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Abstract

In wireless systems, resource allocation is still an important challenge to satisfy user requirements
and to ensure good system performances with always greedy data applications. Multicarrier
techniques especially the Orthogonal Frequency Division Multiplexing (OFDM) techniques are
generally used to carry data into orthogonal subcarriers. Furthermore, relaying strategies are
used to enhance cell edge performances. Many types of relays can be investigated as fix relays
being part of the network infrastructure or mobile relays without additional deployment cost.
In this thesis, we mainly consider the resource allocation for an uplink Orthogonal Frequency Di-
vision Multiple Access (OFDMA) system for a cellular system model ensuring Quality of Service
(QoS) requirements and fairness between users. The most used resource allocation algorithms
are presented and a novel Weighted Proportional Fair (WPF) algorithm is proposed to approach
upper bounds of both throughput and fairness. The WPF algorithm considers user weights to al-
locate more subcarriers in the cell center than in the cell edge keeping sufficient fairness between
users. We establish a theoretical analysis to compare the behavior of the proposed WPF algo-
rithm to the classical Proportional Fair (PF) algorithm. Then, we extend this WPF algorithm to
a multi-cell system model where the Inter-Cell Interference (ICI) limits the system performance.
Moreover, we study ICI mitigation strategies and propose a novel method to reduce the ICI
based on Base Station (BS) cooperation and interference indicators. We propose the Enhanced
Interference Indicator (Ell) with integer values to be exchanged by the BSs indicating interfer-
ence levels for the subcarriers. Function of these communicated Ell values, each BS allocates
dynamically subcarriers in order to reduce the ICI. Our contributions in the multi-cell system
model are the WPF and the EII.

Moreover, we investigate in this dissertation the cooperative communication using mobile relays
and propose multiple contributions. For this, simple mobile users with advantageous positions
can relay cell edge users to carry data to the BS in addition to their own data. A Decode and
Forward (DF) relay multiplex then its own data and relayed data before transmitting to the BS.

vii



The resource allocation is formulated as an optimization problem aiming to minimize the system
transmit power and respecting a required target data rate per user constraint. In a first time, we
propose an initialization method for the paring step to associate source-relay pairs and propose
an iterative heuristic to optimize both power and Resource Blocks (RB) allocations. In a second
time, we consider the relay selection as an optimization variable in addition of power and RB
allocations. For resolution, Lagrangian decomposition and Dual method are used and the global
problem is divided into subproblems iterativelly resolved to approach the optimal solution. Fi-
nally, we extend this cooperative system model to a Multiple Input Multiple Output (MIMO)
system model to study the influence of multiple antennas on the system transmit power. The
features to optimize are relay selection, power and RBs allocation. Moreover, to allocate power
in the different antennas for each user, both Equal Power Allocation (EPA) and beamforming
are studied. Theoretical expressions are established and simulations results are presented to
compare EPA, beamforming and non-cooperative system.

Key words

OFDMA, resource allocation, mobile relays, uplink, proportional fairness



Résumé

Dans les systémes de communications sans fils, I'allocation de ressources reste toujours un défi
considérable afin de satisfaire les demandes des utilisateurs et de fournir de bonnes performances
avec une perpétuelle demande en applications gourmandes en ressources. Les techniques mul-
tiporteuses essentiellement les techniques dérivant de 'OFDM sont généralement utilisées pour
transmettre les données dans des sous-porteuses orthogonales. De plus, de nouvelles stratégies
de relayage sont proposées pour améliorer les performances en bordures de cellules. Plusieurs
types de relais peuvent étre sollicités comme les relais fixes faisant partie de l'infrastructure du
systéme ou les relais mobiles qui ne nécessitent pas un codt additionnel de déploiement.

Dans cette thése, nous étudions principalement I'allocation des ressources pour le sens montant
d'un systéme cellulaire OFDMA assurant les exigences de qualité de service et I'équité entre
les utilisateurs. Les algorithmes d’allocation de ressources les plus utilisés sont présentés et
un nouvel algorithme se basant sur I'équité proportionnelle pondérée (WPF) est proposé afin
d’approcher les bornes supérieures de débit et d’équité. L’algorithme WPF propose un poids
variable par utilisateur permettant d’allouer un nombre plus élevé de sous-porteuses au centre
de la cellule gu’en bordure tout en gardant une bonne équité entre les utilisateurs. Nous établis-
sons une étude théorique afin de comparer I'algorithme proposé a I'algorithme classique d’équité
proportionnelle (PF). Nous étendons ensuite I'algorithme WPF a un systeme multi-cellulaire ou
linterférence inter-cellulaire (ICI) dégrade les performances du systéme. Enfin, nous étudions
les stratégies d’annulation de I'lCl et proposons une nouvelle méthode pour réduire I'ICl en se
basant sur la coopération entre les stations de base (BSs) et sur les indicateurs d'interférence.
Nous proposons un nouvel indicateur d’interférence (Ell) a valeurs entiéres échangé par les BSs
pour indiquer les niveaux d’interférence des sous-porteuses. En prenant en compte les valeurs
de Ell échangées, chaque BS alloue dynamiquement les sous-porteuses de maniére a éviter de
fortes valeurs d'ICI.

Dans un deuxiéme temps, nous étudions la communication coopérative en utilisant des relais



mobiles. Pour cela, de simples utilisateurs mobiles ayant des positions avantageuses peuvent
relayer d’autres utilisateurs en bordure de cellule en plus de transmettre leurs propres données.
Un relai utilisant le protocole DF multiplexe ainsi ses propres données aux données relayées
avant de transmettre a la BS. L’allocation de ressource est formulée sous forme d’'un probléme
d’optimisation dont le but est de minimiser la puissance totale d’émission du systéme tout en
assurant un débit cible par utilisateur. Dans un premier temps, nous proposons une méthode
de sélection des relais comme phase d'initialisation et offrons une heuristique itérative pour op-
timiser I'allocation de puissance et des blocs de ressources radio (RBs). Dans un second temps,
nous traitons la sélection des relais comme une variable d’optimisation additionnelle. Pour la ré-
solution, la décomposition de Lagrange et la méthode duale sont utilisées et le probléme global est
divisé en sous problémes résolus de maniére itérative afin d’approcher la solution optimale. En-
fin, nous étendons ce modéle coopératif a un modele a antennes multiples (MIMO) afin d’étudier
l'influence des antennes multiples sur la puissance totale de transmission. Les paramétres a
optimiser sont la sélection des relais, I'allocation des puissances et l'allocation des RBs. Afin
d’allouer la puissance sur les antennes d'un utilisateur, nous avons étudié la répartition égale des
puissance (EPA) et le beamforming. Les expressions théoriques correspondantes sont établies et
les résultats de simulation sont présentés pour comparer le modéle avec EPA et le modéle avec
beamforming au modéle non coopératif.

Mots clés

OFDMA, allocation de ressources, relais mobiles, sens montant, équité proportionnelle
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Chapitre 1: Introduction

La perpétuelle évolution des applications mobiles de nos jours rend la gestion des réseaux
mobiles cellulaires critique afin de répondre aux exigences des clients. En effet, en plus
de la voix, les applications avec images et vidéos nécessitent une gestion de ressources
plus efficace pour assurer la qualité demandée. Dans les systéemes de communication sans
fil modernes, les techniques de multiplexage fréquentiel sont généralement adoptées spé-
cialement 'OFDM (Orthogonal Frequency Division Multiplexing). L'idée principale de
'OFDM est de diviser la bande passante disponible en un ensemble de sous-porteuses or-
thogonales. La bande de chaque sous-porteuse doit étre inférieure a la bande de cohérence
du canal de propagation afin de réduire le fading par sous-porteuse. Avec I'orthogonalité
entre les sous-porteuses, l'interférence inter-symboles peut étre évitée. L'OFDMA présen-
tant la variante multi-utilisateurs de 'OFDM est adoptée pour les standards Wimax [1]
et LTE [2].

De plus, I'allocation de ressources dans les systémes sans fils est I'élément principal pour
satisfaire les demandes des clients avec la limitaion de la bande passante disponible.
Dans la littérature, on peut trouver différents algorithmes selon Il'objectif souhaité.
L’algorithme maximisant la somme des débits présente la bande supérieure en terme
de débit mais reste totalement inéquitable. Pour maximiser le débit du systeme, seuls
les utilisateurs proches de la station de base (BS) sont servis et tous les autres sont
ignorés. Ensuite, on trouve l'algorithme “max min” [3] avec l'objectif de maximiser a
chaque fois le débit minimal dans le systéme. Cet algorithme est considéré comme la
bande supérieure en équité entre utilisateurs mais il fournit un débit total du systéme

Xi
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qui est faible. De plus, les algorithmes d’équité proportionnelle sont proposés dans la
littérature comme un compromis entre le débit et I'équité [4][5].

L’allocation de ressource font I'objet de plusieurs recherches actuelles en particulier pour
les prochaines générations de systémes sans fils. De plus, les algorithmes proposés doivent
offrir de bons résultats dans les systéemes multi-cellulaire et résister a l'interférence inter-
cellulaire (ICl) [6] [2]. Dans un tel systéme, les algorithmes reposent généralement sur la
réutilisation de fréquence ou sur la coopération entre les BS. La réutilisation de fréquence
permet d’éviter I'ICI mais réduit la bande a utiliser dans chaque cellule. La coopération
entre les BS peut réduire I'lCI mais peut engendrer un colt de communication important
selon la quantité de données a échanger [7][8][9].

Afin d’améliorer les performances des systémes, les statégies de relayages présentent de
nos jours un sujet de recherche prometteur. Les relais peuvent étre fixes ou mobile et
la transmission peut s’effectuer sur un ou plusieurs sauts. Les relais fixes font partie du
réseau et nécessitent un colt de déploiement tandis que les relais mobiles ne nécessitent
aucun codt de déploiement mais sont totalement imprévisibles. Lorsque des relais sont
utilisés, la transmission s’effectue en deux temps [10]: la source transmet au relai dans
un premier temps et le relais transmet a la destination dans un second temp. Différents
protocoles peuvent étre utilisés au niveau des relais tels que le Decode and Forward (DF)
et le Amplify and Forward (AF). Un relai utilisant le protocole DF décode le signal regu,
le ré-encode et le transmet a la destination. Un relai avec le protocole AF applique
uniqguement un facteur d’amplification au signal regu avant de le transmettre a la des-
tination. S’il n’existe pas de lien direct entre la source et la destination, les relais sont
appelés des répéteurs. Si le lien direct existe, les relais peuvent étre considérés comme
un MIMO virtuel (Multiple Input Multiple Output)[11]. Dans les systéemes avec relais,
la sélection du relai présente un élément supplémentaire pour l'allocation de ressources.
Les relais fixes sont décrits et adoptés dans le standard LTE [12]. Les relais mobiles
présentent un candidat sérieux pour la 5°™¢ génération des systémes sans fils.

Dans cette thése, nous avons principalement considéré I'allocation de ressources pour
le sens montant d’'un systéme cellulaire OFDMA assurant les exigences de qualité de
services et I'équité entre les utilisateurs. Les méthodes d’allocation proposées sont ap-
plicables dans les réseaux LTE Advanced et les réseaux de 5°™¢ génération.
Chapitre 2: Contexte technique

Le contexte technique adopté dans cette thése est introduit dans le chapitre 2. Les prin-
cipales notions utilisées dans ce mémoire sont donc définies tel que 'OFDM, les aspects
multi-cellulaires et les éléments mathématiques nécessaires pour formaliser et résoudre
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des problémes d’optimisation. Les modéles adoptés sont également détailles tel que le
modéle de canal retrouvé dans tous les chapitres de contributions.

Chapitre 3: Allocation de ressources dans un sys-
teme mono-cellulaire
Dans ce chapitre, 'allocation de ressources dans un systéme OFDMA multi-utilisateur
est étudiée pour le sens montant des utilisateurs vers la BS. Les principaux algorithmes
d’allocation de ressources sont étudiés et comparés et un nouvel algorithme se basant sur
I'équité proportionnelle (PF) est proposé: I'algorithme a équité proportionnelle ponderée
(WPF).
Modéle du systéme
On considére le sens montant d’un systéme de transmission OFDMA dans une cellule avec
une BS, K utilisateurs et N sous-porteuses. Le canal est supposé sélectif en fréquence avec
un évanouissement lent de Rayleigh et un bruit blanc gaussien (AWGN). Chaque sous-
porteuse a une bande Af et est exclusivement allouée a un utilisateur. Les utilisateurs
sont répartis uniformément sur la cellule et chaque utilisateur subit un affaiblissement de
propagation L et un affaiblissement causé par les obstacles Sy avec une loi log-normale.
On appelle V,Tj le gain de canal pour un utilisateur k et une sous-porteuse j a l'instant
m exprimé tel que:
o= R (1)
LkSkAfNo
avec gQ“’j le carré de I'évanouissement de Rayleigh et No la puissance du bruit. Avec une
puissance maximale Pk par utilisateur, le débit en bits/s de I'utilisateur k a l'instant m
est exprimé tel que:

Ay [~

m
RYSAF ki ki o2 ki ki

R™ =Af  amlog (1 +y™P™) 2)
j=1 j=1

avec P}ij la puissance allouée a la sous-porteusej. a”Q,j est une variable booléenne égale
a 1 sij est allouée a l'utilisateur k, 0 sinon. Les atténations sont supposées constantes
pendant un intervalle de temps.

