precoding in MIMO-PLC systems.

  )

|h

  j1 ||h j2 | sin(∠h j2 -∠h j1 ) (5.22) B = Nr j=1 |h j1 ||h j2 | cos(∠h j2 -∠h j1 ) (5.23)

2 ( 5

 25 .25) A block diagram of the OSM transmitter structure is illustrated in Figure 5.3.
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 53 Figure 5.3 -Block diagram of transmitter structure for OSM scheme.

P 1 = cos α -sin α sin α cos α p 0 0 2 -p 2 cos β -sin β sin β cos β ( 5

 1225 

Figure 5 . 4 -

 54 Figure 5.4 -Block diagram of transmitter structure for OSM scheme with precoder.

  .

  4. 

30 ) 31 )

 3031 If the ZF matrix D -1 UH is applied, we obtain:z' = D -1 U H y = x + (I -V H We can see that e SV D = (I -V H Ṽ)x = [e 1 SV D , e 2 SV D ] affects directly the BER performance of the SVD scheme. To quantify it, we define Γ SV D = E[e SV D e H SV D ]. We have Γ SV D = E[e SV D e H SV

(h θ 1 ) T h θ 4 = -(h θ 2 ) T h θ 3 =

 1423 δ = 0.(5.43) 

5 . 46 )= y -h θ 1 h θ 2 R[x 1 ]h θ 4 R[x 2 ]= h θ 1 h θ 2 R[x 1 ] I[x 1 ] and b = h θ 3 h θ 4 R[x 2 ] I[x 2 ]

 5462142211422 I[x 1 ] + yh θ 3 I[x 2 ] -y (5.47) = ya + yby (5.48)where aThen Eq. (5.48) can be rewritten asya + yby = ya + yb + y + 2(y -a) T (y -b) -2(y) T (2y -ab)(5.49)= ya + yb -2 y + 2a T b (5.50)

x 1 , x 2 ∈Q 2 y -h θ 1 h θ 2 R[x 1 ]h θ 4 R[x 2 ]Figure 5 . 5 -

 12214255 Figure 5.5 -BER performance comparison between SVD and OSM for PLC class 2 channels.
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 56 Figure 5.6 -BER performance comparison between SVD and OSM for PLC class 5 channels.

Figure 5 . 7 -

 57 Figure 5.7 -BER performance comparison between SVD and OSM for PLC class 9 channels.

Figure 5 . 8 -Figure 5 . 9 -

 5859 Figure 5.8 -BER performance comparison between SVD and OSM with precoding for PLC class 2 channels (4-QAM).

Figure 5 . 10 -Figure 5 . 11 -

 510511 Figure 5.10 -BER performance comparison between SVD and OSM with precoding for PLC class 5 channels (4-QAM).

Figure 5 .Figure 5 . 13 -

 5513 Figure 5.12 -BER performance comparison between SVD and OSM with precoding for PLC class 9 channels (4-QAM).

Figs. 5 .

 5 Figs. 5.10 and 5.11 show the same simulation results for Class 5 PLC channels. At BER = 10 -3 , the OSM max-d min gains about 6 dB and 15 dB as compared to the OSM without precoding and the SVD without precoding.
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  caractéristiques du canal et du bruit dans systèmes CPL sont également brièvement décrites dans les deux cas: SISO et MIMO. Enfin, avec les mesures données par Orange Labs, nous présentons quelques résultats intéressants sur la classification du canal et la modélisation du bruit. En effet, pour la classification du canal, en utilisant le mélange de gaussiennes, nous avons trouvé qu'une classification de 2 classes pourrait-être suffisante pour modéliser le canal CPL au lieu d'une classification de 9 classes comme dans le projet OMEGA (voir Figure 1.15). Pour la modélisation du bruit, nous avons observé que (voir Figures 1.25 et 1.26):

