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Abstract

In the last few years, the research in the area of green and energy-efficient network-
ing has gained a great interest on the part of network providers and equipment
manufacturers. Considering Power Line Communication (PLC), more effort has
been made on achieving higher data rates, but the topic of energy efficiency has
still not been explored very much yet. In this thesis, we focus on the energy effi-
ciency of indoor PLC networks.

On the one hand, we investigate the power consumption of PLC modems by con-
ducting several experiments and measurements of many commercial modems. Based
on the results, we provide a detailed analysis of the power consumption behaviour of
PLC modems. Then, we propose measurement-based power models for both Single
Input Single Output (SISO) and Multiple Input Multiple Output modems (MIMO)
PLC modems. The developed models allow us to quantify the power consumption
associated with various communication states and different operation modes of PLC
modems.

On the other hand, we study the benefits of using relay nodes in PLC networks for
energy efficiency purpose. We consider half-duplex Decode and Forward (DF) relay
systems and explore their performance for two strategies, i.e., when the time alloca-
tion between the source and the relay nodes is set uniform and when it is optimized.
We propose an iterative algorithm to derive the optimal time allocation for power
minimization. Finally, through extensive numerical results based on both measured
PLC channels and PLC noise and simulated ones, we show by considering two repre-
sentative scenarios, that depending on the idle power consumption of PLC modems,

significant power saving can be achieved by implementing relaying in PLC networks.

Keywords: Energy efficiency, Power Line Communication, Power consumption
measurements, Power consumption models, Decode and Forward, Relay, Optimal

time allocation



Résumé

Au cours des dernieres années, la recherche dans le domaine de 'efficacité énergétique
des réseaux de télécommunications a suscité un intérét grandissant pour les four-
nisseurs de réseaux et les fabricants d’équipements. Dans les systemes a Courants
Porteurs en Ligne (CPL), les efforts se sont principalement concentrés sur 'augment-
ation du débit. Cependant, tres peu d’attention a été accordée au sujet de lefficacité
énergétique. Dans cette these, nous nous concentrons sur ’amélioration de l'efficacité
énergétique des réseaux CPL indoor.

D’une part, nous investiguons la consommation énergétique des modems CPL en
menant plusieurs expérimentations et mesures sur plusieurs modems commerciaux.
En se basant sur les résultats obtenus, nous fournissons une analyse détaillée du
comportement énergétique des modems CPL. Ensuite, nous proposons des modeles
de consommation électrique pour les systemes CPL SISO (Single Input Single
Output) et MIMO (Multiple Input Multiple Output). Les modeles développés
permettent de quantifier la consommation d’énergie associée a divers états de com-
munication et modes de fonctionnement des modems CPL.

D’autre part, nous évaluons 'apport énergétique de I'utilisation des relais dans les
réseaux CPL. Nous considérons un systeéme de relais Half-Duplex DF (Decode and
Forward) et nous étudions ses performances pour deux stratégies, a savoir, pour
une allocation de temps uniforme et optimale entre la source et le relais. Nous pro-
posons un algorithme itératif pour calculer I'allocation de temps optimale qui min-
imise la puissance. Enfin, nous montrons par de nombreux résultats numériques,
basés a la fois sur des canaux CPL mesurés et simulés, et en considérant deux
scénarios représentatifs, qu’en fonction de la puissance consommeée par les modems
CPL lorsqu’ils sont en mode de veille, une réduction de consommation d’énergie

significative peut étre obtenue par la mise en place de relais dans les réseaux CPL.



Mots clés: Efficacité Energétique, Courants Porteurs en Ligne, Mesures de consom-
mation de puissance, Modéles de consommation de puissance, Decode and Forward,

Relais, Allocation de temps optimale
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Introduction générale

L’amélioration de l'efficacité énergétique des systemes de communication fait par-
tie des principaux défis auxquels la science doit faire face dans le futur. En effet,
I’énergie joue un réle important dans notre vie quotidienne, en permettant des ap-
plications variées, dont le chauffage, 1’éclairage, la mobilité et la communication.
Cependant, en dépit de son role primordial dans l’amélioration de nos conditions
de vie, I'utilisation excessive et inefficace de ’énergie a plusieurs impacts négatifs
environnementaux, économiques et sociaux comme les émissions de gaz a effet de
serre, la pollution de I’air ou bien les couts élevés liés a I'exploitation de I’énergie.
Pour relever ces défis, des efforts considérables ont été consacrés ces derniéres années
pour améliorer l'efficacité énergétique, a savoir, réduire la quantité d’énergie requise
pour fournir des produits et services, afin d’économiser de I'argent et de protéger

I’environnement.

Les technologies de l'information et de la communication (TIC) représentent un
pourcentage allant d’environ 2% a 10% de la consommation énergétique mondiale,
augmentant de 16% & 20% par an, et d’un pourcentage de 2% environ des émissions
totales de carbone. En outre, il est estimé que les réseaux de télécommunication
sont responsables d’une grande quantité de ces pourcentages. (Pour plus de détails,

voir Chapitre 2).

Vu l'impact important du secteur des TIC sur la consommation d’énergie et les
émissions de gaz a effet de serre, plusieurs collaborations académiques, industrielles

et gouvernementales ont pris des mesures pour améliorer 'efficacité énergétique des
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réseaux TIC. Ces initiatives couvrent plusieurs technologies sans fil et filaires, in-

cluant les systémes a courant porteurs en ligne (CPL).

La technologie CPL, qui utilise le réseau électrique comme un support de transmis-
sion de données, est une technologie de télécommunication qui possede un long his-
torique de développement et qui a un large champ d’applications et d’implémentations.
Jusqu’a présent, les efforts se sont principalement concentrés sur ’augmentation du
débit dans les réseaux CPL, tandis que tres peu d’attention a été accordée au sujet
de Defficacité énergétique.

Avec I’évolution rapide de la technologie CPL, 'efficacité énergétique est sans aucun

doute une priorité pour la conception des futurs systemes CPL.

0.1 Contexte de la these et objectifs de recherche

Le travail présenté dans cette these a été réalisée au sein d’Orange Labs (Lan-
nion) et de Telecom Bretagne (Brest), et a été mené dans le cadre du projet de
recherche FUI14 GREENCoMM [GREENCoMM], qui implique huit partenaires
industriels et académiques, incluant Orange Labs et Télécom Bretagne, et vise a
améliorer 'efficacité énergétique des technologies de connectivités domestiques, a

savoir, WiFi, CPL et fibres optiques.

Le principal objectif de la these est de mesurer, modéliser et optimiser la consom-
mation électrique des systemes CPL. En particulier, ce travail de recherche tente

principalement de répondre aux questions suivantes:

Quelles sont les méthodes a utiliser pour mesurer et analyser la consommation

énergétique des modems CPL?

Quelles sont les parties qui consomment le plus d’énergie dans les systemes

CPL?

Comment modéliser la consommation d’énergie des systemes CPL?