Algorithme a équité proportionnelle pondérée (WPF)

L’algorithme WPF est une évolution de l'algorithme classique a équité proportionnelle
(PF) en ajoutant des priorités entre les différents utilisateurs. En effet, I'algorithme PF
alloue approximativement le méme nombre de sous-porteuses a tous les utilisateurs en
commengant par le centre de la cellule. L’idée principale de notre nouvel algorithme est

d’allouer plus de bande au centre de la cellule qu’en bordure afin de mieux exploiter
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les bonnes conditions des utilisateurs au centre et par conséquent améliorer le débit du
systéme. Pour ce, on introduit un poids par utilisateur indépendant des sous-porteuses.
Ce poids est ajouté a la fonction d'utilité de chaque utilisateur afin de favoriser les
utilisateurs au centre de la cellule sans ignorer ceux en bordure. L'utilit¢ incrémentale
de l'utilisateur k et la sous-porteuse j a l'instant m est exprimée tel que [5]:

m RRY; B
Uk' = om—1 + m_ (W] (3)
I RWR iesm, . ki
ou ( \
Wk =Aflog, 1+ LKSFEOM )

avec S{j,  I'ensemble des sous-porteuses allouées a l'utilisateur k a linstant m et R
le débit cumulé pour k jusqu’a lintervalle de temps de transmission (TTl) m. wg est
le poids de l'utilisateur k et présente le débit moyen par utilisateur par sous-porteuse.
B € [0;1], en posant B = 0, on retrouve l'algorithme PF classique. La sous-porteuse j
est assignée a I'utilisateur maximisant I'utilité incrémentale k* = arg maxg U',T(‘,j
Etude théorique

Afin de comparer le comportement du nouvel algorithme proposé au PF classique, une
étude théorique est réalisée. En considérant 2 utilisateurs, le premier au centre de la
cellule et le deuxiéme en bordure, les probabilités d’affectation des sous-porteuses sont
étudiées et calculées. Les résultats des équations analytiques sont ensuite comparés aux
résultats de simulations comme présente la figure 1, Ni et Uy étant respectivement le
nombre de sous-porteuses et I'utilité de l'utilisateur k.

Avec 3 = 0, la figure 1 montre bien qu’on retrouve le PF classique avec 50% de probabilité
de chaque utilisateur pour gagner la sous-porteuse discutée quand N1 = N2. Quand
B = 0, I'équité diminue et I'utilisateur 1 a plus de chance de gagner des sous-porteuses.
Par exemple, pour B = 1 l'utilisateur 1 est favorisé avec Pr(U1 > U2) £ 1 jusqu’a
N1 — N2 = 6. C'est seulement a ce moment que l'utilisateur 2 peut gagner la prochaine
sous-porteuse avec une probabilité de 50%.

Résultats de simulations

Pour les simulations, une cellule circulaire est considérée avec un rayon de 0.5 km. La
bande totale considérée est de B = 1.4 MHz, K = 20 utilisateurs uniformément distribués
et N =72 sous-porteuses avec une bande par sous-porteuse Af = 15 KHz. La puissance
du bruit AWGN est No = —174 dBm/Hz. Le shadowing suit une loi log-normale avec
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Figure 1: Probabilité Pr(U1 > U2), N1 =10

un écart type de 6 dB et I'atténuation est considérée suivant le modéle LTE avec une
fréquence de F = 2.6 GHz: Ly gg(dk) = 128.1 + 37.6log+o(dk) ou d est la distance en
km entre I'utilisateur k et la BS.

100 TTlIs sont pris en compte pour I'algorithme WPF. Les résultats sont moyennés sur
500 simulations. Pour comparer avec les algorithmes existants dans la littérature, on

note:

e MaxSumRate: L’algorithme qui maximise la somme de débits du systeme

WeightedPF: Notre algorithme proposé WPF avec différentes valeurs de 8

PF: L’algorithme clasique PF ou le WPF avec B =0

SameNbreSc: L’algorithme allouant le méme nombre de sous-porteuses par util-
isateur

MaxMin: L’algorithme qui vise d’assurer un débit minimal par utilisateur

Les résultats sont présentés entermes de débit et d’equité:



Résumé des travaux de thése 16

1000

\

900

\
-\

s
s
e

e A

\
\

\
I\

Throughput per user(Kbits/s)

\

! / ® WPFp=1
3 / —w— WPF B = 0.5

30 SameNbreSc
—6— PF (B=0)
—— MaxMin
P

5
Pmax (dBm)

Figure 2: Débit du systéme

e Débit La figure 3.2 présente le débit du systéme en fonction des puissances de
transmission. L’algorithme MaxSumRate est visiblement la borne supérieure
du débit et I'algorithme MaxMin favorisant les utilisateurs en bordure de cellule
présenteles valeursles plusfaibles du débit. Les résultats de simulations confirment
que l'algorithme PF alloue approximativement le méme nombre de sous-porteuses
par utilisateur. Si on ne considére pas l'algorithme totalement inéquitable Max-
SumRate, notre algorithme proposé présente le meilleur débit systéeme. En plus
de son équité proportionnelle, I'algorithme WPF offre un débit élevé proche de la
borne supérieure surtout en basses puissances de transmission. Comparantau PF
classique, le WPF offre un gain qui croit avec B. Pour = 0.5, le gain varie de
4% a 24%. Pour 3 =0.5, le gain varie de 7% a 29%.

o Equité: Pour évaluer I'équité des différents algorithmes, l'indice d’équité (FI) [13]
est adopté:

(R \2 R
Fl = R« /K R2 (9)
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Figure 3: Indice d’équité

La figure 3 présente les indices d’équité des différents algorithmes étudiés. On
peut remarquer que l'algorithme MaxSumRate est totalement inéquitable et que
I'algorithme MaxMin présente la borne supérieure d’équité. Notre algorithme
proposé atteint 87% d’équité pour = 0.5 et 77% d’équité pour = 1 pour les
hautes valeurs de puissances. Comparant au PF classique, le WPF proposé perd
de I'équité mais les résultats de simulation montrent que les utilisateurs en bordure
perdent seulement 15% de leur débit tandis que ceux au centre arrivent a en gagner
jusqu’a 45% du débit.

Selon la qualité de service souhaitée, I'algorithme WPF offre une flexibilité a
travers le paramétre 3. Pour une puissance P = 21 dBm et différentes valeurs
de B, le tableau 1 présente les débits et les valeurs d’équité correspondantes. P est
choisie égale a la puissance maximale de transmission d’un terminal mobile selon
les caractéristiques d’unréseau cellulaire 4G[14].

Chapitre 4: Allocation de ressources dans un sys-
teme multi-cellulaire

Dans ce chapitre, I'allocation de ressources est étudiée pour un systéme multi-cellulaire
ou I'lCI nuit aux performances du systéme. Les utilisateurs sont divisés en deux zones:
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B 0.1 0.2 0.3 0.4 0.5
Debit (Kbits/s) | 838.3 | 853.8 | 856.3 | 863 | 867.5
Indexe d'équite | 0.94 | 093 | 091 | 0.89 | 0.87

B 0.6 0.7 0.8 0.9 1
Debit (Kbits/s) | 869 | 877 | 876.5 | 886.2 | 890.8
Indexe d’équité | 0.86 | 0.83 | 0.82 | 0.79 | 0.76

Table 1: Débits et Indices d’équité pour B € [0;1]

le centre et la bordure, comme c’est le cas dans certaines configurations de la norme LTE.
Dans un premier lieu, l'algorithme WPF proposé dans le chapitre précédent est appliqué
dans un systéme multi-cellulaire et comparé a I'algorithme de réutilisation de fréquence
adopté en LTE. La comparaison est effectuée considérant une étude théorique et des sim-
ulations, et on considére le débit et I'équité. Dans un second lieu, la coopération entre les
BSs est étudiée et un nouvel indicateur d’interférence est proposé (Ell) pour chaque sous-
porteuse par cellule afin d’indiquer le niveau d’interférence subie. L’allocation de sous-
porteuse repose ainsi sur les valeurs de Ell échangées dans le but de réduire l'interférence.
Les résultats de simulations montrent qu'avec un colt de communication réduit, le Ell
peut améliorer les performances du systémes.

L’algorithme WPF pour un modéle multi-cellulaire

Le facteur de réutilisation de fréquence (FFR) classique adopté en LTE [15][16] consiste
a diviser équitablement les sous-porteuses en quatre ensembles F1, F2, F3 et F4. Le méme
ensemble F1 est utilisé pour tous les centres des cellules alors qu’'un FFR = 3 est utilisé
en bordure avec le reste des ensembles (figure 4.1.a). On propose d'utiliser seulement

deux ensembles de sous-porteuses F, et F2 avec un nombre d’éléments Ng'= 5 pour
ne{1,2}. F est utilisé aux centres et F est utilisé en bordures (figure 4.1.b).

Dans chaque zone des cellules, I'allocation des sous-porteuses est établie selon I'algorithme
WPF proposé dans le chapitre précédent avec un poids par utilisateur k et par cellule ¢

exprimé tel que: C
\

= 1 + Rk 6
Wi = 1092 Lk,cSk,c(Nsc +1p) (©)

Les mémes notations que les chapitre précédents sont utilisées en ajoutant I'indice ¢ pour

la cellule. lo est l'interférence moyenne par utilisateur par sous-porteuse qui peut étre

exprimée tel que:
Ninterf P Kb

7
IO = Linterf Nb ( )



Résumé des travaux de thése 19

avec

(@)

Figure 4: FFR dans LTE - FFR proposé

Ninterf: Le nombre d’interféreurs. Dans notre systéme, 7 cellules sont considérées,
le nombre d’interféreurs est donc considéré a 6.

Kb: Le nombre d’utilisateurs en bordure de cellule Ky, = K?

Np: Le nombre de sous-porteuses en bordure de cellule N, = N7
P Ky

P: La puissance de transmission par utilisateur. est donc la puissance

moyenne par sous-porteuse.

Linterf I'atténuation correspondant au pire des interféreur situé a une distance
d =R.

Figure 5: La position de I'utilisateur interféreur pris en compte

Résultats de simulation

Pour les simulations, 7 cellules hexagonales avec un rayon de 1 km sont considérées.

Chaque cellule contient 20 utilisateurs uniformément distribués et 72 sous-porteuses.

Chaque cellule comporte deux zones: le centre de cellule avec les utilisateurs @ une dis-

R - \
tance d < 75 et la bordure de cellule avec le reste des utilisateurs. Les parameétres
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d’atténuations sont les mémes adoptés dans le chapitre précédent. Pour lalgorithme

WPF,

on considére 100 TTls, 500 simulations et différentes valeurs de B. Les résultats

de simulations sont étudiées en termes de débit et d’équité pour comparer le modéle

proposé au FFR classique de 3.

Débit Selon la figure 6, on peut remarquer que le modéle FFR3 est une fonction
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Figure 6: Débit du systéme

croissante de la puissance non affectée par I'lCl mais offre un débit inférieur a
celui offert par le modéle proposé notamment pour les faibles puissances. Malgré
I'ICl subie par notre modeéle proposé, le débit du systéme reste inférieur ou égal au
débit avec FFR3. La priorité entre les utilisateurs traduite par les différents poids
permet un gain de 8% a 45% pour 3 = 1, de 5% a 41% pour B = 0.5 et atteint
38% pour 3 =0 afaibles puissances.

Equité: Pour évaluer I'équité, I'indice d’équité présenté dans I'equation 5 est
adopté. Le tableau 4.1 compare les indices d’équité pour les deux modéles étudiés.
On peut remarquer que le modéle proposé présente une diminution de valeur
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d’équité mais que cette diminution reste légere.

Pmax = —10dBm
B=0|pB=05|B=
FFR=3 0.57 0.42 0.31
ProposedModel | 0.5 0.37 0.28
Pmax=20dBm
B=0|pB=05|B=1
FFR=3 0.75 0.72 0.61
ProposedModel | 0.7 0.59 0.5

Table 2: Indices d’équité en fonction des puissances de transmission

L’indicateur d’interférence amélioré Ell

Dans cette partie chapitre 4, la coopération des BS est étudiées pour reduire I'ICI. Con-
trairement aux méthodes avec le FFR, toute la bande est utilisée dans toutes les cellules
ce qui offre une meilleure diversité fréquentielle, par contre, la communication des BSs
peut engendrer un colt éleve si la quantité de données échangée est grande.

Modéle du systéme

On conserve le méme modele du systeme multi-cellulaire avec 7 cellules et la moitié des
utilisateurs dans chaque zone (centre ou bordure). Pour l'allocation de ressources, la
moitié de la bande F1 est utilisée aux centres et F2 en bordures. L’allocation des sous-
porteuses est effectuée selon I'algorithme PF. Pour I'allocation en bordure de cellules,
les BSs échangent des valeurs de Ell qui indiquent le niveau d’interférence pour chaque
sous-porteuse dans le but d’éviter d’allouer les mémes sous-porteuses dans des cellules
voisines. Le Ell est inspiré de lindicateur d’interférence HIl proposé par LTE [2] mais
avec des valeurs entiéres afin de mieux évaluer les valeurs d’interférences.