  La puissance totale consommée associée à ce vecteur est minimum.En nous appuyant sur ces résultats théoriques, nous avons proposé un algorithme de faible complexité, nommé Water-Filling Rounding Greedy-based Bit-Loading (WFR-GBL) pour résoudre le problème de la maximisation de débit. Son optimalité et sa faible complexité sont analysées théoriquement, démontrées et vérifiées par des simulations. On a démontré que pour obtenir l'optimum global du problème à partir de b W F R il ne faut qu'ajouter ou retirer au maximum un bit par sousporteuse. Dans la simulation, on a constaté que l'algorithme proposé donne toujours l'optimum global du problème. En termes de complexité, il réduit le tempscalcul de deux fois par rapport à un algorithme sous-optimal et de 16 fois par

R ÉSUM É xxv rapport à l'algorithme glouton conventionnel (voir Figures 3.4 et 3.7). Une adaptation du WFR-GBL au problème de minimisation de la puissance consommée est également implémentée. Elle permet d'obtenir l'optimum global du problème avec une complexité fortement réduite par rapport aux algorithmes de la littérature (voir Figures 3.11 et Tableau 3.4).

  Une extension pour le cas MIMO-CPL est également proposée. On a observé un même résultat, c'est à dire, le débit obtenu est un optimum local proche de l'optimum global et la complexité est fortement réduite.Deuxièmement, nous considérons la optimisation conjointe de l'intervalle de garde et de l'allocation de débit qui maximise le débit de données dans des systèmes CPL. L'objectif est de maximiser le débit utile sous des contraintes de puissance.

	xxvi	R ÉSUM	É
	-le choix de K sous-porteuses à incrémenter à chaque itération (au lieu d'une
	seule sous-porteuse).		
	On a démontré que l'algorithme proposé converge vers un optimum local qui est
	proche de l'optimum global avec une complexité considérablement réduite par
	rapport à l'algorithme glouton conventionnel (voir Figures 4.3, 4.5, 4.7, 4.8 et
	Tableau 4.1, 4.2). max µ,P		

  SVD) et le multiplexage spatial orthogonal (OSM). On a démontré que les deux précodages atteignent la même capacité (information mutuelle maximum). Dans notre simulation pour les trois classes de canal PLC(2, 5 et 9), on a observé que l'OSM surpasse le SVD. Avec un taux d'erreur binaire de 10 -3 , l'OSM avec l'allocation de puissance de type max-d min surpasse le SVD de 13dB. (voir Figures 5.5, 5.6 et 5.7)Cependant, pour réduire la surcharge de débit sur la ligne de retour, il faut une quantification des paramètres. Dans notre analyse, l'impact de la quantification sur le SVD est négligeable. Néanmoins, si on conserve la détection séparée des deux symboles transmis dans l'OSM, la dégradation due à la quantification des paramètres est importante (voir Figures 5.8, 5.10 et 5.12). Plusieurs techniques peuvent être envisagées pour compenser ou éliminer cette dégradation notamment: utilisation d'une détection conjointe, codage de canal, etc...

	R ÉSUM É	xxvii
	valeurs singulières (	
	En outre, nous avons également étudié la dégradation de performance causée par
	des erreurs d'estimation du canal. On a observé avec 1000 réalisations du canal
	que (voir Figure 4.27 et Tableau 4.6):	
	-En moyenne, le taux d'erreur symbole est réduit.	
	-Cependant, il y a également des cas où le taux d'erreur symbole augmente.
	Il existe un cas isolé où le taux d'erreur symbole est doublé.	

où k γ est l'intervalle qui contient γ % de l'énergie de la réponse impulsionnelle du canal et RI est l'intervalle de rool-off du fenêtrage appliqué à l'émetteur. a γ et b γ sont des coefficients de linéarisation. On a testé plusieurs valeurs de γ et trouvé que γ = 95 donne la meilleure linéarisation (voir

Figures 4.22 

et 4.23). Le débit obtenu par l'approche proposée est proche de l'optimum et surpasse celui obtenu par les approches conventionnelle et standard (voir Figure 4.25 et Tableau 4.4).

• Le cinquième chapitre se concentre sur l'extension aux systèmes CPL de deux précodages MIMO bien connus qui permettent d'utiliser une détection du maximum de vraisemblance simplifiée au niveau de récepteur: la décomposition en Pour faciliter la lecture du document, chaque annexe est donnée à la fin du chapitre qui l'utilise.