Comment réduire la consommation d’énergie des modems et réseaux CPL?
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e Quelle est la quantité d’énergie qu’on peut économiser?

0.2 Contributions de la these

Dans cette these, nous avons menés des travaux de recherche afin de répondre aux
questions cités précédemment. Nos principales contributions peuvent étre résumés

comme suit:

Tout d’abord, nous avons monté des bancs de mesures pour caractériser la consom-
mation électrique des modems CPL. Ensuite, nous avons mené une étude analytique
détaillée afin de quantifier I’énergie consommée par les modems CPL en fonction
du débit binaire, du nombre de trames Ethernet, et de la taille des trames Ether-
net. En premier lieu, nos expérimentations ont été réalisées en utilisant 6 paires de
modems CPL commerciaux SISO “Single Input Single Output”. Ensuite, elles ont
été étendues pour inclure la nouvelle génération de modems CPL avec la fonction-
nalité MIMO “Multiple Input Multiple Output”. De plus, afin de généraliser notre
analyse, nos mesures ont été basées sur des modems possédant des caractéristiques
différentes, par exemple, les modems ont des chipsets, ports Ethernet, débits bi-
naires utiles, débits maximaux et bandes de fréquences différents. Les modems
CPL utilisés sont également compatibles avec des standards différentes. A notre
connaissance, cette analyse est la premiere étude présentée dans la littérature CPL

a acces ouvert sur le comportement énergétique des modems CPL.

En se basant sur ces mesures de consommation d’énergie, nous avons par la suie
développé des modeles de consommation électrique réalistes qui permettent de quan-
tifier ’énergie consommée pour divers états de communication, différents modes de
fonctionnement, différents débits de communication et différents tailles de trames
Ethernet, pour les modems CPL SISO et MIMO. En particulier, nous avons montré
que la puissance totale consommée par les modems CPL est la somme des éléments
suivants: la consommation a vide, la consommation relative aux ports Ethernet,

la consommation d’énergie liée a la transmission, la consommation d’énergie liée a
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la réception, la consommation d’énergie associée au traitement des trames Ether-
net et la consommation d’énergie associée au traitement des blocs physiques CPL.
Les parametres des modeles développés ont été ensuite estimés en utilisant une
régression linéaire multiple. A notre connaissance, nos modeles sont les premiers
modeles de consommation d’énergie des modems CPL existants dans la littérature

CPL & acces ouvert.

Suite aux modeles de consommation développés, nous nous sommes concentrés sur
la mise en place des relais dans les réseaux CPL afin d’améliorer leur efficacité
énergétique. Dans ce cadre, nous avons développé un modele général de consom-
mation d’énergie pour les systemes de relais CPL SISO DF “Decode and Forward”,
dans lequel la consommation de puissance statique des modems CPL est prise en
considération. Cette partie statique que les modems consomment lorsqu’ils sont en

mode de veille n’est généralement pas tenue en compte dans les travaux précédents.

Ensuite, nous avons optimisé le temps de transmission entre les liens du réseaux a
relais afin d’obtenir la meilleure performance de la stratégie DF. Nous avons proposé
un algorithme itératif pour trouver le temps optimal qui minimise la puissance de
transmission, et nous avons comparé sa performance avec la stratégie d’allocation
de temps uniforme, qui est simple & implémenter, mais ne tient pas en compte des

atténuations variables des canaux CPL sur le réseau a relais.

Finalement, en utilisant a la fois des canaux CPL (fonctions de transfert et bruits
stationnaires) simulés et mesurés, et en tenant compte des valeurs mesurées de la
consommation de puissance statique des modems CPL, nous avons montré en con-
sidérant deux scénarios représentatifs, qu’en fonction de la puissance consommée par
les modems CPL lorsqu’ils sont en mode de veille, un gain énergétique important

peut étre obtenu par la mise en place de relais dans les réseaux CPL.

0.3 Structure de la theése

Ce document est constitué de six chapitres. Le premier chapitre fournit une in-

troduction qui présente les concepts de base des systémes CPL et les éléments les
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plus importants pour la compréhension du travail mené dans le cadre de la these.
Le deuxieme chapitre donne un apercu sur 1’état de I'art actuel des techniques de
communications a faible consommation d’énergie, et cite les principales approches
permettant d’améliorer 'efficacité énergétique dans les réseaux sans fil et filaires.
Une classification de ces approches en fonction de leur principe et niveau de fonc-
tionnement est également donnée au chapitre 2. Le chapitre 3 est consacré aux
mesures et analyses de consommation d’énergie des modems CPL SISO et MIMO.
Le chapitre 4 présente les modeles de consommation d’énergie proposés pour les
modems CPL SISO et MIMO. Les chapitres 4 et 5 analysent la performance de
lefficacité énergétique des réseaux CPL avec relais, et comparent le gain obtenu en

utilisant les stratégies d’allocation de temps uniforme et optimale.



General Introduction

Energy efficiency is recognized today as one of the most critical issues which science
must face in the near future. Indeed, energy plays an important part in our daily
lives, by enabling heating, lighting, mobility and communication. However, despite
its potential uses in improving our living conditions in many ways, there are a va-
riety of environmental, economic and social negative impacts associated with the
extensive and inefficient use of energy such as greenhouse gas emissions, air pollu-
tion or high energy operating costs. To address these challenges, valuable efforts
have been dedicated in recent years to improving energy efficiency, i.e., reducing the
amount of energy required to provide products and services, with the primary goal

of saving money and protecting the environment.

The Information and Communication Technologies (ICT) sector accounts for a per-
centage ranging from around 2% to 10% of the world’s annual electrical energy
consumption, rising from 16% to 20% per year, and for around 2% of total carbon
emission. In addition, it is estimated that the telecommunication networks are re-

sponsible for a large amount of these percentages. (See details in Chapter 2).

Conscious of the important impact of the ICT sector on energy consumption and
greenhouse gas emissions, various industry-academia-governments collaborations
and initiatives have taken steps for improving the energy efficiency of ICT net-
works. These initiatives cover several wireless and wired technologies, among which

Power Line Communications (PLC).
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PLC, which uses the electrical grid as a transmission medium, is a telecommunica-
tions technology with a long history, a wide scope of applications and implementa-
tions. Up to now, more attention has been given to increasing data rates in PLC,
while the energy efficiency has still not been explored very much.

With the rapid evolution of the PLC technology, energy efficiency is undoubtedly a
priority for the design of future PLC systems.

0.4 Thesis overview and research objectives

The work presented in this thesis was carried out at Orange Labs (Lannion) and
Telecom Bretagne (Brest), and is part of the french research project FUI14 GREEN-
CoMM [GREENCoMM], which involves eight industrial and academic partners,
including Orange Labs and Telecom Bretagne, and aims at improving the energy

efficiency of home network technologies, i.e., Wi-Fi, PLC and optical fibers.