Dans le modéle que nous proposons, la bordure de cellule est divisée en différents secteurs
et une valeur Ell est attribuée par sous-porteuse par cellule en fonction du secteur dans
lequel la sous-porteuse est allouée. Comme nous nous intéressons au sens montant,
I'interférence dépend de la distance entre I'utilisateur interféreur dans la cellule voisine
et la BS de la cellule a étudier. Pour ce, afin de calculer les valeurs de Ell, une analyse
des dépendences entre les cellule est effectuée.

Comme exemple, la figure 7 présente les dépendances de la cellule centrale c1. Les
utilisateurs en bordure de cette cellule seront fortement interférés s'ils gagnent les sous-
porteuses déja allouées dans les secteurs colorés en rouge (valt). Ceci est di a la faible
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distance entre ces secteurs et la BS de la cellule centrale. Avec une valeur élevée valy,
les utilisateurs de lacellule centrale seront désaventagés pour gagner les sous-porteuses
correspondantes. En effet, la meilleure allocation pour la cellule centrale est d’allouer
les sous-porteuses déja allouées dans les secteurs avec la plus faible valeur de Ell vals
(secteur2delacellule 7 et secteur 3dela cellule 2 par exemple). Pour compléterle méme
exemple, la figure 8 décrit I'allocation de la sous-porteuse j quand la cellule centrale est
la derniére cellule a effectuer son allocation. Comme le montre la figure 8, j est déja
allouée dans les secteurs colorés. Pour les utilisateurs de la cellule centrale, la valeur de
Ell pour j est Ellj1 = 2valt + 3valz + vals.

Sectors considered

Ell=val 1
Ell=val 2
Ell =val 3
Ell=val 4

Figure 7: Exemple 1: Dépendances de la cellule centrale

Lavaleurde Ell pourlasous-porteuse jdanslacellule cestexprimée delafagon suivante:

- wb
EI Ij,C = bS,j,C' - eiisyc',c (8)

c'/=c s=1

avec S = 6 le nombre de secteurs, bsj ¢ est une variable booléenne qui indique si j est

allouée dans le secteur s de la cell ¢ eiis ¢' ¢ est la valeur de Ell du secteur s dans c si
(o)

c est la cellule étudiée. Les valeurs de Ell sont calculées tel que val; = & o (voir

figure 9), i € [1..4] avec a = 3.76 le coefficient de pathloss suivant le modéle LTE.
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Sectors considered
Ell =val 1

Ell =val 2
Ell=val 3
Ell=val4

Figure 9: Distances: d1 =1.3-R;d2=1.56-R;d3=1.98-R;d4=2.16-R

Les valeurs de Ell sont utilisées dans I'estimation de l'interférence de la sous-porteuse j
de la cell ¢ tel que:

. Ell; P -K
— Ellj.c b 9
IJ,C = I—interf . Nb ( )

Les mémes notations que dans I'équation (7) sont utilisées.

Résultats de simulation

Le modele du systeme de la figure 7 est considéré avec 40 utilisateurs par cellule. Le reste
des hypothéses du cas WPF en systéme multi-cellulaires sont maintenues. L’algorithme
proposé avec Ell est comparé a lalgorithme coopératif avec HIl et au systéme non-
coopératif.
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e Débit

Average throughput per user (Kbits/s)
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Figure 10: Débit du systéme

La figure 4.12 présente le débit moyen par utilisateur en fonction de la puissance
de transmission pour 100 TTIs. On différencie les résultats en bordure de cellule
ou les indicateurs d'interférence sont utilisés de la moyenne de toute la cellule. Les
simulations montrent que le HII ne présente pas toujours un gain en comparant
avec le systéme sans coopération contrairement au Ell proposé qui offre un gain
jusqu’a 13% pour les forts SNR (figure 11).

e Equité: Le tableau 4.2 montre que lindicateur Ell proposé n’affecte que trés
légerement les valeurs d’équité en le comparant au modéle sans coopération. Le
Ell améliore donc les performances du systeme sans pour autant affecter I'équité
entre les utilisateurs.

Chapitre 5: Allocation de ressources dans un sys-
teme OFDMA coopératif avec des relais mobiles
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—&— Gain in cell edge
=—6-— Gain in the whole cell | ______

Average gain per user (%)

Pmax (dBm)

Figure 11: Gain moyen de l'algorithme proposé avec Ell

Pmax=—10dBm | Pmax =20 dBm
Sans Ell 0.34 0.41
Avec El| 0.33 0.39

Table 3: Indices d’équité

Dans ce chapitre, le sens montant des utilisateurs vers la BS est étudié pour un systéme
coopératif OFDMA avec des relais mobiles ayant leurs propres données a transmettre. En
effet, on considére que de simples utilisateurs ayant des bonnes conditions de canal peu-
vent relayer d’autres utilisateurs en bordure de cellule, en plus de leurs propores données
a transmettre. Les relais multiplexent alors leurs propres données aux données a relayer
avant la transmission vers la BS. Le systéme étudié a comme objectif de minimiser la
puissance totale de transmission afin de limiter les effets environmentaux. On considére
également un débit minimal par utilisateur. L’allocation de ressources est formulée en
tant qu'un probléme d’optimisation visant & approcher la solution optimale. Les aspects
a optimiser sont la sélection des relais, 'allocation des sous-porteuses et I'allocation des
puissances.



Résumé des travaux de thése 26

Optimisation de [I'allocation de sous-porteuse et des puis-
sances

Dans cette partie, la sélection des relais est considérée comme une étape d'initialisation
au probléeme d’optimisation. Chaque utilisateur peut ainsi transmettre en mode non-
coopératif directement a la BS (figure 12a) ou en mode coopératif via un relai (figure
12b).

Les mémes hypothéses pour un systéme mono-cellulaire avec K utilisateurs et N blocks

S *“ )

R/

(a) Cas 1: Modéle non-cooperatif

(« é))
B—"

(b) Cas 2: Modéle cooperatif

Figure 12: Exemple 1: Schemas de transmission

de ressources (RB) sont maintenues. Les utilisateurs peuvent donc étre des sources non
relayées (NRS), des relais (R) ou des sources relayées (RS). Soit R le rayon de la cellule
et dxk la distance entre l'utilisateur user k et la BS. Afin de simplifier la sélection des
relais, on pose:

e Les utilisateurs avec une distance dik < % sont proches de la BS et nont pas
besoin d’étre relayés. De plus, ils sont loin de la bordure et ne sont donc pas
considérés en tant que relais. Ces utilisateurs sont considérés comme des sources
non relayées et ne peuvent pas étre relais.

* Les utilisateurs avec une distance dik > ZTR sont dans la bordure de la cellule et
dont les performances peuvent étre améliorées s'ils sont relayés par un utilisateurs a
mi-chemin avec la BS. Ces utilisateurs sont considérés comme des sources relayées
potentielles.
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e Les utilisateurs avec une distance % < dkk < ZTR peuvent relayer les utilisateurs
avec dyx > 5. Comme leur distance vers la BS est relativement faible, ces util-
isateurs ne seront pas relayés.

e Un utilisateur avec une distance dxx > %R ne peut avoir qu'un seul relai afin de

réduire le colt de signalisation.

D’abord, chaque utilisateur en bordure de cellule estime son meilleur relai et compare le
débit qu'il peut atteindre avec son lien direct a la BS et son lien indirect via son relai. |l
décide ainsi entre la transmission directe ou indirecte. Si I'utilisateur choisit de ne pas
coopérer, il devient une NRS méme s'il se situe en bordure de cellule. Un utilisateur
se situant dans la zone des relais et qui n’est choisi par aucune RS devient également
une NRS. A la fin de cette étape d'initialisation, résultent des ensembles initialisés de
NRS, R et RS comme l'indique la figure 13. Les utilisateurs sont supposés half-duplex et
les relais utilisent le protocole DF. La transmission est effectuée sur deux temps: Dans
un premier temps, les NRS transmettent a la BS et les RS transmettent a leurs relais
correspondants, les relais écoutent. Dans un second temp, les RS sont silencieuses, les
NRS et les R transmettent a la BS. Les R multiplexent leurs propres données aux données
a relayer avant la transmission a la BS.

E Relayed sources
E Relays

Not Relayed sources

Figure 13: Exemple 2 : Modéle du systéme initialisé
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La formulation du probléme d’optimisation

Si on considére une NRS, une RS et un R ayant respectivement les RB j, j et .
le tableau 4 détaille la puissance de transmission consommée par utilisateur par TTI:
Le probléme d’optimisation global pour un systéme avec K utilisateurs et N RBs est

NRS RS R
1Tl 1 PURs | P#ks 0
TTI 2 PiiRs 0 P. + Pk
Average Power per TTI PiRs | 3pks | 21 Rj' + Rj"

Table 4: La puissance de transmission consommée par utilisateur par TTI

exprimé tel que:

. KN bkvai piy ] & w =N i 4 pi
minimiser (11— " P+ 1 J. (P’ +P)) (10a)
a, b, P ) 2 kk k 2 bka’ kr k r
k=1j=1 5:1 r/=kj
sous les contraintes B
K K
T ke S1Vij=1,.N (10b)
k=1 r=1
“ N _
a, Ry =R Vkk=1,.K (10c)
r=1j=1
al .
r € {0,1} Vk,rj (10d)
b € {0,1} Vk (10e)
bi 20 Vk,j (10f)

avec
e b=[b1,b2,...., bK]T le vecteur des décisions de coopérations des utilisateurs
¢ P la matrices de puissances par utilisateur pour chaque RB

e alamatrice d’allocation du RB j par couple de (source, relai)

¢ La contrainte (10d) représente la décision de coopération pour l'utilisateur k. Si
bk = 1, k participe a une transmission coopérative (k est une RS ou un relai),

sinon by = 0.
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* Les contraintes (10b) et (10d) traduisent la contrainte d’allocation de RB. a} \ = 1
veut dire que k transmet directement a la BS. ajk,Ir =1 avec k /=r signifie que j
est allouée a la transmission de I'utilisateur k vers le relai r au premier TTl etala
transmission des données relayées de r vers laBS au second TTI. Si ajk,Ir =1, alors
b« =1etbr=1.

¢ La contrainte (10c) indique le débit cible par utilisateur Rt.

e La contrainte (10f) vérifie que toutes les puissances sont positives.

e Le premier terme du probléme (10) représente la puissance de transmission pour
une NRS pour les deux TTls et la puissance de transmission nécessaire pour un
relai pour transmettre ses propres données pour uniquement un seul TTI (d’ou le

facteur 15). Le second terme du probléme représente la puissance de transmission
consommées pour les données relayées.

Résolution du probléme
Considérant la sélection des relais comme une phase d'initialisation au probléme d’optimisation,
la résolution du probléme consiste a résoudre itérativement les deux sous-problémes:

1. Le probléme sous-optimal d’allocation de puissances
2. Le probleme sous-optimal d’allocation de RBs

La résolution est effectuée suivant la méthode duale et la décompsition de Lagrange afin
d’approcher la solution optimale (figure 14).

Dual Problem : Master Dual
Problem

e ‘/ \‘ N

SubProblem SubProblem

Optimal Power Allocation Optimal RB Allocation

//1/// \\:\\\ //1/// \\\r\

% N o AN

N NN A AVRN
K P™ I S 4 .

SubProblem SubProblem SubProblem SubProblem
1tRB | —————~ NthRB 1stRB | __ _ _ _| th RB

Figure 14: Hierarchie du probléme duale décomposé

¢ Allocation de puissances sous-optimale pour une allocation de RB don-
née
Selon la nature des utilisateurs, les valeurs de puissances sont calculées tels que:
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— k est une NRS ou un relai transmettant ses propres données dans le RB j:

+

= A — 1
2T @) ("

avec [x]* =max{0,x}.