Table 1 . 1 -

 11 The expression of the Zimmermann's channel frequency trans-Channel capacity and occurrence rate per class

	Class Occurrence rate (%) Capacity Interval (Mbps) Average Capacity (Mbps)
	1	3.49	1000-1200	1100
	2	16.78	1200-1400	1307
	3	18.18	1400-1600	1486
	4	11.88	1600-1800	1687
	5	11.88	1800-2000	1899
	6	12.58	2000-2200	2098
	7	9.79	2200-2400	2298
	8	7.69	2400-2600	2499
	9	7.69	2600-2800	2699

Table 1 .

 1 

		Class σ 2 g	σ 2 c	K 2	
		1	1	1.4354e-6 0.403919	
		2-8	1	0	-	
		9	1 2.28955e-6 0.341468	
		Table 1.2 -Coupling parameter values [31].
	Class	A	a 0		a 1	K	L
	1	1.3022e-5 -0.00691505 1.15712e-26	2.97983
	2	2.8269e-4 -0.00888846 7.55014e-06 0.408174
	3	6.7170e-4 -0.0152108	3.67885e-05 0.347786
	4	6.3792e-4 -0.0142857	2.5219e-05	0.348188
	5	8.3880e-4 -0.0141565	1.67181e-05 0.363295
	6	9.5814e-4 -0.00797313	2.285e-018	1.92048
	7	4.5819e-3 -0.0132538 1.12949e-018 2.00313
	8	1.0964e-2 -0.0185199 9.65172e-018 1.87202
	9	2.4856e-3 -0.0435673 2.02324e-020	2.2179

3 -Attenuation and multi-path parameter values (Λ = 0.2, ν = 2.10 8 )

[START_REF] Tonello | Cyclic prefix design and power allocation in bit-loaded OFDM over PLC Channels[END_REF]

.

  . In our case, since the classification only relies on a scalar

		Proportion (%) Average capacity (Mbps) Deviation (Mbps)
	Class 1	28.5	470	95.22
	Class 2	71.5	1313	450
	Table 1.7 -Proportion, average capacity and deviation for both
			classes.	

Table 1 .

 1 

		2-Gaussian	GND	2-GND
	KLD	0.0178	0.01965 0.0043

8 -Kullback-Leibler divergence applied to noise time-domain models.

Table 1 . 9 -

 19 Kullback-Leibler divergence vs noise frequency-domain models.

	2 GND

  =P 2 =P 0 /2 P 1 =P 2 =P 0 /32

	CHAPTER 2. INTER-SYMBOL AND INTER-CARRIER INTERFERENCE ANALYSIS
			IN IN-HOME PLC SYSTEMS
	Total capacity P 1 (Mbits)		
	Exact (2.31)	1232.9	1053.8
	Approximation (2.32)	1232.9	1053.8
	Table 2.2 -Theoretical capacity comparison in MIMO-PLC Class 9
	channel.	
			32
	(Mbits)		
	Exact (2.31)	373.8	356
	Approximation (2.32)	706.4	527.8
	Table 2.1 -Theoretical capacity comparison in MIMO-PLC Class 2
	channel.	

Ψ IN (m 0 ) depend on the power allocation. The capacity shift in the former case (latter case) is about 25% (5%). Thus, while the equal maximum power allocation with P 1 (m) = P 2 (m) = P 0 /2 is a simple and efficient strategy for conventional MIMO-OFDM systems without channel state information at Tx (CSIT) and under the assumption that interference is negligible, it should not be exploited in MIMO-PLC systems where in-

  3.2. RATE MAXIMIZATION PROBLEM IN OFDM SYSTEMS WITH PEAK-POWER CONSTRAINTS

  Algorithm 1 Pseudocode of the WFR-GBL algorithm 1: Calculate b max , b r max , P r max as in (3.2).

	2: Calculate P r tot =	P r max (m).
	m	

Table 3 . 1 -

 31 Number of operations for the algorithms.

Table 3 . 2 -

 32 Average number of operations per subcarrier and average total run-time comparisons between the algorithms over various P tot ∈[START_REF] Huck | Tutorial about the implementation of a vehiclar high-speed communications system[END_REF] 900].