The main objective of the thesis is power consumption measuring, modeling and op-
timizing for PLC systems. In particular, this research primarily attempts to answer

the following questions:

What are the methods to measure and analyze the power consumption of PL.C

modems?
e What are the most consuming parts in PLC modems?

e How can we model the power consumption of PLC modems?

How could power consumption be reduced in PLC modems and networks?

How much power could be saved by the power management solutions?

0.5 Thesis Contributions

Throughout this thesis, we carried out researches to answer the research questions

outlined previously. Our main contributions can be summarized as follows:
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We first designed experiments to measure the electrical power consumption of PLC
modems and conducted a detailed measurement study to quantify the power con-
sumed by PLC modems as a function of bit rate, Ethernet frames rate and Ethernet
frames size. Our experiments were first performed using 6 pairs of traditional Sin-
gle Input Single Output (SISO)-based commercial PLC modems. Further, they
were extended to include the new family of PLC modems with Multiple Inputs
Multiple Output (MIMO) functionalities. To show the general applicability of our
analysis, our measurements were based on modems with different features, e.g.,
different chipsets, Ethernet ports speed, useful bit-rates, maximum bit-rates, fre-
quency bands. Modems are also compliant with different standards. We believe
that this is the first work presented in the open PLC literature that analyzes the

power consumption behaviour of PLC modems.

Based on these power consumption measurements, we developed realistic models
that can be used to predict the power consumed for various communication states,
different operation modes, variable data rates and variable Ethernet frame sizes,
of both SISO and MIMO PLC modems. In particular, we showed that the power
consumed by PLC modems consists of the following components: idle power con-
sumption, standby power consumption, transmission power consumption, reception
power consumption, power consumption associated to the processing of Ethernet
frames and power consumption associated to the processing of PL.C Physical Blocks
(PBs). These power components were then estimated by applying a multiple re-
gression analysis to the measured data. To the best of our knowledge, our models

are the first power consumption models of PL.C presented in the open literature.

Following these models, we turned our interest towards the energy efficiency per-
formance associated with the use of relay nodes in PLC networks. We derived a
general power consumption model for Decode and Forward (DF) SISO PLC relay
systems, in which the static power consumption of PLC modems, which is usually

neglected in previous works, is taken into account.

We found the best performance for DF strategy by optimizing the transmission time

between the links of the relay network. We proposed an iterative algorithm to find
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the optimal time share for power minimization and compared its performance with
that of the uniform time allocation strategy, which is simple to be implemented,

but doesn’t take advantage of the PLC channel variability.

Then, using both simulated and measured PLC channels and PLC noise and con-
sidering the measured static power consumption values of PLC modems, we showed
by considering two representative scenarios, that depending on the idle power con-
sumption value of PLLC modems, i.e., the static power value consumed by the modem
when it is in idle mode, significant power efficiency gain can be obtained by using

the DF relay protocol in PLC networks.

0.6 Structure of the thesis

This thesis is divided into six chapters. The first chapter provides an introduction
that highlights the basic concepts of PLC systems and the most important elements
for the understanding of the work presented in the thesis. The second chapter
gives an overview of the current state of the art of green communications, and
briefly surveys the main approaches to improve energy efficiency in both wireless
and wired networks. A classification of these approaches based on their principle
and level of operation is also given in chapter 2. Chapter 3 is dedicated to the
power consumption measurements and analysis of SISO and MIMO PLC modems.
Chapter 4 presents the proposed power consumption models for both SISO and
MIMO PLC modems. Chapters 5 and 6 analyze the energy efficiency performance
of relay-assisted PL.C networks, and compare the gain obtained while using uniform

and optimal time allocation strategies.
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Chapter 1

Broadband Power Line

Communications

1.1 Introduction

Power Line Communications is a technology that exploits the existing electric power
infrastructures to provide multimedia services for various applications, e.g., home
or office networks, vehicles, by coupling radio frequency (RF) signals onto the power
line. Depending on their operating frequencies, PLC can be categorized into: Ul-
tra Narrowband (30 Hz-3 KHz), Narroband (3-500 kHz), and Broadband (1.8-250
MHz) [Berger2014, p. 253-266]. PLC systems have many advantages over other
wired and wireless communication technologies. The first advantage is that PLC
systems provide available access to the Internet anywhere there is an alternating
current (AC) outlet, without any need for additional installations. In most cases,
building a communication network using the existing AC electrical wiring is easy to
install and very cost effective. Another potential benefit of PLC is the possibility of
its use for smart grid applications since it could offer the opportunity to remotely
control the appliances without supplementary installations [Galli2010].

This chapter provides an introduction to the PLC technology. Indeed, basic under-
standing of the main features of PLC systems is necessary for the investigation and

development of new energy efficient PLC techniques. The chapter will only focus

11
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on broadband PLC. The historical development and current advances in the PLC
technology are first outlined. Then, after a brief description of the typical indoor
PLC network structure, information related to PLC standardization is given. The
main transmission techniques exploited by PLC systems and the related Electro-
magnetic Compatibility (EMC) issues are highlighted, and a brief overview of PLC
channel and noise modeling is also provided. Finally, a conclusion is given in the

last section.

1.2 Brief history of the PLC technology

Initially, the first applications using transmission over power lines were done for
control, power line protection, maintenance and charging purposes [Yousuf2007].
Later, several factors such as the telecommunications market deregulation in USA,
Europe and Asia and the birth and explosive growth of the Internet which was ac-
companied by greater demand for digital communications services, have made PLC
an operative technology for many other applications. The first patents in this area
date back to the early 1900s [Pavlidou2003]. In 1913, automatic electromechanical
meter repeaters were produced and in 1922 Narrowband PLC have started when
the first carrier frequency systems began to operate over high-tension lines in the

frequency range from 15 to 500 kHz for telemetry applications.

Research in PLC has intensified and gained more popularity over the last two
decades as new modulation and error control coding techniques were proposed, as
well as new standards from industry alliances and standardization bodies. Today,
the emerging PLC technologies become promising for both consumers and energy
providers. Therefore, the interest in PLC spans several important applications such
as broadband Internet access, Smart Grid applications (advanced metering and con-
trol, real-time energy pricing, peak shaving, mains monitoring, distributed energy
generation, etc.), indoor wired Local Area Networks (LANSs) for residential and
business premises, in-vehicle data communications, aircraft, traffic light and street

lighting control.
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1.3 Indoor power line network structure

Residential and commercial indoor power line networks are usually composed of
multiple circuits (or sub-circuits) that are interconnected through different Circuit
Breakers (CBs). Several derivation boxes (DBs) are present in the circuit and each
power line that starts from the DB terminates into one or several outlets. The
connection between the distribution network and the residential network is done
through the Main Panel (MP), where the electric meter is located. In addition,
two different types of connections between the outlets and a DB are possible; a
STAR connection, where each outlet is directly connected to a DB and a BUS
connection, where the outlets are connected in parallel to a DB. An example of a
two-sub-circuits PLC network is illustrated in Fig. 1.1. It shows a typical indoor
PLC network including a group of power sockets where PLC modems can be plugged
in. It contains two circuit breakers and two derivation boxes. This example can
be representative of the majority of French and European indoor PLC network

structures.