— k est une source relayée parr
Dans une transmission coopérative, la puissance est minimisée quand la source
et le relai envoient la méme quantité de données. Par conséc]ue_nt, le débit est

le débit minimal des deux liens. Pour ce, on suppose que Pk y’k = P: y: i et
r ,
on trouve: A Yj .
o = k_rr : - 4_ (12)
IN2)(Vp, + Vi) Vi
A Y 1+
pij = K,r —_ (13)

IN2)(vy., +vie)  vhe

¢ Allocation sous optimale de RBs '
Utilisant les valeurs de puissances de I'étape précédente, seule la variable a’k PV K,

est a optimiser. En calculant le Lagrangian correspondant, la fonction duale g(A)
peut étre exprimée tel que:

R K . .
g(A) =maximize a & - AR (14)
a k,r “k,r
k=1r=1 k=1

~

avec G = [G}i(’r] est une matrice K X K X N qui représente le gain éventuel du

couple (k,r)s’ilgagnele RBj.
— sik =r etk est une source non relayée:

Gl i j
kr =M loga 1+Py . — Py (15)

— sik =r et k est un relai transmettant ses propres données via le RB j:

gl M i T
kor ™ ; log, 1+PkVkk - ;Pk (16)

— si k est une source relayée et k /=r:

Gj ﬁ 1+Pj Vj 1 ; +Pj ) (17)
= -—(P

K,r k,r k,r
3 ’ ’ k’r
|092 2 r,r
2
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Les gains sont calculés pour chaque RB j, j est ensuite allouée au couple (k,r)
maximisantle gainenj:a =1 for (k,r)* =arg max G
k,r (k, r) K,r

e Mise a jour des variables de Lagrange
La derniére étape pour chaque itération de I'algorithme est la mise a jour des vari-
ables de Lagrange et le test de convergence de l'algorithme. Utilisant les résultats
de l'itération t, A de l'itération t + 1 est calculé tel que:

0 0 oo 00

Ae(t+1)= A1) + N (t) "Ry — RN k,r(t))Rj (t (18)
)HH
r=1j=1

avec n le pas adopté [17]. L’algorithme est considéré comme convergent si tous les

utilisateurs atteignent le débit minimal exigé et si la variation de Ak est négligeable
pour tous les utilisateurs:

At + 1) = M (1)

Ms1y <0 (19)

avec Q proche de zero.

Résultats de simulations

Les paramétres de simulations utilisés dans les paragraphes précédents sont maintenus.
Le pas pourlavariable de Lagrange A estfixéang = % pourt<2000avectlindicede
litération. Quand t dépasse 2000, nk devient invariant. @ est fixée a 0.001. Rtest varié
lors des simulations dans [lintervalle [0.5..1.5] bits/s/Hz. Les simulations sont moyen-
nées sur 1000 tirages afin d’avoir des résultats réalistes. Les figures 15 et 16 présentent
les puissances de transmission du systémes pour respectivement 18 et 30 utilisateurs
avec différents nombre de RBs et différentes valeurs de R:. Les cas avec relayage sont
différenciés pour mieux montrer le gain effectif que propose notre algorithme. Pour 18
utilisateurs, 192 RBs et Ry = 1.5 bits/s/Hz, le gain offert par notre méthode proposée
atteint 21% pour toutes les simulations confondues. Si on considére uniquement les cas
avec relayage, le gain arrive a 51% pour les mémes conditions. Les valeurs de gains sont
présentée dans la figure 17.
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Figure 15: Puissance de transmission pour 18 utilisateurs
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Figure 17: Gain pour 30 utilisateurs

Optimisation de sélection des relais, de I'allocation de sous-
porteuse et des puissances

Modéle du systéme

Dans cette deuxiéme partie du chapitre, le but du probléme d’optimisation d’allocation
de ressources est d’optimiser la sélection des relais en plus des allocations des RBs et
des puissances. Danc ce cas, un relai peut relayer une ou plusieurs sources relayées, une
source relayée peut étre relayée par un ou plusieurs relais mais dans des RBs différents.
La transmission est étudiée pour deux cas: half-duplex et full-duplex (présentés par la
figure 18). Le cas full-duplex est étudié pour avoir une borne supérieure du gain qu’on
peut atteindre. On introduit la variable HF dans les équations pour différencier les deux
cas (HF= 1 pour full-duplex et HF= 15 pour half-duplex).

or —L
O——0

(@) Communication Half- (b) Communication Full-Duplex
Duplex

Figure 18: Communication Duplex
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Comme exemple, le tableau 5 détaille la puissance consommeée par utilisateur sion con-
sidere une NRS, une RS et un R ayant chacun un RB, respectivement j,j etj" .

La formulation du probléme d’optimisation
Half-duplex Full-duplex
NRS | RS R NRS | RS R
TTM pirs | pks | O | pirs | pis| PR -
TTI2 | pirs | 0 |PA+Pk | pirs | 0 | PA+Pg

Table 5: Puissance consommeée par utilisateur par TTI

Visant a minimiser la puissance totale du systéeme en assurant un débit minimal par
utilisateur, le probléme global d’optimisation pour k utilisateurs et N RBs peut étre

exprimé tel que (on conserve les notations utilisées précédemment):

K'N , : K . _
minimier (1 —b(1 —HF))a! P +1T == =" (Pl+pi)
a b, P kk k 2 bra! kr k r
k=1j=1 k=1r/=K]j
=1 (20a)
sous les contraintes
K K
T i =1Vij=1,.N (20b)
k=1r=1
& -lN _ )
a, Ry =R Vkk=1,.K (20c)
r=1j=1
aj .
wr € 0,13 Vk,r,j (20d)
bx € {0,1} Vk (20e)
(20f)

oi 20 Vk,j

La résolution de probléme est basée sur la décomposition de Lagrange pour résoudre
itérativement les deux sous problémes suivants:

1. Le probléme sous-optimal d’allocation de puissances

2. Le probleme sous-optimal conjoint de sélection de relais et d’allocation de RBs
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Résolution du probléme

Pour résoudre le probléme d’optimisation, les étapes Allocation de puissances sous-
optimale et Mise a jour des variables de Lagrange sont équivalentes au paragraphe
précédent. Par contre, l'allocation de RB sous-optimale est différente et est traitée
conjointement avec la sélection des relais.

Solution sous optimale conjointe pour la sélection des relais et 'allocation de
RBs

Utilisant les résultats de puissances sous optimales et en calculant la fonction duale
correspondante g(A), on peut ecrire:

R K . .
g(A) =maximize a & - MR (21)
a k,r k,r
k=1r=1 k=1

=~

avec G = [Gﬂ(yr] une matrice K X K X N de gain eventuel si le couple (k,r)gagne le RB

J - Les expressions de gain pour un RB j sont detaillées tel que:

e k est une source non relayée:

G i j

e k un relai qui transmet ses propres données

G i j
= HF A¢ loga 1 +Pyy, . —HF P, (23)

e k estune source relayée parr

a M 1+pP) - +Pl) (24)

Kr ke ke -(P
o |092 d o 2 k,r r,r
2

Au début de l'algorithme, tous les utilisateurs sont considérés des NRS. Pour chaque RB
j, les gains sont calculés pour toutes les combinaisons de couples source-relai possibles
(s,r) et j est assignée au couple (k,r)* maximisant le gain: ajk,r = 1 pour (k,r)* =
arg max(k,r)GLr, sinon 0. Si k =r, la transmission est dite directe et bx = 0. Sinon
si k /= r, une coopération est utilisée, on a alors by = 1 et br = 1. Les natures
des utilisateurs sont mises a jour a chaque allocation.

Résultats de simulation
Nous considérons les mémes hypothéses de simulations que la premiére partie de ce
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chapitre. La figure 19 présente la puissance de transmission consommeée pour un systéme
de 18 utilisateurs pour des valeurs différentes de débit cible. Les deux cas half et full-
duplex sont étudiés. En comparant au systéme sans coopération, la solution proposée
offre un gain considérable. Pour le cas half-duplex, I'algorithme proposé offre un gain
de 36% pour Rt = 1.5 bits/s/Hz jusqu’a 49% pour Rt = 1 bits/s/Hz. Pour le cas full-
duplex, l'algorithme proposé offre vers les 62% de gain pour R = 1.5 bits/s/Hz vers les
70% de gain pour Rt = 1 bits/s/Hz

12

]
=6 Without Cooperation

~——&— Cooperative Half Duplex
—&— Cooperative Full Duplex

®

\

)

\e

System Transmit Power (dBm)

\

N \

—~—
\

\

9% 144
NumberofResourceBlocks

(a) Rt=1 bis/s/Hz

192

Bm)

System Transmit Power (d

]
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—#— Cooperative Half Duplex

\
‘\

~

\

—&— Cooperative Full Duplex |

92

144
NumberofResourceBlocks

(b) Rt = 1.5 bis/s/Hz

Figure 19: Puissance de transmission du systéme avec 18 utilisateurs

Comparaison des méthodes d’optimisation proposées
Les deux méthodes d’'optimisation proposées sont comparées:

192

1. méthode 1: Solution sous-optimale pour optimiser l'allocation des puissances et
des RBs. On rappelle que pour cette méthode, la sélection des relais est effectuée
comme une phase d’initialisation au probléme d’optimisation.

2. méthode 2: Solution sous-optimale pour optimiser la sélection des relais, I'allocation
des puissances et des RBs.

La comparaison est effectuée pour le cas des utilisateurs half-duplex pour un nombre
variable de RBs pour comparer les deux méthodes proposées au systeme non-coopératif.
Les résultats de simulations montrent que la méthode 2 offre des meilleures résultats
que la méthode 1. Ceci peut étre justifié par le fait qu'optimiser la sélection des relais
peut réduire davantage la puissance du systéme que si on le fait avant I'optimsation.
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L’optimisation de toutes les variables offre ainsi jusqu'a 40% de gain en comparant au
modéle non comparatif. On note bien que la méthode 1 offre un gain significatif com-
parant au modeéle non coopératif qui arrive jusqu'a 29%. Optimiser la sélection des relais
offre un meilleur gain mais augmente de fagon considérable la complexité du probleme
d’optimisation.

—6— Without Cooperation

§ —&0— Proposed Method 1
—e— Proposed Method 2 |

System Transmit Power (dBm)

5 \u

96 144 192
Number of Resource Blocks

Figure 20: Puissance de transmission du systéme pour 18 utilisateurs, Rt = 1 bit-
s/s/Hz

Chapitre 6: Allocation de ressources dans un sys-
teme MIMO OFDMA coopératif avec des relais mo-
biles

Dans ce chapitre, I'optimisation de l'allocation des ressources avec des relais mobiles
ayant leurs propres données a transmettre traité dans le chapitre précédent est éten-
due pour un systeme MIMO (Multiple Input Multiple Output). Le but est d’étudier
linfluence des antennes multiples sur la puissance de transmission du systeme. Visant
a minimiser la puissance consommée en garantissant un débit cible par utilisateur, le
probléme d’optimisation détermine la sélection des relais, 'allocation des puissances et
des RBs. De plus, au niveau de chaque utilisateur, différentes stratégies d’allocation de
puissance sont étudiées: la répartition égale de puissance sur les différentes antennes et
le beamforming.
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Formalisation du probléme d’optimisation

BS' th Nrreceive
antennas

ﬁ User with Nttransmit

antennas

Figure 21: modéle du systéme MIMO

On traite le sens montant des utilisateurs avec Lt antennes de transmission vers la BS
avec Lr antennes de réception et on suppose que Lt= L= L. Les utilisateurs sont
supposeés des utilisateurs half-duplex, ils ne peuvent donc pas écouter et transmettre en
méme temps. Pour le probléme d’optimisation, la puissance par TTI est considérée en
moyennant sur les deux TTls. Pour K utilisateurs et N RBs, le probléme d’optimisation
peut étre exprimé de la fagon suivante:
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RN bkyval Pial & w =N iy pi
minimiser (1- "a P +1 J. (P’ +PJ)) (25a)
a b, P o o kk k 2 bxa’ krokor
k=1j=1 k=1r/=K]
sous les contraintes B
K K
T i, =1Vii=1,.N (25b)
k=1 r=1
“ Nel _
al (RI'zR Vkk=1,.K (25¢)
r=1j=1 1=1
al .
< € 0,1} VK] (25d)
b € {0,1} Vk (25€)
L
pil >0 Vk,j (25f)

1=1

Les notations précédentes sont maintenues en ajoutant l'indice des directions des an-
tennes | basées sur la décomposition en valeurs singuliéres.

Résolution du probléme

Utilisant la décomposition de Lagrange, le probléme global est divisé en sous problémes
pour résoudre I'allocation de puissances puis résoudre conjointement la sélection des re-
lais et l'allocation des RBs. Ensuite, au niveau de chaque utilisateur, 'allocation des
puissances pour les différentes antennes est effectuée selon deux méthodes:

e Répartition égale de puissances (EPA)

pit _ P
.

LV (26)

e Beamforming: [I'utilisateur k alloue toute sa puissance a la meilleure direction
d’antennes |I* pour maximiser le débit

ik
Pk =Py (27)
pi! =0 VI /=1I* (28)

L’algorithme est résolu itérativement et a chaque itération, les conditions de convergence

sont vérifiées et les variables de Lagrange sont mises a jour.
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Résultats de simulations
Les conditions de simulation sont similaires au cas mono-antenne pour des utilisateurs
half-duplex mais avec L = 2.