				Total run-time
		operations	(ms)	(relative)
	Z-GBA	962.25	11.60	16.8
	M-GBR	331.37	3.85	5.6
	BFB	126.35	1.32	1.9
	WFR-GBL	70.76	0.69	1

  ns i denotes the number of subcarriers belonging to subgroup i. The initial bit allocation is given by

	3.3. POWER CONSUMPTION MINIMIZATION IN OFDM SYSTEMS WITH PEAK-POWER	
	CONSTRAINT	67
	In Eq. (3.23),	

Table 3 .

 3 and (3.12) illustrate the complexity and the run-time for different algorithms. We can see that the proposed WFR-GBL algorithm significantly reduces Number of operations per subcarrier of the algorithms.

		10										
								Z-GBA				
	)							M-GBR				
	Number of operations (x10 3	2 4 6 8						3-dB PA WFR-GBL				
		0	0	0.1	0.2	0.3	0.4	0.5	0.6	0.7	0.8	0.9	1
								η				
	Figure 3.11 -Number of Run-time R target -R init	
						operations	(ms)		(bits)		
				Z-GBA	4817		48.4		4817		
				M-GBR	4818		48.6		4818		
				3-dB		1820		23.2		1810		
				PA		429		5.3		413		
				WFR-GBL	40		0.72		12		

4 -Number of operations per subcarrier, run-time and R target -R init for the algorithms averaged for different η.

  1), ..., λ 1 (L), λ 2 (1), ..., λ 2 (L) (4.47) A 1 = diag |a 11 (1)| 2 , ..., |a 11 (L)| 2 , |a 21 (1)| 2 , ..., |a 21 (L)| 2 A 3 = diag |a 12 (1)| 2 , ..., |a 12 (L)| 2 , |a 22 (1)| 2 , ..., |a 22 (L)| 2 (4.50)

		(4.48)
	A 2 = diag a * 12 (1)a 11 (1), ..., a * 12 (L)a 11 (L), a * 22 (1)a 21 (1), ..., a * 22 (L)a 21 (L)	(4.49)
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 44 Minimal, maximal and average throughput obtained with different approaches assuming perfect CSI (Mbits).

		LRA Quantized LRA
	min	119.35	119.18
	max	236.07	234.90
	Average 218.74	218.24

Table 4 . 5 -

 45 Influence of the quantization on the minimal, maximal and average throughput (perfect CSI).

	Table 4.6 -Maximal and average SER shift for different models and the
	threshold (CSI estimation).
		β max (%) β (%)
	LRA	111	-32
	Quantized LRA	116	-35

Table 5 .

 5 1β opt and p opt values for the max-d min precoding in OSM systems.

		Case	β opt p opt
	4-QAM	1 ≤ k < 7 k ≥ 7	π/4 0.464	1 √ 2
	16-QAM	1 ≤ k < 7.59	π/4	1
		7.59 ≤ k < 43.1 0.488	1
		43.1 ≤ k < 101 0.345 101 ≤ k 0.245	1 √ 2
	QAM			
	mod			
	S-P			
	QAM			
	mod		s 2 (x)	

  Since the channel state is estimated at the receiver side, to avoid such BER degradation, instead of using D -1 U as the ZF matrix, ṼH H + with H + is pseudo-inverse of H, should be used. Note that ṼH H + can be easily calculated at the receiver where H is obtained from the channel estimation, and Ṽ is fed back from the receiver. In this case

					2.	(5.40)
	where Q = 1 √ 2π	+∞ t	e -τ 2 /2 dτ .	
	Then, the BER lower bound due to the parameter quantization is
			p SV D e	= p 1 e + p 2 e + p 1 e p 2 e .	(5.41)
			z' =	ṼH H	+ y = x	(5.42)

Remerciements

We denote by b W F R the bit vector resulting from the rounding of the WF solution and by P W F R the corresponding power allocation calculated by

In [START_REF] Campello | Optimal discrete bit loading for multicarrier modulation systems[END_REF], Campello has defined an efficient bit vector for the bit/power loading. A bit vector is said efficient if there is no pair of subcarriers so that the power gain obtained by removing one bit from one subcarrier can be used to add one bit to another subcarrier. We recall that in the optimum Z-GBA algorithm, at every step in the bitadding procedure, the bit vector is always efficient [START_REF] Baccarelli | Optimal integer bit-loading for multicarrier ADSL systems subject to spectral-compatibility limits[END_REF].