1.4 The status of broadband PLC standardization

There is a couple of international standards governing PLC. The dominant PLC
standards in the market are IEEE1901 [IEEE2010] and (International Telecommuni-
cation Union Telecommunication Standardization Sector) ITU-T G.hn [ITU-T2010],
[Oksman2009]. On the one hand, the market-ready products conforming to IEEE
1901 have been certified by either the HomePlug Powerline Alliance [HomePlug],
in the USA and Europe, or the HD-PLC alliance [HD-PLC], mainly in Japan.
On the other hand, the market-ready products conforming to ITU-T G.hn have
been certified by the HomeGrid Forum alliance [HomeGrid]. The HomePlug family
products are the most deployed in the market. The specifications available through
the alliance for broadband PLC are: HomePlug 1.0 [HomePlug], HomePlug AV
[HomePlugAV2007], HomePlug AV2 [HomePlugAV2-2012] and HomePlug Green
PHY (GP) [HomePlugGreenPHY]. Hereafter we describe the main PLC standards

and specifications in more details.
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FicUre 1.1: A simplified diagram of the typical structure of an indoor power line
network

1.4.1 IEEE 1901

The IEEE 1901 standards are developed by the IEEE P1901 workgroup and define
the technology for high-speed power line communications. The standards defines
methods for both in-home networking and access networking (Internet access). The
IEEE 1901.2010 standard uses transmission frequencies below 100 MHz and achieves
high data rates up to 500 Mbps at the physical layer. It includes two different
physical layers, one based on Fast Fourier Transform (FFT) Orthogonal Frequency
Division Multiplexing (OFDM) modulation (mainly in use in the USA and Eu-
rope) and another based on Wavelet OFDM modulation (restricted to Japan). The
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standard is also compliant with EMC limits set by national and international reg-
ulatory authorities, so as to ensure successful coexistence with wireless and other

telecommunications systems.

1.4.1.1 HomePlugAV

HomePlug AV is a standard defined by the HomePlug Alliance and currently one
of the most implemented specifications in PLC modems. It is an evolution of its
predecessor, HomePlug 1.0, which was released by the alliance in 2003. HomePlug
AV operates in the frequency range from 2 to 30 MHz and can achieve data rates
up to 200 Mbps at the physical layer and 150 Mbps at the MAC layer. It uses
windowed OFDM modulation together with Turbo Convolutional Code (TCC).
Regarding OFDM symbols, 1155 carriers from 1.8 MHz to 30 MHz are used in
HomePlug AV, so that the separation between carriers is approximately 24.4 KHz.
However, some of these carriers coincide with radio amateur emission bands and
cannot be used, which brings the total of usable carriers down to 917. The carriers
used for data transmission may be coherently modulated with a Binary phase-shift
keying (BPSK), Quadrature phase-shift keying (QPSK), 16 Quadrature amplitude
modulation (QAM), 64 QAM, 256 QAM or 1024 QAM. On the Media Access Con-
trol (MAC) Layer, HomePlug AV provides two different kinds of communication

services:

e Quality of Service (QoS) connection-oriented, contention-free service, based
on periodic time division multiple access (TDMA) allocations of adequate

duration, to support the QoS requirements of demanding applications

e Connectionless, prioritized contention service, based on Carrier Sense Multiple
Access with Collision Avoidance (CSMA/CA), to support both best-effort

applications and applications that rely on prioritized QoS.
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1.4.1.2 HomePlug AV2

HomePlug AV2 was introduced in January 2012 and is dedicated to next-generation
powerline networking. Compared to Homeplug AV, HomePlug AV2 provides addi-

tional key features

e Extended frequency bandwidth (30 to 86 MHz) and data rates up to 2 Gbps.

e MIMO with beamforming for higher data rates. (Further details on MIMO

techniques may be found in Section 1.5.2 of this chapter)

e Power save modes to improve energy efficiency. Specifically, HomePlug AV2
introduces two techniques for transmit power optimization. The transmit
power back-off technique which reduces the transmitted power spectral den-
sity for a selected set of carriers when this can be done without adversely
affecting performance, and the EMC Friendly Power Boost technique that al-
lows the transmitter to increase the power on some carriers without exceeding

regulatory limits.
e Higher order modulation (4096 QAM) and higher code rates (16/18 code rate).

e Routing and repeating, that is, communication between devices that cannot
communicate directly with other devices in the PLC network is provided using

one or more intermediate nodes acting as repeaters.

1.4.1.3 HomePlug GP

HomePlug Green PHY is a special simplified version of the standard, derived en-
tirely from HomePlug AV and designed for Smart Grid applications like smart
electric meters and appliance monitoring. HomePlug GP uses the same frequency
band, modulation technique (OFDM) and code rate as HomePlug AV. However,
since a high data rate is not required for Smart Grid applications, HomePlug GP
has a peak rate of only 10 Mbps, due to the restriction of OFDM carrier modulation
exclusively to QPSK.

HomePlug GP and HomePlug AV2 are completely interoperable with HomePlug
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TABLE 1.1: HomePlug, HomePlug AV2 and HomePlug GP comparison

HomePlug AV HomePlug AV2 HomePlug GP
Main applications | Multimedia net- | Next generation | Smart grid
working powerline multi- | home
media networking
Frequency band- | 2-30 1.8-86 2-30
with (MHz)
Number of sub- | 1155 4096 1155
carriers
Supported sub- | BPSK, QPSK, 16 | BPSK, QPSK, 16 | QPSK only
carrier modula- | QAM, 64 QAM, | QAM, 64 QAM,
tion formats 256 QAM, 1024 | 256 QAM, 1024
QAM QAM, 4096 QAM
Forward error | 1/2 or 16/21 1/2, 16/21 or |1/2
correction (FEC) 16/18
(turbo code) rate
Maximum PHY | 200 Mbps 2 Gbps 10 Mbps
data rate

AV and with IEEE P1901, while each provides a distinct set of capabilities focus-
ing on different aspects and issues related to different applications and operating

environments. A comparative overview on the main differences between HomePlug

AV, HomePlug AV2 and HomePlug GP is given in Table 3.1.

1.4.2 ITU-T G.hn

The ITU-T G.hn standard is a home network standard, and unlike IEEE 1901 which
is just a PLC standard, it defines networking over power lines and also over phone
lines and coaxial cables, with data rates up to 1 Gbps. ITU-T G.hn is promoted by
the HomeGrid Forum; an industrial consortium developing products based on the
ITU-T G.hn standard.