—6— Non-Cooperative MIMO

12 b Cooperative SISO
—&— Cooperative MIMO EPA

o~ —&— Cooperative MIMO Beamforming
10
R
E s
o 6 ~<
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3 >
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96 144 192
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Figure 22: Puissance de transmission du systéme pour Rt = 1 bits/s/Hz

Les figures 22 et 23 présentent la puissance de transmission pour des débits cibles 1
bits/s/Hz et 1.5 bits/s/Hz en considérant 18 utilisateurs et 2 antennes par utilisateur.
L’EPA et le beamforming sont comparés aux modeles SISO coopératif et MIMO non
coopératif. Pour le modéle MIMO non coopératif, 'EPA est adoptée. Les résultats de
simulations montrent que les modéles MIMO coopératifs offrent un gain considérable.
En comparant au systeme MIMO non coopératif, le modéle coopératif permet un gain de
80% avec EPA et un gain de 90% avec le beamforming pour Rt = 1 bits/s/Hz. On peut
également remarquer que le beamborming offre de meilleurs résultat que EPA, ceci est
justifié par le fait que chaque utilisateur alloue toute sa puissance a la meilleur direction
d’antennes et ne perd donc pas de la puissance dans des directions avec des conditions
moins bonnes. Ensuite, en comparant au modéle SISO coopératif, le systeme MIMO
coopératif offre un gain de 85% avec EPA et un gain de 90% avec le beamforming pour
Rt = 1.5 bits/s/Hz. Ce gain est d( a la diversité spatiale offerte par le systeme MIMO.
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Figure 23: Puissance de transmission du systéme pour Rt = 1.5 bits/s/Hz

Chapitre 7: Conclusions et perspectives

Nous avons abordé dans cette thése le probléme d'allocation de ressources pour le
sens montant d'un systéme OFDMA. Nous avons étudié les principaux algorithmes
d’allocation de ressources existants pour un systéme mono-cellulaire et nous avons pro-
posé l'algorithme WPF a équité proportionnelle pondérée comme compromis entre le
débit et I'équité entre les utilisateurs. Une étude théorique a été réalisée afin d’étudier
le comportement de cet algorithme proposé et de le comparer a l'algorithme classique
PF. Ensuite, nous avons étudié I'algorithme WPF dans un contexte multi-cellulaire ou
linterference nuit aux performances du systéeme. En comparant au modéle de réutilisa-
tion de fréquence adopté en LTE, nous avons prouvé théoriquement et par simulations
que notre algorithme proposé offre de meilleurs résultats. De plus, nous avons étudié
les stratégies d’atténuation d’interférence basées sur la coopération entre les stations de
bases (BS). Dans ce contexte, nous avons proposé un nouvel indicateur d’interférence
(EIl) qui permet, en utilisant des valeurs entieres, d’'indiquer le niveau d’interférence de
chaque sous-porteuse en fonction de ses secteurs d’allocation dans les cellules voisines.
L’allocation des sous-porteuses est donc effectuée dynamiquement en fonction des allo-
cations dans les cellules voisines.

En outre, nous avons abordé dans la deuxieme partie de cette thése l'allocation de
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ressource coopérative en utilisant des relais mobiles. Pour ce, nous avons considéré
que de simples utilisateurs ayant des bonnes conditions de canal peuvent relayer d’autres
utilisateurs en bordure de cellule. Ayant également leurs propores données a transmettre,
les relais multiplexent leurs données aux données a relayer avant la transmission a la BS.
Visant a approcher la solution optimale, nous avons formulé le probléme en un prob-
léme d’optimisation avec I'objectif de minimiser la puissance totale du systeme tout en
assurant un débit minimal par utilisateur. Dans un premier temps, nous avons proposé
une méthode d’association source-relai et nous avons proposé une solution sous-optimale
pour l'allocation de puissance et des RBs. Dans un deuxiéme temps, nous avons traité
la sélection de relai comme une variable d’optimisation additionnelle. Enfin, nous avons
appliqué le probleme étudié dans un systeme MIMO et nous avons étudié I'influence des
antennes multiples sur la puissance consommée. La décomposition de Lagrange a été
utilisée afin de résoudre les problémes d’optimisations étudiés et des heuristiques itéra-
tives de résolution ont été proposées.

Comme perspectives pour ces travaux, nous envisageons d’étudier la faisabilité des dif-
férents algorithmes proposés pour un systéme ou la connaissance du canal est partielle
ou dans un systéme multi-cellulaire asynchrone. La robustesse et I'application de nos
algorithmes dans des systemes réels peut donc étre étudiée. Ensuite, il nous semble
intéressant de quantifier I'échange de lindicateur Ell entre les BS et voir l'effet d'un
échange périodique et non pas tous les TTls. De plus, le cas de relais full-duplex étudié
peut mériter plus d’attention. Il présente une borne supérieure et son application dans
les réseaux modernes peut apporter un gain considérable.
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AF Amplify and Forward

AWGN Additive White Gaussian Noise
BS Base Station

CcP Cyclic Prefix

DF Decode and Forward
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FFR Fractional Frequency Reuse
FFT Fast Fourier Transform

GPP Generation Partnership Project
ICI Inter-Cell Interference

IFFT Inverse Fast Fourier Transform
KKT Karush Kuhn Tucker conditions
MIMO Multiple Input Multiple Output
LTE Long Term Evolution

OFDMA  Orthogonal Frequency Division Multiple Access
PF Proportional Fair

QoS Quality of Service

RB Resource Block

SINR Signal to Interference plus Noise Ratio
SISO Single to Input Single Output

SNR Signalto Noise Ratio

SVD Single Value Decomposition

TTI Transmission Time Interval

WPF Weighted Proportional Fair

WIMAX  Worldwide Interoperability for Microwave Access
Notations
Vectors and matrices are denoted by bold letters (e.g X). Other notational con-
ventions are summarized as follows:
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logo(-)
L(.)
\Y4i
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[X]*
E[]
varl.]
Ch
()"
()
()

In

The set of vector of length n with complex elements

The set of vector of length n with real elements

The set of vector of length n with real positive elements

The set of vector of length n with real strictly positive elements
The natural logarithm

The base 2 logarithm

The base 10 logarithm

Lagrangian of an optimization problem

The gradient of function f

The cardinality of the set Q. The number of elements in the finite set
The maximum between 0 and x

The expectation operator

The variance operator

The combination operator

The complex conjugate (Hermitian) transpose operator
The transpose operator

The optimal vector

The identity matrix of size n

Thesis specific notations
The following list consists of the most relevant notations used in the dissertation.
This list is not exhaustive.

Notations applicable in all chapters:
K Thenumberofusers

N  The number of subcarriers

B  The total available bandwidth

R The cell radius

Nk  The number of subcarriers allocated to user k
R:  The required target data rate per user

F1 The fairness index
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Notations specific to chapter 2:

Py
P:
Gt
G,

The transmit power

The received power

The antenna gains at the transmitter
The antenna gains at the receiver
The set of vector of length n of real elements
The pathloss exponent

The coherence bandwidth

The coherence bandwidth

The multipath time delay spread
The Doppler bandwidth

The speed of light

The mobile speed

The carrier frequency

Notations specific to chapter 3:

No
L
Sk
Rk
Pk
Af
P
RR)j
R
AR
VK]

Wk
S8ub k
1 1KY

d

The AWGN noise per subcarrier k

The pathloss of user k

The shadowing of user k

The data rate of user k

The maximum transmit power of user k
The bandwidth of a subcarrier

The power allocated for user k in subcarrierjat TTIm

The data rate of user k in subcarrierjat TTI m

The square Rayleigh fading between user k and the BS in subcarrierjat TTIm
The boolean allocation variable foruserk, subcarrierjatTTIm

The channel gain divided by the product of pathloss, shadowing and noise

for user k, subcarrier j at TTI m.
The weight of user k

The set of subcarriers assigned to userk at TTI m
The incremental utility for a user k and subcarrier j attime m
The probability distribution of random variable X

The distance of user k from the BS
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Notations specific to chapter 4:
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Ncells
RRX
Wk,c

VvK},c
akl,c

Lk
Sk
lj.c
am

kjo
Elljc

e“S‘C"C

bs,j,c'

The number of users in the cell border

The number of users in the cell center

The number of cells
The data rate of user k in cell c at TTI m
The weight of user k in cell ¢
The channel gain divided by the product of pathloss, shadowing and noise
for user k in cell ¢, subcarrier j at TTI m.
The square Rayleigh fading between user k and the BS
in cell c in subcarrier j at TTI m
The pathloss of user k in cell ¢
The shadowing of user k in cell ¢
The interference on subcarrier j for the cell c caused by the othercells ;.

The boolean allocation variable for userkin cell c, subcarrierjat TTIm
The incremental utility for a user k in cell c and subcarrier j attime m

The Ell value of subcarrier jincellc
The Ell value of sector s in ¢ if the considered cell is ¢
The boolean allocation variable of subcarrier j and sector s in cell ¢

Notations specific to chapter 5 and chapter 6:
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dk The distance of user k from the BS

di k' The distance between user k and user k'

gk,k!  The square Rayleigh fading between user k and the BS in subcarrier j
gk, k! The square Rayleigh fading between user k and user k' in subcarrier j
Lk The pathloss of user k corresponding the direct link to the BS

Lkk  The pathloss of user k to user k'

Sk The shadowing of user k corresponding the direct link to the BS

Sk The shadowing of user k to user k

Witk The channel gainforuserk and the BS in subcarrierj

vk The channel gainfor userk and userk'in subcarrier j

akk The boolean allocation variable for subcarrier j for the direct link of user k
to the BS

akk The boolean allocation variable for subcarrier j for the indirect link of user k
to user k

bk The boolean cooperation variable of user k

kK The potential gain for the direct link of user k for subcarrier j

ik  The potential gain for the pair (k, k') for the indirect link of user k through user k'
forsubcarrierj

L The number of antennas per user

Lt The number of transmit antennas per user
L, The number of receive antennas per user
Eix The potential gain using EPA

Fix The potential gain using beamforming






Chapter 1

Introduction

1.1 Background and motivation

Today, we witness a high evolution of application for wireless systems. Thus, re-
plying to quality of service requirements with always greedy data applications is
still an important challenge. In fact, applications with images, music and videos
require high data rate constraints which needs more efficient resource management
in communication systems.

Multicarrier techniques have been introduced and adopted to achieve required
data rates especially Orthogonal Frequency Division Multiplexing (OFDM). Ac-
tually, the main idea of OFDM multicarrier technology is to divide the wideband
frequency selective communication channel into several orthogonal subcarriers.
The bandwidth of each subcarrier has to be smaller than coherence bandwidth
of the propagation channel, consequently, the fading experienced by each sub-
carrier is small and in addition to the orthogonality between subcarriers, the
inter-symbol interference can be avoided. Orthogonal Frequency Division Mul-
tiple Access (OFDMA) is the multi-user variant of OFDM and is adopted for
various standards as WiIMAX [1] and LTE [2].

Moreover, resource allocation in wireless systems is is the key feature to satisfy
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users requirements considering the limited available bandwidth. Multiple algo-
rithms are proposed in the literature depending on the intended objective. Among
the classical ones we find the sum rate maximization algorithm which is the upper
bound of throughput. Besides, this algorithm is totally unfair while it serves only
the minority of users near to the Base Station (BS). Then, we find the max min
algorithm [3] with the main idea to maximize the lowest data rate in the system.
This algorithm is considered as the upper bound of fairness between users but
with which the system throughput is low. As a tradeoff between throughput and
fairness, proportional fairness is investigated in the literature [4][5].

The importance of resource allocation especially for the next generation of wire-
less systems has motivated researches to develop alternative solutions and propose
enhanced strategies to more efficiently manage the system resources. In addition,
the behavior of resource allocation algorithms has to be robust in multi-cell sys-
tems where the Inter-Cell Interference (ICI) limits the system performance. The
frequency reuse strategy is used in LTE to mitigate ICI but reduces the bandwidth
per cell [6] [2]. Cooperation between BSs is also investigated in the literature to
efficiently mitigate ICl with use of the total bandwidth in all cells. BS coopera-
tion may reduce the ICI but, depending on the quantity of data to exchange, the
cooperation cost may be significant [7][8][9].

Furthermore, relaying strategies have nowadays much attention to enhance sys-
tems performance. Relays can be fix or mobile and transmission may be estab-
lished through one or more hops. If relays are fix, they are a part of the access
network and a deployment cost is needed. On contrary, mobile relays do not ne-
cessitate any infrastructure cost but are totally unpredictable. The system can
not know in advance the number of available potential relays. The transmission
with relays is made in two time intervals [10] since the source has to transmit to its
relay in a first time and the relay forwards data to the destination in a second time.
Relay behavior is also investigated in literature and the classical scheme used in
relays are Decode and Forward (DF) and Amplify and Forward (AF). A DF relay
[18] decodes the received signal, encodes it and forwards it to destination. A AF
relay simply amplify the received signal before transmission to destination. If no
direct link is available between source and destination, relays are said repeaters.
Relays may also be used as virtual Multiple Input Multiple Output (MIMO)[11].
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In this case, combining techniques are needed in destination to extract the trans-
mitted signal. For systems with relays, relay selection [19] is an additional feature
to consider for resource allocation process. LTE standard [12] has adopted fixed
relays. Mobile relays present an important candidate for 5" generation (5G) of
wireless systems.

1.2 Thesis objectives

In this thesis, we mainly consider the resource allocation for an uplink OFDMA
system for a cellular system model ensuring Quality of Service (QoS) requirements
and fairness between users. The proposed resource allocation methods are appli-
cable to 4G LTE Advanced networks and future 5G networks. Parts of this study
can also be applied to ad hoc type networks.