Theorem 3.3. b W F R is an efficient bit vector.

Proof. See Appendix B.3.

In the following, we prove that given the total number of bits, the power use corresponding to b W F R is the most efficient. 

1 , then P W F R 1 < P 1 with P the power vector associated with b.

Proof. See Appendix B.4.

Proposed WFR-GBL algorithm

Based on the analysis above, we propose the following simple and optimal algorithm for the discrete bit-loading problem in (3.1). Its principle consists in exploiting the bit vector obtained by rounding the water-filling algorithm solution of problem (3.4) as an efficient initial bit vector of the Greedy algorithm. Then, we calculate the current power use P use = m P W F R m . If P use ≤ P tot , the Greedy-based bit-adding is used. Else, the Greedy-based bit-removing is applied to yield the final bit allocation from b W F R . We named it the Water-filling rounding Greedy-based bit loading (WFR-GBL) algorithm. It is summarized in the table hereinafter.

To prove that the WFR-GBL algorithm converges to the global optimum solution, we first derived the following result. Theorem 3.5. Let b e and b f be two efficient bit vectors and P e and P f be the corresponding power allocation vectors, respectively. Then,

Proof. See Appendix B.5.

APPENDIX C Proofs C.1 Proof of Theorem 1

Let C CP W F and P CP W F be the continuous bit-loading and power allocation vectors obtained by the CPWF algorithm; b 0 and P 0 be the discrete bit-loading vector and its corresponding power allocation vector after the discretization and from the monotonicity of the right-hand side of Eq. (4.15) (see VI.A), we obtain:

or equivalently,

This demonstrates that P 0 satisfies the power constraints.

C.2 Proof of Theorem 2

For the upper bound, if µ is such that

and then the influence of interference can be neglected. As in the case of no interference, R (µ) is a decreasing function of µ.

Hence, µ opt ≤ µ UB . In practice, we may choose χ = 0.1.

For the lower bound, we have to prove that: ∀µ ∈ [RI, µ LB ] : R (µ) < R (µ * ) , where µ * = k max + RI (the minimum GI value that enables to totally eliminate the interference). We use the assumption that the interference power is a non-increasing function of µ. Let us consider any µ ∈ [RI, µ LB ], we have [W (µ) P 0 ](m) ≥ [W (µ LB ) P 0 ](m) ≥ 3N (m), ∀m. Practically, in the PLC systems, the SNR value on the active subcarriers As we consider high SNR, the proportion of active subcarriers that c(m) ∈ U can be assumed less than 30% that is to say card(L) L ≥ 0.7.

Taking into account the IEEE P1901 standard, k max = 556 (samples), b max = 12 (bits) and M = 4096, we obtain that M (1 + card(L) L ) -k max b max < 0 and thus

C.3 Proof of Theorem 3

Let us denote by

the theoretical capacity, by b µ,P (m) = T d c µ,P (m) the allocated number of bits on subcarrier m and by P 1 (respectively P 2 ) the power allocation that maximizes the total of allocated number of bits when GI = µ 1 (respectively GI = µ 2 ). By using the non-increasing assumption of interference power, since µ 2 ≥ µ 1 we have for all m

.

The last inequality holds because P 2 is the power allocation that maximizes the total of allocated number of bits when GI = µ 2 .

C.4 Proof of Theorem 4

Let us denote by µ op the true optimal GI and by µ 1 one of the examined GI values in the SBF such that 0 ≤ µ 1 -µ op < ∆, where ∆ = 20. Let µ SBF stand for the optimal GI value obtained by the SBF. By using theorem 3, we have

and R (µ SBF ) ≥ R (µ 1 ) since R (µ SBF ) is the maximal achievable throughput obtained with the SBF. Then, we have

We recall here η the throughput degradation factor

By using Eq. (C.13) and taking into account that µ 1 -µ opt < ∆ and µ opt ≥ RI, we obtain

In the case of the IEEE P1901 standard, M = 4096 and RI = 496, thus η < 0.44%. Thus, the throughput degradation of the simplified brute-force as compared to the optimal one is negligible.