In the same way as HomePlug GP that was developed by the HomePlug Powerline
Allicance, ITU-T G.hn includes a low complexity profile specifically to support
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Smart Grid home applications. Although ITU-T G.hn and IEEE 1901 have many
similar features, one major difference is the use of different FECs, that is, low-

density parity-check code (LDPC) is used by ITU-T G.hn instead of TCC.

1.5 Transmission techniques exploited by the PLC tech-
nology

1.5.1 Modulation

The power line transmission environment is particularly hostile to digital commu-
nications, due to its strong frequency selective behavior, the presence of impulsive
noise, etc. Therefore, the choice of a modulation technique that can stand up against
the PLC channel peculiarities is very crucial. Among a variety of techniques, in-
cluding single-carrier, multi-carrier and spread spectrum [Agarwal2009], OFDM is
considered as an excellent candidate for high data rate transmission over powerline.
OFDM is currently the most commonly used modulation scheme in PLC. Moreover,
all PLC standards and specifications discussed previously, e.g., IEEE 1901, ITU-T
G.hn, and HomePlug AV define physical layers based on OFDM.

The general idea of OFDM is to split high-speed data symbols into slow narrowband
data streams. Specifically, a high rate serial data stream is divided into a number of
sub-streams, and the data within each sub-stream are modulated, and transmitted
simultaneously over parallel and separate subcarriers occupying a sub-band which
is so narrow that the associated sub-channel has a flat frequency response. Then, a
frequency-selective channel becomes equivalent to a set of multiple flat-fading sub-

channels, which allows the use of simple equalization.

In OFDM, the sub-carrier frequencies are chosen so that the sub-carriers are or-

thogonal to each other. This requires that the sub-carrier frequencies must fulfill

1

7, where Ty is
S

the orthogonality condition, i.e., the sub-carrier spacing is Af =
the useful OFDM symbol duration. Fig. 1.2 illustrates an OFDM signal in both

frequency and time domains.
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FIGURE 1.2: Time and frequency domain representation of an OFDM signal

In practice, the orthogonality allows for a simplified design of both the transmitter
and receiver. That is, the modulator and the demodulator are implemented using

the FFT algorithm on the receiver side, and inverse FFT on the transmitter side.

Also, by dividing the data stream into N subcarriers, the symbol duration in a
subcarrier will be N times longer than at the transmitter input, which means that
each symbol occupies a narrower band but a longer time period. To avoid Inter
Symbol Interference (ISI), a guard interval is introduced for each OFDM symbol.
During this interval, which has to be filled with a cyclical extension of the same
OFDM symbol, no useful data is transmitted. This extension is called the cyclic

prefix (CP).

Finally, note that, a very important property of OFDM is its adaptability. Specif-
ically, according to the PLC signal-to-noise ratio (SNR), it is possible to assign
different data rates, constellation sizes and transmit power to distinct subcarriers
in order to optimize the system performance in terms of bit rate or power consump-
tion. This important property will be exploited as a resource allocation technique
in this thesis in order to minimize the power consumption or to maximize the data
rate of the system by appropriately allocating bits and transmit power to different
sub-carriers. (For further details about resource allocation techniques, see Section

2.4.4 in Chapter 2).
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1.5.1.1 OFDM Transmission chain

Fig. 1.3 depicts the functionality of an OFDM communication chain consisting of
a transmitter, a receiver and a PLC channel. At the transmitter side, as discussed
earlier, the data stream is split into IV parallel streams that modulate N subcarriers

using Inverse FFT. Each base-band sub-carrier is of the form:
Ou(t) = (1.1)

One baseband OFDM symbol (without a cyclic prefix) is expressed as

N-1

s(t) =Y weor(t), 0<t<T, (1.2)

k=0

where zj, are the data symbols (typically taken from a PSK or QAM symbol con-
stellation). The CP is added in all OFDM symbols before preparing the signal for
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transmission. The OFDM signal with CP is thus:

N-1
s(t) = wre(t), T, <t < T, (1.3)
k=0
where Ty is the duration of the guard interval.
At the receiver side, more or less the opposite happens in addition to the required

channel equalization and symbol detection steps.

1.5.2 MIMO PLC

PLC networks promise to get faster with the release of a new family of devices
using MIMO techniques [Berger2014]. The concept of MIMO has been developed
over many years, mainly for wireless communications, and considered the use of
multiple antennas at both the transmitter and the receiver.

MIMO technology can be similarly applied to PLC by using all three wires: phase
(P), neutral (N) and ground or protective earth (PE) in a typical electrical outlet (as
opposed to just phase and neutral for SISO systems). Therefore, two streams of data
can be sent simultaneously on the different paths. MIMO PLC presents the potential
to increase the transmission rate by up to 90 % compared to SISO [Hashmat2010],
[Schneider2008]. Thanks to its advantage in improving the communication system
capacity, the MIMO technology has been adopted by PLC network standards such
as HomePlug AV2 and ITU-T G.hn.

Fig. 1.4 shows the PLC MIMO channel for 3-wire installations. Signals are fed
and received differentially between pairs of wires. Therefore, three realizations of
feed ports are possible, e.g., N to PE, P to N and P to PE. However, according
to Kirchhoff’s law, the sum of the 3 input signals has to be 0, it means that only
2 out of the 3 independent input ports can be used. At the receiving side, all
3 differential reception ports are available. Additionally, there is a 4th reception
path, the so called common mode path (CM). Several possible realizations exist

depending on the number of transmit and receive ports. (See Table 1.2)
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FIGURE 1.4: Possible PLC MIMO channel realizations [Schneider2008]

TABLE 1.2: PLC MIMO arrangements [Stadelmeier2008]

MIMO mode Tx ports Rx ports

1x2 P-N P-N, CM

1x3 P-N P-N, P-PE, N-PE

1x4 P-N P-N, P-PE, N-PE,

CM

2x3 2 best of: P-N, P- | P-N, P-PE, N-PE
PE, N-PE

2x4 2 best of: P-N, P- | P-N, P-PE, N-PE,
PE, N-PE CM

1.5.2.1 MIMO PLC channel capacity

The channel matrix of a MIMO channel between ny = 1,2 feeding ports and nr =

1,...,4 receiving ports can be written as:

where hyj, n, represents the channel transfer function from the nrth emitter to

the nrth receiver. Theoretically, the channel matrix H can be decomposed into 2
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parallel and independent SISO branches by a singular value decomposition (SVD):
H=UDV! (1.4)

where

var 0
0 VA
D= ?
0 0

0 0

A1, A are the eigenvalues of the channel matrix H-H', U and V are unitary matrices,
ie. U"' = Ut and V=1 = V1 and the superscript | indicates the Hermitian operator

which is the transposed and complex conjugate of a matrix. Therefore, the total

MIMO OFDM channel capacity can be expressed in bits/s as:

Cumrvo =

=2l

N 2
N P

ZZlogz(l + jiNS) (1.5)

=1 j—1 nTNo

where B is the channel bandwidth, N is the number of frequency subbands, Pg
is the transmitted power in dBm/Hz, which is assumed to be constant over the
frequency, np represents the number of transmit ports and N, is the noise level
at the receiver in dBm/Hz. Note that, in Equation 1.5, the noise at the receive
ports is assumed to be Gaussian and uncorrelated. Additionally, the noise power is
assumed to be the same for all receive ports. It should be also noted that practical
PLC systems are subject to restrictions concerning the transmitted power level and
therefore a power or PSD constraint can be considered (Further details on PSD

constraints may be found in the next section).