The main objectives of the studies performed in this thesis are:

e Study the resource allocation algorithm and evaluate their performance con-
sidering the system throughput and fairness between users. Propose an im-

proved algorithm that approaches the upper bound of both system through-
put and fairness.

e Extend the resource allocation in a multi-cell system model. Evaluate the
multi-cell features especially the Inter-Cell Interference (ICI). Our aim is to

mitigate the ICI to improve the system performances. We here investigate
frequency reuse schemes as well as cooperation between BSs.

e Evaluate the potential gain offered by cooperation. In a system with mobile
relays, and contributing to green communication, we take into account sav-

ing battery life and reducing environmental effects in resource allocation, in
addition of QoS requirements. For this, resource allocation is formulated as a
global optimization problem having the green objective to minimize the sys-
tem transmit power and respecting QoS constraints. The aim is to approach
the optimal solution and to provide the best allocation scheme.

e Study the influence of cooperation on reducing the system transmit power.
We investigate multiple optimization features and study both half and full
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duplex behavior users. Moreover optimize the resource allocation in a MIMO
cooperative system model.

1.3 Thesis outline

Chapter 2 - Technical Background

Chapter 2 is devoted to introduce the basic element used in the rest of this dis-
sertation. The technical background concerning OFDMA, LTE, wireless channel
model, QoS and multi-cell features is presented. Then, mathematical tools for
optimization formulation and resolution are depicted. Multi-cell system model
will be studied in chapter 4. Optimization problems for resource allocation will be
studied in chapters 5 and 6.

Chapter 3 - Resource Allocation in a single cell model

In chapter 3, we study the resource allocation for an uplink OFDMA system for
one cell system model. The objective is to maximize the system throughput while
ensuring fairness between users. First, we study the existing algorithms for re-
source allocation and study their effects on both throughput and fairness using
utility functions. Then we propose a novel algorithm for resource allocation: the
Weighted Proportional Fair (WPF) inspired from the classical PF algorithm. The
main idea of the WPF algorithm is to add weights to the algorithm PF favoring
users with good channel conditions. A theoretical analysis is performed to study
the behavior of the WPF and to compare it to the classical PF algorithm. Sim-
ulation results show that the proposed algorithm approaches the upper bound of
throughput while ensuring fairness between users.

Chapter 4 - Resource Allocation in a multi-cell system model

In chapter 4, we propose resource allocation strategies for a multi-cell system model
where the performances are limited by the ICI. First, a resource allocation strategy
based on Fractional Frequency Reuse (FFR) and WPF is proposed to mitigate the
ICI. Resource allocation is made independently in each cell and thus no cooperation
between BSs is needed. Theoretical study and simulation results compare the
proposed algorithm to the classical FFR scheme used in the LTE standard and
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show that performances can be improved with the proposed method especially
in the cell center area concerning throughput. Moreover, the second part of this
chapter proposes a mitigation ICI strategy based on cooperation between BSs.
For this, the interference indicators are studied and a new Enhanced Interference
Indicator (Ell) is proposed. The Ell is exchanged by BSs and consists to indicate
the level of interference of RBs by integer values. The Ell aims to improve resource
allocation by considering allocations in neighboring cells. The Ell values and the
system dependencies are studied, and to reduce the high cost of BS cooperation,
only integer Ell values are communicated between BSs. Simulation results show
that system performance are improved considering the proposed ElI.

Chapter 5 - Resource Allocation in Cooperative OFDMA with Multi-
plexing Mobile Relays

In chapter 5, cooperative OFDMA system model is investigated. Uplink transmis-
sion from mobile users to the BS in a single cell are studied where half-duplex users
can directly transmit data to the BS or cooperate with another user as Decode
and Forward (DF) relay to carry data to the BS. A simple mobile user can then
act as a Not Relayed Source (NRS), relayed source (RS) or relay (R). In all cases,
all users have their own data to transmit, thus, a user acting as relay multiplex its
own data to relayed data to the BS. The resource allocation is formulated as an
optimization problem to find the optimal solution. For resolution, dual method
and Lagrangian Decomposition are adopted and an iterative sub-optimal heuristic
is proposed. In the first part of the chapter, the pairing step to associate RS to R
is performed as an initialization with the assumption that a RS can be relayed by
only one relay. The optimization problem aims to optimize Resource Block (RB)
and power allocation while minimizing the system transmit power. A target data
rate is also required by user. The objective is chosen for 5G communication in
the context of green communication and for saving users battery life. The second
part of this chapter, in addition to RB and power allocation, relay selection is
considered as an optimization variable and solved dynamically. A RS can then be
relayed by one or more relays in different RBs. With respect to the target data
rate per user constraint and aiming to minimize the system transmit power, an
iterative algorithm is proposed to find a sub-optimal solution for all resource al-
location features. Both half and full-duplex user cases are studied and compared.
Finally, we compare the two proposed methods.
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Chapter 6 - Resource Allocation in Cooperative OFDMA MIMO sys-
tem with Multiplexing Mobile Relays

In this chapter, we extend the cooperative resource allocation with multiplexing
relays for a MIMO system model. The objective are always to minimize the system
transmit power and to reduce the overall environmental effects, and the coopera-
tive system has to ensure a target data rate per user using multiplexing relays. An
optimization problem is formulated and solved theoretically to approach the opti-
mal solution. The features to optimize are relay selection, RB allocation and power
allocation. The MIMO system is studied and the global optimization problem is
decomposed into sub-problems for resolution. Moreover, for each user, power al-
location in the multiple antennas is studied. For this, two strategies are studied
and compared. First, Equal Power Allocation (EPA) is investigated where the user
equally divides its power in the antennas. Second, beamforming method is studied
where each user uses all its power in the best direction to avoid directions with
high signal attenuation. Theoretical expressions and simulation results are shown
to compare the system performances with the two power allocation strategies.

Chapter 7 - Conclusions and Perspectives

Chapter 7 draws final conclusions of the thesis, summarizes the main obtained
results and highlights the principle contributions of this dissertation. Finally,
perspectives and possible future research direction are provided.

1.4 List of publication
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1. S. Hamda, M. Pischella, D. Roviras, R. Bouallegue, “Uplink Resource Allo-
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1. S. Hamda, M. Pischella, D. Roviras, R. Bouallegue, “Analysis of
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2. S. Hamda, M. Pischella, D. Roviras, R. Bouallegue, “Fractional
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Chapter 2

Technical Background

2.1 Introduction

This chapter aims to present the basic elements used in the rest of the document.
First of all, we introduce the OFDM and OFDMA technologies adopted in the
system models in the next chapters and we show how the LTE standard uses them.
Then, we are interested to the wireless channel model given its importance in the
transmission process. For this, we expose the different features to consider in a
wireless channel as the pathloss, the fading, the noise, etc and present the system
model adopted in the rest of the document. The quality of service for wireless
systems is also defined in this chapter. Moreover, we focus on multi-cell systems
where the Inter-Cell Interference (ICl) affects the system performance especially
in the cell edge. We then present the classical methods to reduce the ICI as the
Fractional Frequency Reuse (FFR) and the BS cooperation. Resource allocation
in such system model is also described. Finally, we focus on mathematical tools
to solve resource allocation problems. For this we present how to formulate an
optimization problem, the associated constraints and the necessary steps to solve
it.
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2.2 Orthogonal Frequency Division Multiple Access (OFDMA)

OFDM is a multi-carrier modulation technique used for frequency selective chan-
nels to efficiently adapt the signal to the channel. The principle of OFDM is to
transform a bradband multipath channel into a set of flat fading sub-channels for
each subcarrier. The bandwidth of each subcarrier becomes small comparing to
the coherence channel bandwidth. OFDM offers then simple channel equalization
whenitmay be viewed as using many slowly-modulated narrowband signals rather
than one rapidly-modulated wideband signal [20].

1<

- - -
Serial | | T | Parallel Insert Digital Baseband
| o Modulation IFET to = Cyclic |= to (= " or
Parallel Serial Prefix Analog
-] - | L
Channel
Y
|- -] -— L
[—] —| — i
Parallel Dermo- Serial Remove Analog
.0 Modulation FFT © | Cyclic [ to i RED
Serial Parallel Prefix Digital Baseband
||

Figure 2.1: Implementation of an OFDM system

The orthogonality in OFDM is obtained by applying an Inverse Fast Fourier Trans-
form (IFFT) at the transmitter and a Fast Fourier Transform (FFT) at the receiver
(figure 2.1). To avoid inter-symbol interference, a Cyclic Prefix (CP) is added be-
tween OFDM symbols as a guard interval [20] (figure 2.2). OFDM is adopted for
various standards as IEEE802.11a, WiIMAX, LTE, DVB.

l Symbol So l Symbol S1

Figure 2.2: Cyclic prefix of an OFDM system

Time



Chapter 2. Technical Background 10

In a time invariant multipath channel, where CP is used, the input/output relation
is given by:
Y =HX+W (2.1)

where:

X is a vector of N complex symbols and is called an OFDM symbol,

Y is a vector of N complex received symbols,

N is the number of subcarriers and is equal to IFFT size,

H is a diagonal N X N matrix where the diagonal elements are the channel

complex gain for each subcarrier,

e W is a vector of size N with complex values and results from the additive
noise.

OFDMA is the multi-user version of OFDM where different users can transmit
simultaneously on different orthogonal subcarriers. The same subcarrier can then
be used by different users but not at the same time (see figure 2.3). Compar-
ing to TDMA and CDMA, the OFDMA is considered more advantageous since it
offers flexibility, simplicity and robustness especially against inter-symbol interfer-
ence and multi-path fading. OFDMA is also low sensitive to time synchronization
errors. Many standards have adopted the OFDMA technology for resource allo-
cation as IEEE 802.16 and LTE.
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Freﬁuency

User4

User3

User2 ; - -

User 1

Slot

Figure 2.3: OFDMA

In figure 2.3, subcarrier allocation is varying from one time slot to an other. In
LTE, the two time slot duration is called Transmission Time Interval (TTI) and
is equal to 1ms.

2.3 Long Term Evolution (LTE)

LTE [21] is a wireless communication standard developed by the 3GPP (3rd Gen-
eration Partnership Project) and adopted since 2009. The evolution of LTE in the
4™ Generation (4G) in wireless networks is the LTE Advanced proposed on 2011
and widely adopted on 2014.

LTE takes advantageous of OFDMA and uses two different variants for downlink
and uplink. For LTE, OFDM splits the frequency bandwidth into small subcarri-
ers spaced at 15 kHz. LTE assigns subcarriers to users grouped in RB. A RB is
composed by 12 subcarriers (see figure 2.4), it has then 180 kHz and is the smallest
unit of subcarriers that can be allocated to users. Bandwidths from 1.4 MHz up
to 20 MHz can be supported in LTE. The RBs not allocated are off in order to
save power.
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Resource Blocks

Resource grid

SJALIIBOQNS 2

T

Figure 2.4: Resource Blocks

1 Slot = 0.5 ms =7 symbols

LTE uses the OFDMA technique for the downlink to carry data from the BS to
the users. However, for the uplink from users to the BS, the Single Carrier FDMA
(SC-FDMA) is used. For the SC-FDMA, an additional step with a Discrete Fourier
Transform (DFT) is added before the conventional OFDMA processing, for this,
SC-FDMA is also called Linearly precoded OFDMA (LP-OFDMA).

The comparison of SC-FDMA and OFDMA is studied in the literature [22][23][24].
The main advantage of SC-FDMA compared to OFDMA is that SC-FDMA offers
lower Peak-to-Average Power Ratio (PAPR). This lower PAPR reduces battery
power consumption and improves uplink coverage and cell-edge performance. In
SC-FDMA, data are carried among multiple subcarriers and a complex receiver is
needed contrary to OFDMA where each subcarrier transports data coming from
one user only (see figure 2.5). SC-FDMA is used in LTE for the uplink while
OFDMA with simple equalization at the receiver is adopted for the downlink.
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Figure 2.5: OFDMA vs SC-FDMA. Different users have different colors

2.4 Wireless Channel Model

The transmission chain can be simply presented by a transmitter and a receiver
connected with atransmission medium called the channel. The transmitter adapts
the signal to transmit corresponding to the channel characteristics. The channel
is the principle cause of degradation that the received signal suffers from. It is
consequently important to have a good knowledge of the channel to efficiently
exploit it and offer high quality of transmission.

In wireless transmissions, the received signal is composed of several replicas of
the emitted one due to obstacles. These different replicas are related to wave
propagation phenomena like reflection, diffusion and scattering on obstacles. This
is shown on figure 2.7. The multipath nature of the channel results in complex
gains that are varying with the receiver or emitter position (emitter position in
the case of figure 2.7 where we consider the uplink). The fading gain related to
multipath is called small-scale fading. The small scale fading gain is frequency
selective due to the multipath and is also time varying due to the mobility of
the emitter, receiver or obstacles. An other attenuation of the received signal is
due to the distance between emitter and receiver and to obstacles between them.
Attenuation related to distance is the pathloss and attenuation due to obstacles
is called shadowing. These two attenuations are called large-scale fading. Both
large-scale fading and small-scale fading presented in figure 2.6 are time varying in
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function of the relative position of the emitter and receiver. Nevertheless, small-
scale fading varies where position varies of an order of magnitude of AE (where A
is the wavelength of carrier frequency, few centimeters for used carrier frequency)
and large-scale fading varies with position changes of the order of tens of meters.
Due to the different orders of magnitude in distances, large-scale fading is generally
kept constant for a user position while small-scale fading is considered as a time
varying fading gain.