C.5 Proof of Theorem 5

Let us denote by µ p and µ q the GI values obtained by the proposed approach and its quantized value respectively. Then 0 ≤ µ q -µ p < δ. Using the same argument as in Appendix C.4, we have

In the case of the IEEE P1901 standard, δ = 60, M = 4096 and RI = 496, thus η < 1.3%.

CHAPTER 5. MIMO PRECODING FOR PLC SYSTEMS

Let us consider the real-valued system associated to Eq. (5.16):

We can see that we cannot detect optimally the two transmitted symbols by applying two separate ML detections for the two transmitted symbols when δ = 0. This causes performance degradation in terms of BER when using the parameter quantization and the ML detection for each transmitted symbols separately.

Maximum mutual information for SVD and OSM schemes

In this section, we analyze the maximum mutual information that we can obtain with the SVD and OSM schemes. The following results can be applied for both schemes. Let us consider a MIMO model y = Hx + n (5.56)

In [START_REF] Telatar | Capacity of multi-antennas Gaussian channels[END_REF], the mutual information is given by

where

where U is a unitary matrix and Λ = diag(λ 1 , . . . , λ Nt ) is a non-negative diagonal matrix. The mutual information can be rewritten as

The maximum mutual information problem is formulated as

and trace( Q) = trace(Q). Hence, the maximization over Q can be done well over Q.

By using det(A) ≤ i A ii , for any non-negative definite matrix A, we obtain

with equality when Q is diagonal. The Qii can be found by using "Water-filling"

where µ is a constant that Qii = P tot .

The corresponding maximum mutual information is given by i log 2 (µλ i ) + .
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In MIMO-PLC systems, the theoretical result derived above is directly applied to the SVD scheme where H is the channel frequency response matrix. For the OSM scheme, H is replaced by H θ = H 1 0 0 e jθ . Indeed, since HH H = H θ H H θ , the singular values obtained in both cases are identical. In other words, the maximum information obtained by both SVD and OSM schemes is the same. However, in practice, the OSM scheme is applied to increase the diversity while the SVD scheme is utilized to maximize the system throughput. Normally, the OSM scheme uses the same QAM modulation for two transmitted symbols while in the SVD scheme, the QAM modulation can be different for two transmitted symbols. Thus, although both schemes can yield the same maximum mutual information, the SVD scheme gives a more flexible choice of the QAM modulation for the two transmitted symbols.

Simulation results

The simulation parameters are the following

• PLC-MIMO 2x2 channel classes 2, 5 and 9.

• For the noise, we only consider the "whitened" noise, i.e., i.i.d Gaussian noise, on two receiver ports with the covariance matrix Σ = σ 2 I and σ 2 depends on the signal to noise ratio. • Signal to noise ratio, SN R, varies depending on the channel class. We assume that the power of transmitted symbol satisfies E[|x i | 2 ] = 1, ∀i = 1, 2. Thus, the noise variance can be calculated as σ 2 = 10 -SN R/10 (5.63)

• Number of transmitted OFDM symbols: 10000.

• Number of used subcarriers: 917.

• Number of simulated channels per class: 25.

• Modulation type: 4-QAM.

In the following, we compare the performance between the SVD and the OSM. The modulation is fixed and we consider two cases: equal power allocation and optimized power allocation.

Equal power allocation

In this section, we compare the performance of both techniques in terms of bit error rate (BER). We consider the theoretical case where no quantization is used and CONCLUSION nificantly affect the performance of the proposed resource allocation algorithms (WFR-GBL, RCA), this would be worth checking and verifying.

• Extend the proposed bit-loading algorithms (WFR-GBL and RCA) to the multiuser PLC systems.

• Consider the existence of the Forward Error Correction (FEC) code into the resource allocation problem.

• Study the equalizer techniques such as channel shortening and interference cancellation (in both time and frequency domains) for the case of insufficient GI.

• Further investigate the performance of the OSM precoder scheme for higher modulation orders in PLC systems with feedback quantization.