1.6 Electromagnetic compatibility issues

The electromagnetic compatibility is the ability of devices or systems to operate
sufficiently well in their electromagnetic environment without introducing electro-
magnetic disturbances which may influence other products and systems. Regarding

PLC systems, these issues are very important since they operate in an environment
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FIGURE 1.5: Transmit mask versus frequency

already populated by other services operating at the same frequencies, so that fair
co-existence is needed. Therefore, PLC systems are subject to severe restrictions
concerning the transmitted power level. The levels of immunity and emission are
regulated by EMC standards such as CENELEC FprEN 50561-1 [CENELEC2011]
(in Europe). Depending on this, ITU-T G.hn and IEEE 1901 PLC standards cur-
rently specify a PSD mask and impose several notches in which the PSD mask has
an upper bound at -55 dBm/Hz below 30 MHz and -85 dBm/Hz above 30 MHz, to
avoid interfering with other applications (such as amateur radio for instance). An
illustration of the PSD mask vs frequency for the frequency band 0-30 MHz is given
in Fig. 1.5.
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1.7 PLC channel and noise

1.7.1 PLC channel modeling

The electrical network topology, composed of several nodes and branches, leads
to a complex communication channel with multiple propagation paths and fre-
quency selective fading, in a similar way to classical wireless channels [T1ich2008],
[Tlich2008a]. Therefore, indoor PLC channel modeling is one of the critical chal-

lenges in PLC systems.

Two different approaches exist for PLC channel modeling, namely, the bottom-up

and the top-down approaches.

1.7.1.1 Bottom-up approach

The bottom-up approach [Tonello2010], [Tonello2011], generally referred to as de-
terministic approach, is generally based on transmission line theory applied to a
statistical description of the PLC network topology, e.g., powerline cable character-
istics, connections, path lengths and load impedance. This approach considers the
power cables as Two conductor Transmission Lines (2TL) or Multi conductor Trans-
mission Lines (MTL). The advantage of the bottom-up approach is that it doesn’t
require any field measurements. However, a common problem of this approach is
the necessity of a precise knowledge of the power network topology features. In
addition, it requires an accurate characterization of several properties of the net-
work, such as the cable characteristics or the value of every terminating impedance
at each network node. These elements cannot be determined with good precision

since they are generally time-variant.

1.7.1.2 Top-down approach

The top-down or empirically-based approach [Tonello2012] is based on fitting a
parametric model of the channel frequency response with data obtained from mea-

surements. The major advantage of this approach is that knowledge of network
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characteristics is not necessary. In addition, the statistical results obtained from
measurements allow fast channel generation. A basic top-down channel model was
developed in [Zimmermann2002]. This model takes into account the multipath

nature of PLC channel and is defined as:

H(f) = igie*%*alf”die‘ﬂ”fii (1.6)
i=0

where L is the number of dominant signal paths, g; is the weight of the ith path
determined by reflections and transmissions, ag and a; are the attenuation param-
eters of cable, k represents the dependency of attenuation on frequency f, d; is the
length of the ith path, and v, is the phase velocity of the signal along the electrical
cable.
Many other top-down channel models can be found in literature. In [Tonello2007],
a random channel generator based on the multipath model in [Zimmermann2002]
is proposed. An extension of the model for frequencies up to 100 MHz is found
in [Tonello2012]. Reference [Galli2011] includes a time domain statistical analysis

based model for the frequency band 1.8-30 MHz.

In chapters 5 and 6 of this thesis, we use a random channel generator (WITS soft-
ware) [T1lich2010] based on a top-down model developed by Orange Labs [Tlich2008].
This model considers statistical properties of the magnitude and phase of the mea-
sured channel transfer function. Based on measurements in the 30 kHz to 100 MHz
band on realistic living environments (144 transfer functions from seven houses), a
PLC channel classification, according to the capacity is realized. Then, an average
magnitude and phase channel model for nine defined classes, with multipath, is
proposed. Hence, according to the desired channel class and bandwidth, the corre-
sponding channel realization is generated in frequency, by means of WITS software
as can be seen in Fig. 1.6. An overview of the channel classification results and the
average attenuation models of the channels are respectively shown in Table 1.3 and

Table 1.4.
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1.7.2 PLC noise

of one generated PLC channel by WITS software

In contrast to many other communication channels the noise in a powerline channel

can not be described by an Additive White Gaussian Noise (AWGN) model. A pre-

cise description of the noise characteristics in PLC networks is given in [Berger2014,

p. 22-25], which classifies the indoor PLC noise, depending on its origin, level and

time domain signature, into three major components, as shown in Fig. 1.7.

1.7.2.1 Impulsive noise

This noise is of short duration and is caused by electronic devices connected to the

mains grid, e.g., switched mode power supplies, light dimmers or compact fluores-

cent lamp. Due to its relatively higher level, impulsive noise is considered as the

main cause of burst error occurrence in data transmitted over the high frequencies

of the PLC medium.

According to [Berger2014, p. 3-38], one can distinguish three categories of impulsive

noise:



Chapter 1. Broadband Power Line Communications 28

TABLE 1.3: Channel occurrence percentage and average capacity for classes 1 to
9 (based on [Tlich2008])

Class Percentage of | Capacity interval | Average capac-
channel  occur- | (Mbps) ity distributions
rence (%) (Mbps)

1 3.49 1000-1200 1120

2 16.78 1200-1400 1307

3 18.18 1400-1600 1486

4 11.88 1600-1800 1687

5 11.88 18002000 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

PLC noise
Impulsive Narrowband Background
noise noise noise
Periodic Periodic A
Aperiodic
synchronous asynchronous

FIGURE 1.7: Classification of PLC noise (based on [Berger2014, p. 22-25])

e Periodic and synchronous to the mains frequency: with a repetition rate at
multiplies of 50 or 60 Hz, is mainly caused by power supplies operating syn-

chronously with the mains cycle
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TABLE 1.4: Average attenuation model for classes 1 to 9 (based on [Tlich2008])

Class Average Attenuation Model

1 —80 + 30c0s(z5Lgr — 0.5)

2 —43 + 25exp(5ls — 0.5) — £
3 —38 + 25eap(gles — 0.5) — 1k
4 —32 + 20exp(5hs — 0.5) — £
5 —27 + 1Texp(5:ds — 0.5) — &
6 —38 + 17cos(=15r)

7 —-32+ 17003(7%07)

8 —20 + 9cos (L)

9 —13 + Tcos(yzLi5r — 0.5)

e Periodic and asynchronous to the mains frequency: with a repetition rate
between 50 and 200 kHz, is most of the time, caused by switching power

supplies

e Aperiodic: with durations of microseconds up to milliseconds, these strong
impulses are generated by the switching transients events in the network. It
is considered as the worst noise in the powerline environment, because of its
magnitude which can easily reach several dBs above the other types of PLC

noise.