241 Large-scalefading

The large-scale fading considers essentially the pathloss and the shadowing (see
figure 2.6).

e Pathloss
The pathloss is the attenuation caused by the path from the transmitter to

the receiver. The pathloss is modeled in function of the distance and models
are different for various environments (indoor, outdoor, urban, etc.).
Path loss when the antenna gains are included is given by:

P 1 4md °
PL(d) = 10'0910( Pr)z 10'0910 Gt Gr A

(2.2)

where P;and P, are respectively the transmit and the received powers. G;
and G, are respectively the antenna gains at the transmitter and the receiver.
d is the distance between the antennas. A is the wavelength. d and A are in
meter. a is the pathloss exponent varying from 2 to 5 [25]. For a free space
transmission, a is set to 2.

e Shadowing
The shadowing fading is caused by the objects obstructing the propagation

path between transmitter and receiver (generally buildings and hills). Gen-
erally, the shadowing is modeled by a log-normal random variable [26].

The large-scale fading are characterized to be frequency independent [27]. The
pathloss and the shadowing are considering as large-scale fading because they oc-
cur over relatively large distances.
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24.2 Small-scale fading

The fading is an attenuation that wireless signal suffers from. It can be due to mul-
tipath propagation and named multipath induced fading [28]. Figure 2.7 shows an
example of multipath environment for a system with one mobile user as transmit-
terandoneBSasreceiver. Sincethe BSis surroundedbyobstacles, manyreplicas
of the original signal reach the BS from different paths with different delays.
Small-scalefading canbefrequency selective infunction of the delay spread of the
channel. So, different frequencies or subcarriers will experiment different atten-
uations. two main parameters are used for characterizing the small-scale fading:
Coherence Bandwidth B, and Coherence Time T.,. Coherence bandwidth char-
acterizes the time varying nature of the small-scale fading gain and is principally
related to the mobility (speed) of emitter or receiver.

Many distribution functions can be used for modeling and designing fading gain
in wireless communication systems [28]. The most used ones are Rayleigh and
Ricean distributions. We can also find Nakagami and Weibull distributions.

N A - ———- Pathloss
~  _____ Shadowing
\\ Small-scale fading
A‘
\ v { ‘ . // /
T Ve

Signal level (dBm)

log(distance)

Figure 2.6: Fading types
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Figure 2.7: Mobile propagation environment (rural area)

2.4.3 Coherence Bandwith

The coherence bandwidth B; is considered as the bandwidth over which the chan-
nel gain can be considered as constant. When transmitted bandwidth is much
lower than the coherence bandwidth, B, the channel is called “flat fading” and
all frequencies or subcarriers are multiplied by the same gain. On the contrary,
when the transmitted bandwidth is larger than B, the channel is called “frequency
selective”. For classical systems, the channel is always frequency selective. Using
OFDM with the right number of subcarriers permits to have a flat fading channel
for each of the subcarriers. B, depends on the delay spread multipath time that
is the difference of the time of arrival between the earliest and the latest signals
considering multiple paths. B¢ in Hz can be expressed as:

1

BC:HS

where Ds is the multipath time delay spread and is expressed in seconds.
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244 Coherence Time

Because mobility of emitter, receiver and obstacles, the small scale fading is true
varying. The coherence time T, is the time duration where we can consider the
channel as invariant in the time domain. T, is given as:

where:

e By is called the Doppler bandwidth,
e c is the speed of light,
e V is the mobile speed,

e f.is the carrier frequency.

When symbol duration is lower than T.,we say that we are in “slow fading”
situation, meaning that channel can be considered as constant for many successive
symbols. On the contrary, when symbol duration is higher than T.,, we say that
we are in “fast fading” situation and the channel varies within a symbol duration.
Figure 2.8 illustrates the time and frequency channel small scale fading gain for
a vehicular channel, a mobile speed of 20 km/h and a carrier frequency f. = 1.86
Hz.

2.4.5 Noise

The noise can be defined as an unwanted signalinterfering with the desired signal.
Thenoiseisgenerallymodeled as a Gaussian process considering the central limit
theorem [29] and called Additive Gaussian White Noise (AWGN). It is summed to
the transmitted signal. If x is the transmitted complex vector, H is the channel
coefficient matrix and W the noise complex vector, the received signal can be
expressed as:

Y=XH+W
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Figure 2.8: Channel frequency response

2.4.6 Our Channel Model

In all system models studied along this PhD, some assumptions are made. Mobile
users are considered suffering from both pathloss and shadowing. The shadowing is
considered having a log-normal distribution with variance 6 dB and the pathloss is
considered according to the LTE model with frequency F = 2.6 GHz: L gs(dk) =
128.1 + 37.610g40(dk) where di is the distance in km of user k from the BS.

Then, Rayleigh slow fading is considered and the channel is assumed constant for
a period of an OFDM symbol. Independent Rayleigh gains are randomly drawn
for each subcarrier. The system considers also an AWGN noise with power density

No=—174dBm/Hz.

2.5 Quality of Service

In wireless communications, QoS is needed to measure users satisfaction. Actually,
QoS is specified by policies as system management to ensure some level of met-
rics considering delay constraints, reliability and data rate. In wireless networks,
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QoS is affected by many factors as attenuation, interference, noise, time varying
channel, user mobility, etc. The traffic management efficiency is then necessary
for getting good QoS and good resource utilization.

The parameters of QoS are defined by the users and the network manages its
bandwidth to satisfy the request. The most considered QoS parameters are delay,
jitter, packet loss and throughput [30]. Fairness is also a QoS parameter of inter-
est.

In chapters 3 and 4, we study resource allocation with proportional fairness objec-
tive, a period of time with M TTls is considered, the QoS parameter considered
is fairness between users among the assumed period. In chapters 5 and 6, we re-
solve optimization problems for resources allocation respecting a target data rate
constraint per user. This constraint traduces the required QoS.

2.6 Multi-cell features

In a multi-cell network, users are divided into several cells according to a regular
shape. Hexagonal cells as presented in figure 2.9 are conventional. Each cell is
covered by one Base Station (BS) to efficiently serve users (figure 2.9). Cells can
have different sizes: we can find macro cells with a radius up to 30 km, pico cells
solving a street issue with a radius between 200m and 2000m or femto cells covering
a home with a radius minor than 200m. Reducing the cell size allows to increase
the user capacity and to decrease the power consumption in mobile terminal but
needs a high number of handovers per user. Nowadays, wireless networks have
heterogeneous nature combining multiple cell types as presented in figure 2.10.
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Figure 2.9: Multi-cell system model
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Figure 2.10: Heterogeneous Network

The resource allocation in a multi-cell system is critical due to the reuse of fre-
quency and consequently to the caused interference. In fact, a cellular network is
composed by clusters where a cluster can contain one or more cells. The available
bandwidth is then reused in each cluster as presented in section 2.6.2. When two
users transmit data to two different destinations in the same frequency, each of
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them causes interference for the other.

In the next sections, we detail the interference channel, the most used methods to
avoid its effects: the fractional frequency reuse and the cooperation between BS
and we present the resource allocation in a multi-cell system model.

2.6.1 Inter-Cell Interference

For a multi-cell system model, the ICI is the key feature limiting the network
capacity since the same frequency can be used in neighboring cells. In fact, the
interference is caused when N independent transmitters carry their seperate data
to N independent receivers through a common channel. The case with N = 2 is
shown in figure 2.11.

In cellular networks and OFDMA, a frequency is allocated to only one user by

n1

Tx - Ry
Gz l
Tx2 Ry

Figure 2.11: Interference channel

cluster and subcarriers are orthogonal. Then, there is no intra-cell interference,
only inter-cell interference is considered. To mitigate ICI, many methods are
proposed in the literature but the most common are the FFR and the cooperation
between BS.

2.6.2 Fractional Frequency Reuse

The FFR method aims to avoid ICI especially in the cell edge by dividing the
available subcarriers into multiple subsets and using different subsets in neighbor-
ing cells. Figure 2.12 shows the examples of FFR = 3 and FFR = 7. The LTE
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standard adopts FFR =3 in the cell border, users in the cell center use the same
subset of subcarriers whereas users in cell edges use different subsets of subcarriers
as presented in figure 2.13. According to the considered FFR, the total bandwidth
is divided which implies the decrease of available resources per area but the ICI
is avoided in the cell edge. An optimal FFR is studied in [6]. In [31], the authors
study dynamic FFR schemes. FFR use in LTE standard is depicted in [32].

(a)FFR=3 (b)FFR=7

Figure 2.12: Frequency reuse
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Figure 2.13: Frequency reuse in LTE

2.6.3 BS cooperation

In addition to FFR, cooperation between BS is investigated to mitigate ICI with-
out decrease of the bandwidth [7]. BSs may exchange transmitted or received
data to better estimate the ICIl. Since BS communication needs high signaling
and affectsthen system performance, itis generally established through backhaul
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communication. Wireline communication can also be reduced to adjacent cells
only [33]. Moreover, a BS controller can be adopted where all BSs communicate
with, this can decrease communications between BS [34].

Moreover, interference indicators are offered by the LTE standard [21] to reduce
the high cost needed for BS cooperation. Instead of exchanging transmitted data,
BSs have only to communicate boolean indicators to highlight interfering sub-
carriers. These indicators can impact the resource allocation to avoid assigning
interfering subcarriers in the cell edge. Interference indicators are more detailed
in chapter 4.

2.6.4 Resource allocation for a multi-cell system

In a multi-cell system, resource allocation can be performed according to different
methods:

e Centralized resource allocation: A BS controller that has information from
all system entities and knows positions and channel characteristics of all BSs

and users is responsible to allocate the resources in the system. A high
signaling cost is needed for a such system model. However, interference can
be reduced. This kind of resource allocation will be used in chapters 5 and
6.

¢ Distributed resource allocation: The resource allocation is made for each cell
independently. No signaling is required since each cell ignores allocation in

neighboring cells and the interference level can be high. This kind of resource
allocation will be used in chapters 3 and 4.

e Hybrid resource allocation: The resource allocation is made for each cell con-
sidering the allocation in neighboring cells. The BSs cooperate and exchange

information to reduce the ICI. The signaling cost depends on the commu-
nicated data (users transmitted signals, interference indicators, etc.). This
kind of resource allocation will be used in chapter 4 (section 4.5).
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2.7 Optimization elements

In the second part of the dissertation (chapters 5 and 6), the resource allocation is
studied and formulated as an optimization problem. The resolution is established
using mathematical tools to solve optimization problems. In fact, the problems
dealt with in the thesis can be decomposed into convex optimization problems.
Convex problems have the advantages to offer a unique global optimum, formu-
lating a resource allocation as an optimization problem leads then to the best
allocation scheme. In the studied problems, we aim to optimize multiple variables
which adds complexity to the resolution process. In this case, at the expense of
some loss of performance, iterative methods are adopted to compute the variables
independently and sub-optimal heuristics are proposed.

In this section, we present the general formalization of convex optimization prob-
lem with the main objective and the associated constraints (section 2.7.1). Then,
we explain in section 2.7.2 the duality theory allowing to solve optimization prob-
lems using Lagrangian and Karush—Kuhn-Tucker (KKT) conditions. Our main
reference for convex optimization and dual method is Boyd & Vandenberghe [35].

271 Convex Optimization

A mono-objective optimization problem is formulated as follows:
minimize fy(x)
X

subjectto fi(x) <0,i=1..m
hi(x)=0,i=1..p (2.3)

Where x = [x4, .., X,]" is the optimization variable. fo : R® = R is the objective
function, f; : R"—> R, Vi € {1, ..., m} are the inequality constraint functions and
hi : R" = R, Vi € {1,...,p} are the equality constraint functions. A vector x*
is optimal if it has the smallest objective value among all the vectors satisfying
the constraints. When m = 0 and p = 0, the minimization problem is said
unconstrained. If m =0 and p > 0, it is an equality constrained minimization

problem and whenm > 0 and p =0, the problem is said an inequality constrained
one.
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An optimization problem expressed in the form (2.3) is convex when the objective
and the inequality constraint functions are convex and the equality constraint
functions are affine. The main property of a convex problem is that it has only one
global optimum. For an unconstrained problem, the global optimum is obtained
when the gradient of the objective function is null:

Vfo(x)=0

Convex sets and convex functions are defined as:

e Convex sets
A convex set C contains line segment between any two points in the set.

\V/X1,X2EC,OSGS1,9X1+(1—9)X2€C (24)

e Convex functions
A function f : R” — R is convex over a set domf if and only if domf is

convex and for all x,y € domf and 0 < 06 < 1, we have:

£(8 x+ (1 —0)y) < 0 f(x) + (1 — B)f(y) (2.5)

(x, f(x))

(y, f(y))

Figure 2.14: Convex function

If f is convex then —f is concave. For example, on R, exponential functions
are convex and logarithmic functions are concave. Affine functions can be

considered convex and concave. Power function x* on R.. is convex for
a=>1ora<0. x*onR::isconcave for0 <a <1.
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In the next section, we explain the duality method used in the dissertation for
optimization resolution.