1.7.2.2 Narrowband noise

This noise is confined to a narrow portion of the frequency band. It is principally
caused by the ingress of broadcast stations in the medium and short wave broadcast
bands. The level is generally varying with daytime, high in the evening because of

the atmosphere reflection and much lower by the daylight.
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1.7.2.3 Background noise

This noise is generally colored, in the sense that its power spectral density (PSD)
decreases for increasing frequencies, with an average 35 dB/decade in the low fre-
quency range up to 10 kHz and a low rate in the high frequency range. It is generally
caused by the summation of numerous noise sources with low power, whose variation

is slow over long time periods.

1.8 Conclusion

The basic concepts of PLC systems, and the most important elements for the un-
derstanding of the work in this thesis are presented in this chapter, including a
brief history of the PLC technology, an overview about the indoor PLC network
structure, the current status of standardization, the main transmission techniques
used by the PLC technology and information about EMC issues in PLC. Finally,
the chapter ends by giving a short overview of indoor PLC environment character-
ization, i.e., PLC channel and PLC noise.

The second chapter of this document will give an insight into the current state of

the art for green communication.



Chapter 2

Introduction to Green

Communications

2.1 Introduction

Energy consumption of Information and Communication Technologies is currently a
very important research topic, and several research communities worldwide are col-
laborating to propose solutions for the so-called green communications, i.e. energy-
efficient communications. Green communications can be defined as the practice
of adopting and developing energy-efficient networking technologies, methods and
products, in order to reduce the energy consumption of communication systems as
much as possible, while still maintaining satisfactory Quality of Service (QoS) in
terms of coverage, capacity and user needs. The main goal is to decrease negative
influence on the environment, e.g. reduce the amount of waste, reduce the amount
of consumed resources, and reduce the carbon footprint. Moreover, decreasing en-

ergy consumption is translated to lower operating costs in the ICT industry.

This chapter aims to provide an overview about green communications. We first
discuss and provide some statistics for the power consumption and the impact on en-
vironment of different ICT sectors. Next, we present several European collaborative

projects that aim on proposing energy efficient solutions. We continue by reviewing

31
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existing metrics for power and energy efficiency. Later, we provide a brief survey
of various techniques that have been considered in the literature to improve energy
efficiency in both wireless and wired networks. Then, we classify these approaches
based on their principle and level of operation; this section will be restricted to the
most important studies on these subject, and will put forward the main techniques

used in this thesis. We finally present our conclusions in the last section.

2.2 Energy Consumption of ICT Networks

Over the years, the use of ICT has exploded and it has actively contributed to
environmental issues. According to [Smart], the impact of the ICT sector on the
worldwide energy consumption could range from 2% to 10 %. Moreover, ICT ac-
counts for around 2% of total carbon emissions. Within ICT, more than 50% of the
power consumption is due to telecommunication networks including LANs, Wire-
less Local Area Network (WLANSs), fixed-line telecommunication networks, mobile
networks, etc. The repartition of energy consumption, and the percentage of carbon
footprint of different ICT sectors are provided in Fig. 2.1 and Fig. 2.2 respectively.
With the enormous increase of the ICTs, these numbers will likely increase over
time. Reference [Haardt2008] indicates that growth in energy consumption is 16%
to 20% per year in the field of ICT. As an example, Fig. 2.3 reports a prediction of
the energy consumption growth of telecommunication networks in the coming years
[Lange2011]. It shows that home networks consume a high amount of the overall
energy associated with the operation of ICT networks. Therefore, new challenges
arise due to the rapid increase of the traffic volume of broadband telecommuni-
cations, which require a massive research effort into the energy efficiency of ICT
systems. The challenge of the European Commission (EC) is to reduce at least 20%
of Europe’s energy consumption by 2020. In order to achieve this challenge, the
EC has financed more than 30European (EU) research projects working on energy
efficiency in ICT. In the next section we present major academic and industrial EU

research projects dedicated to green communications.
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2.3 Projects

2.3.1 EARTH

The EARTH (Energy Aware Radio and neTwork tecHnologies) project [EARTH] is
an Integrated Project of the EU 7th Framework Programme (FP7 IP) which started
in January 2010, finished in June 2012 and aimed to address the global environ-
mental challenge by investigating and proposing effective solutions to reduce the
power consumption and improve the energy efficiency of mobile broadband com-
munication systems. The overall target of the EARTH project was to reduce the

energy consumption of mobile broadband networks by 50% with preserved quality
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of service. By using a holistic approach affecting all layers, from hardware compo-
nents up to system level, EARTH overachieved its ambitious target by providing
integrated solutions allowing for savings in the range of 70%. The main results of
the EARTH project are:

e Energy efficient deployment strategies

e Energy efficient network architectures

e New network management mechanisms, adaptive to load variations with time

e Innovative component designs with energy efficient adaptive operating points

e New radio and network resource management protocols for multi-cell cooper-

ative networking
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2.3.1.1 OPERA-Net

The OPERA-Net (Optimising Power Efficiency in Mobile Radio Networks) Celtic-
Plus project [OPERA-Net] started on June 2008 for a duration of 3 years. It
was then extended by the Celtic-Plus project OPERA-Net 2 [OPERA.Net2], which
ended on November 2014. This project investigated the opportunities to reduce the
overall environmental impact of mobile radio networks by considering optimized
cooling and energy recovery from the base stations and the optimization of the
components used in communication systems. The energy efficiency approaches and
the the main results of the OPERA-Net project include models to reduce energy con-
sumption, new hardware architectures and designs, energy efficiency measurements
methods, energy-aware scheduling algorithms for joint energy consumption and in-
terference optimization, radio resource management in a live 3G cellular network,
key performance indicators for 4G equipment energy efficiency and network-level

power saving protocols.

2.3.2 Green Radio

The Mobile Virtual Centre (VCE) Green Radio project [GreenRadio] was estab-
lished in 2009. This project is still ongoing and sets the goal of achieving a 100-fold
reduction in power consumption over current wireless communication networks.
This must be achieved without compromising the QoS for the user and without
negative impacts to the deployment costs for network operators, equipment man-
ufacturers, content providers, etc. The main achievements of the project are the
definition of energy metrics to accurately quantify power consumption, the design of
advanced power amplifiers (PA) with higher efficiency, the identification of energy-
efficient cooperative physical (PHY) layer architecture using emerging information
theory ideas to mitigate interference and the development of energy efficient DSP

techniques.
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2.3.3 ECONET

ECONET (low Energy COnsumption NETworks) [ECONET] project is a three year
FP7 IP project (from October 2010 to September 2013) which aimed at studying
and exploiting dynamic adaptive technologies (based on standby and performance
scaling capabilities) for wired network devices that allow saving energy when a de-
vice (or part of it) is not used. The objective of ECONET project is to introduce
novel green network-specific paradigms and concepts enabling the reduction of en-
ergy requirements of wired network equipment by 50% in the short to mid-term and
by 80% in the long term. To this end, the main challenges have been to design, to
develop and to test novel technologies, integrated control criteria and mechanisms
for network equipment enabling energy saving by dynamically adapting network ca-
pacities and resources to current traffic loads and user requirements, while ensuring
end-to-end Quality of Service. Among the main achievements of ECONET project,

the following results deserve a special mention:

e The characterization of energy consumption sources and traffic profiles in

today’s telecommunication network infrastructures.

e The methodologies to be used for evaluating the effectiveness and the impact

of the green technologies developed in the project.

e The design, definition, development and experimentation of energy saving

solutions for network devices.

2.3.3.1 GreenTouch

The GreenTouch initiative [GreenTouch] was formed in 2010. GreenTouch is a
global research consortium of equipment providers, operators, research institutes
and academic organizations with the mission to deliver architectures, specifications
and solutions, and to demonstrate key technologies, that, if combined in an end-to-
end network architecture, improve the network energy efficiency by a factor of 1000
compared to 2010 levels by 2015. This private sector and academic global research

consortium offers the most focused attempt for technology breakthroughs in network
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energy efficiency. Some interesting power consumption reduction techniques that

were considered by GreenTouch can be summarized as follows

e Sleep Mode: power consumption is reduced by switching components from
the full power active state to a low power sleep state depending on the traffic

load and redundancy requirement

e Improved network components with lower power consumption. Routers and
transponders were identified as the main power consuming components. Power
consumption reduction was achieved in routers through the introduction of op-
tical interconnects and packet processing adapted to packet sizes. In transpon-
ders power savings were achieved through optical interconnects and improved
Digital Signal Processors (DSP) with voltage and frequency scaling for lower

power consumption

e Intelligent management resources by adapting the power consumption to dif-

ferent traffic load conditions and service demands.

e Optimum end-to-end resource allocation based on dynamic optimization of

joint transmit and processing power.

2.3.4 GREENCoMM

GREENCoMM [GREENCoMM] is a three year French Fonds Unique Intermin-
istériel (FUI) project built by a consortium of eight industrial and academic actors,
among which Orange Labs and Telecom Bretagne. The ambition of GREENCoMM
project, which started in 2013 is to improve energy efficiency of home network tech-
nologies: Wi-Fi (at 2.4, 5 and 60 GHz), Power Line Communications and optical
fibers. The project also aims at a better integration of these technologies in the
domestic environment through measure and evaluation of exposure of the users to
electromagnetic waves, and development of solutions to minimize radiation. The

project should bring solutions to the following issues:

e Evaluate the energy consumption of a digital communication system, on both

hardware basis and protocol layer basis
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e Define the tools and mathematical models to develop signal processing tech-
niques minimizing energy consumption both at the transmission side and re-

ception side

e Optimize technologies enabling connectivity in home networks in order to

reduce energy consumption induced by their utilization

e Model consumption and radiation inside the home, in order to better inform

the user on electromagnetic radiation inside his home

The originality in GREENCoMM project lies in the research of techniques, as
generic as possible, helping solve these issues, while also proposing solution directly
adjustable to current standards. The project combines a long term approach, with
the detection and design of signal processing, analogical transmission and imple-
mentation techniques, with a short term approach, focused on compatibility with
existing technologies. Note that, the work presented in this thesis was conducted

as part of the project GREENCoMM.

2.4 Current strategies for green communications

In this section we briefly review the relevant literature in wireless and wired com-
munications to provide the most promising tracks and research areas of green com-
munications. We classify these strategies according to their principle and level of
operation. Our classification includes energy efficiency metrics, hardware energy
saving techniques, network management energy saving techniques and resource al-

location techniques.

2.4.1 Energy efficiency metrics

Energy efficiency (EE) is a concept related to comparison. To this end, a basic task
for green communications consists in developing energy efficiency metrics. These
metrics provide information that can be used to evaluate and compare the energy

consumption of various components of a communication network or device and of
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the networks and devices as a whole. These metrics also help for setting long-term
research goals for reducing energy consumption. An energy-efficiency metric can
be defined as the ratio of attained utility (e.g. reached transmission distance, cov-
ered area, output power, bits transmitted, etc.) to the consumed power/energy
used. In other words, an or power energy consumption metric corresponds to the
energy or power consumed per unit of attainable utility. There are lots of metrics
for energy consumption of network elements used in telecommunication networks
[Hasan2011],[ATIS]. The most simple EE metrics are the power consumption in

[Watts] and the energy consumption in [Joules].

According to [Hasan2011], energy efficiency metrics of telecommunication systems
can be classified into three main categories: facility-level metrics, which refers to
high level systems where a device is deployed, e.g., Internet service provider (ISP)
networks; equipment-level metrics, related to the power consumption of an individ-
ual equipment; and network-level which are defined to evaluate the performance
of equipments while also considering features and properties related to capacity
and coverage of the network. Another classification of energy efficiency metrics
in [Chen2010] defines two classes: absolute EE metrics which simply express the
performance of a device or a network in terms of the actual energy consumed (the
bits/Joule ratio, which is the number of bits transmitted per Joule of energy, is
the most popular absolute metric); and relative EE metrics which show how EE is

improved, e.g., the ratio of output to input power in power amplifiers.

Another well known and basic energy efficiency comparative metric, that will be
used in chapter 3 of this thesis, is the energy consumption rating (ECR) [ECR],
which is an equipment-level metric that can be defined as the ratio of the energy
consumption to the effective system capacity, measured in Watt per Gbps or Watt

per Mbps.

2.4.2 Hardware techniques

Hardware techniques refer to strategies that enable power reduction at the equip-

ment level. Energy efficient hardware is a big challenge in both wireless and wired
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networks since it can represent a large part of the overall power consumption, e.g,
up to 60% of total energy consumption of a wireless access network [Hasan2011],
[Wang2012]. In this regard, we find two common energy saving trends in the lit-
erature: energy efficiency improvement at component level or the use of different

operating modes, i.e., power saving modes.

2.4.2.1 Improvement on Component Level

The first trend is minimizing the consumption of specific components. For example,
this approach was considered in EARTH project where energy efficiency improve-
ments were focused on four major components of a base station (BS): antennas,
RF transceivers, baseband processor and power amplifier. The project discussed
the main approaches for power consumption reduction of BS hardware components,
i.e, the use of innovative materials such as advanced nano technologies, improved

processes and smart design methodologies [EARTH.D2.3].

Following the component level approach, more efforts have been made to improve
the energy efficiency of power amplifi