2.7.2 Duality theory

We consider an optirrl]wization problem expressed in the form (2.3) and its non-
emptydomainD= """ domf, n n?=0 dombh;. This initial problem is called the

primal problem. The associated Lagrangian L : R" X R™ X R® — R is expressed

as follows:
.4 -p

L(x,A,v)="f(x)+ Afi(x)+ vihj(x) (2.6)
i=1 i=1
withdomL =D x R™ X RP, vectors A and v are the dual variables or Lagrangian
multiplier vectors associated to problem (2.3). A; is the Lagrangian multiplier
associated with the i inequality constraint f(x) < 0 and v; is the Lagrangian
multiplier associated with the i equality constraint h;(x) = 0.
The Lagrangian dual function g : R™ X RP — R is defined as the minimum value

of the Lagrangian over x € D, for A € R™ and v € R":

( - - \
g(A,v) =minpL(x,A,v) =minp fo(xX)+ Afi(x)+ a/ihi(x) (2.7)
i=1 i=1

Since the dual function is the minimum of a set of affine functions of (A,v),
it is always concave independently of the nature of the primal problem (2.3).
Consequently, we can approximate the optimal value of the primal problem by
solving the Lagrangian dual problem expressed as follows:

max g(A,v)
{AV}

subjectto A >0 Vie {1,...,m} (2.8)

The problem (2.8) is a convex optimization problem. Its solution is a unique global
optimal one. The solution (A", v*) are called optimal Lagrange multiplier or dual
optimal multiplier. If d* = g(A*, v*) is the optimal value of the dual problem
and p* is the optimal value of primal problem, we have the important inequality
d* < p*. This inequality holds even the primal problem is convex or not. The

difference p* — d* is called the optimal duality gap of the original problem. When
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p* and d* are infinite, the duality is considered weak and the primal problem is
considered infeasible. However, if the duality gap is equal to zero, the duality is
called strong, the optimal solution can then be found by solving the dual problem.
To find the optimal solution for the primal or the dual problem, Karush Kuhn
Tucker (KKT) conditions are generally used. If x* and (A", v*) are respectively the
primal and dual optimal points, for any optimization problem with differentiable
objective and constraint functions and for which the strong duality is verified,
optimal points must satisfy the KKT conditions as explained in equation (2.9).
Optimization problem can be decomposed into multiple sub-problems in the dual
space. Some constraints can also be relaxed. Dual decomposition is generally used
when the optimization problem has coupling variables. Decomposition methods
and their application are detailed in [36].

f(x)<0, Vie {1,..,m}
h(x*)=0, Vie {1,..,p}
20, Vie{1,..m}

A *

fi(x )=0, Vie{l,.,m}
(-4 »

Vo(x*)+ AiVHi(x")+ Vv*Vh(x*)=0 (2.9)
i=1 i=1
In this dissertation, optimization problems are used to solve resource allocation
in chapters 5 and 6. The primal problems are non convex, some relaxations are
made to formulate the resources allocation problems in a resolvable form. Then,
dual Lagrangian method [37] and decomposition theory [38][39] are investigated
to propose sub-optimal heuristics and to approach the optimal solution.

2.8 Conclusion

In this state of the art chapter, we have presented first OFDMA which is the
multiple access method used throughout the thesis. Next, we have presented the
channel model that will be used in all following chapters. The channel model has
a pathloss with pathloss exponent equal to 3.76 and a log normal shadowing with
standard deviation of 6 dB. Considering small-scale fading, independent Rayleigh
gains are affecting each subcarrier. Coherence time of the channel is supposed to
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be higher than OFDM symbol duration (Slow fading condition).

Inter-Cell Interference mitigation procedures have been presented with the FFR
of LTE that will be used in the following chapters. Finally, some basic concepts
on optimization problems have been presented and further used in chapters 5 and
6. Distributed resource allocation techniques will be studied in chapter 3 (single
cell model) and 4 (multi-cell model). In chapter 4, cooperation between cells
using interference indicators will be presented. Centralized resource allocation
techniques are studied in chapter 5 with multiplexing mobile relays and SISO
transmissions. MIMO systems are investigated in chapter 6.



Chapter 3

Resource Allocation in a single cell model

3.1 Introduction

In this chapter, we investigate the resource allocation problem for an uplink
OFDMA multiuser system. We study resource allocation algorithms for com-
parison with as principal comparative features the throughput and the fairness
between users. We focus on the Proportional Fairness (PF) approach which aims
to maximize the system throughput while ensuring fairness between users. Then,
we propose a Weighted Proportional Fair algorithm for resource allocation that
introduces priorities between users to better exploit good channel conditions in the
cell center. We also perform a theoretical analysis to compare both standard and
weighted proportional fair algorithms. Simulation results, compared to existing
algorithms, show that the proposed algorithm approaches the max sum rate upper
bound but still maintains sufficient fairness between users.

3.2 State of the art

OFDMA technology is widely used in the context of resources allocation for wire-
less data systems for its multiple strengths since it offers the simplicity of the

29
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receiver and avoids complicate equalizers [40]. In the literature, resource allo-
cation in OFDMA systems is discussed by a large number of authors for both
downlink and uplink. Resource allocation consists in subcarrier and power allo-
cations which can be performed statically or dynamically [41]. Moreover, utility
functions are used to measure users satisfaction depending on the goal to reach.
In [42] the same authors present several resource allocation algorithms. Mathe-
matical formulations for the resource allocation problems are derived in [43] with
several objectives and constraints. Actually, the system is totally unfair if it aims
to maximize the system throughput. Some kind of fairness can be introduced in
terms of allocated subcarriers or in terms of user rates with the Max-Min fairness
criterion[44]. Resource allocation problems can also be formulated with game the-
ory. In that case, the resolution is to achieve a Nash Bargaining [5]. Furthermore,
PF algorithms are used to guarantee a tradeoff between throughput and fairness
by considering previous allocations and can be improved by adding users priorities.

3.21 Utility functions

Resource allocation for wireless networks is based on efficiency and fairness as
principal features. Spectral efficiency is estimated by the system throughput that
can be unfair especially for users with bad channel conditions or cell edge users.
On the other hand, ensuring absolute fairness leads to low bandwidth efficiency.
Consequently, a tradeoff between efficiency and fairness is necessary for resource
allocation in wireless systems. In this context, utility theory [45] has been intro-
duced as an important concept by the economists to estimate the benefits from
using some resources and to measure user satisfaction. Moreover, utility functions
are used in communication networks to evaluate the system behavior depending
on quality of service requirements. Utility functions considering flow control and
routing are introduced for wireline networks. In fact, an utility function is de-
fined as an increasing function of the throughput, it may consider some other
measurements to better evaluate users satisfaction [45] such as waiting delays or
queuing sizes [40]. Theoretical analysis for different utility functions are given in
[46], especially for Max-Minfairness and Proportional Fairness.
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3.2.2 Existing algorithm for Resource Allocation

In this section, the most used resource allocation algorithms are presented. We dif-
ferentiate the efficiency of them by considering two principal features: the through-
put and the fairness.

e Max Sum Rate
The sum rate maximization consists in maximizing the sum of users’ through-

put without considering the rate of each user separately. In this case, users
with good channel conditions thus those near to the BS are advantaged and
earn all subcarriers. Consequently, users remote to the BS are totally ig-
nored. Allocation with the max sum rate maximize the system throughput
but the majority of users have a rate equal to zero. This allocation is then
totally unfair. The corresponding utility function in this case is simply the
userrate. With K users, the system objective is to maximize the total system

utility as follows:
K

k=Rk

maximize

e Max Min
The system with the Max Min criteria aims to ensure a minimal rate per user.

Contrary to the Max Sum Rate described above, this method favors users
with bad channel condition to earn a high number of subcarriers to achieve
the required data rate. The total system throughput decreases comparing
to the previous allocation but the local user throughput increases [3]. The
max min allocation is considered totally fair. The utility function for the
max min algorithm is still the data rate. The difference with the previous
algorithm is that the system objective has to respect a required minimal data
rate constraint per user as follows:

K

k=Rk
subjectto Ry = R; Vk

maximize

where R; is the required target data rate per user.
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e Proportional Fair
The Proportional Fair allocation is a resource allocation method which con-
siders both throughput and fairness. It therefore allows maximizing the total
throughput of the system without ignoring users with bad channel condi-
tions. In [4], the proportional fairness is defined as: a feasible rate vector
R™ = (Rm1, R”‘é..., RmLis proportional fair if for any other feasible rate vec-

tor R™ , the aggregate of proportional changes is negative:

KR™._pm
K *
k k

- Re =0

Where R is the cumulative rate of user k at the end of the m™ TTI.

The proportional fair algorithm considers a period of time, it can be unfair
at a considered TTI but after m TTls, all users are served considering a
proportional fair manner. If the instantaneous rate is considered for the PF
algorithm, the natural logarithm function is considered as a utility function.
The system objective can the be expressed as:

-«

maximize  log(R)
k=1

3.3 Chapter Structure

In this chapter, we focus on the PF algorithm and we propose a weight depending
on the average SNR experienced by users to improve the classical PF allocation.
Such weights in our proposed algorithm favor users with good channel conditions
but still maintains proportional fairness. In fact, adjusting the number of allocated
subcarriers according to channel conditions offers a higher system throughput and
proportional fairness criterion keeps fairness between users.

This chapter is organized as follows: section 3.4 describes the system model and
defines some essential used concepts, section 3.5 presents the proposed algorithm
for Weighted PF resource allocation and offers a theoretical analysis comparing
standard PF and WPF and section 3.6 depicts simulation results. Finally, section
3.7 concludes the chapter.
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3.4 System Model

We consider an uplink OFDMA transmission system in a single cell system model
with one BS, K users and N subcarriers. We assume that the channel is a
frequency-selective Rayleigh fading channel with slow fading and the noise is
AWGN. We also assume that the subcarriers are not shared by different users
and each subcarrier has a bandwith Af. Users have an uniform distribution in
the cell and each user k experiences a pathloss Ly and a shadowing Sk with log-
normal distribution. The channel gain coefficients for a user k and a subcarrier j
at TTI m can be expressed as:

m — gK’j (3.1)
Vk,j e —
LSk AfNg

Where gi; is the square Rayleigh fading between user k and the BS in subcarrier

j and Ny is the noise power density. With a maximum power Py for user k, the
total throughput in bits/s of this user is given by:

- &

m
Rk = Af K. kj 2 Kj Kk

m = Af amlog (1 +y™P™) (3.2)
j=1 j=1

Where B} is the power allocated in subcarrier j. a; is a boolean variable which
equals 1 if the subcarrier j is assigned to user k, 0 otherwise. We assume that
pathloss, shadowing and gy'; do not vary during the considered time frame.
In this chapter, the PF algorithm is studied and improved. In the next section,
the proposed algorithm Weighted PF is presented and compared to the classical
PF one.

3.5 Proposed Weighted PF

In this section, we explain the principle of our proposed WPF algorithm. Then,
we perform a theoretical analysis for both PF and WPF to compare the behavior
of each method.
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3.5.1 Principle

Although the PF algorithm provides fairness between users, it can be improved
by priorities depending on the users positions in the cell. Actually, it may be
better for users with unfavorable channel conditions to acquire a smaller number
of subcarriers to avoid wasting power. Users in the cell center can then take
advantage by having more subcarriers and increase the network throughput. To
exploit good channel conditions more efficiently in the cell center, we introduce in
this chapter a weighted PF algorithm. We propose a weight expression depending
essentially on the average SNR of the users. The proposed weight will be included
in the utility expression and will allow cell center users to earn more subcarriers
than cell edge users. The incremental utility for a user k and subcarrier j at time
m can then be expressed as [9]:

R B
um £
= [w] (3.3)
K.j RT_1 + iesM er(n,i K
and ( o \
Pk
Wk = Af |092 1+ LkSkNw (34)

Where S, is the set of subcarriers assigned to user k at the current m and

Rr the cumulative rate for user k until TTI m. wy is the weight of user k and
traduces the average data rate per user per subcarrier. 8 € [0; 1], setting 3 =0 we

find the standard PF. Subcarrier j is then allocated to the user with the highest
incremental utility:
k* = arg maxx U] (3.5)

After all subcarriers have been allocated in the cell, the power is equally assigned to

each users subcarriers. With | ST, | the cardinal of Siipx, Pij = ﬁ Vj € Ssubks
0 otherwise. The rate is finally calculated with equation (3.2).

3.5.2 Theoretical Analysis

In this section, we study theoretically the behavior of the PF and the WPF to
proof the influence of the weight introduced in the WPF. To demonstrate that
usersinthe cell center have more chances to earn subcarriers than the cell border
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users, we perform atheoretical analysis atthe first TTI (m = 1) with 2 users and
N subcarriers. To simplify notations, we set yi ; = ax.gk,j in (equation (3.1)). We
assume that user 1 is near to the BS and user 2 is at the cell border, therefore
aq >> ap and that Py = P, = P. We consider both standard Proportional
Fair (B = 0) and Weighted PF (B /= 0) algorithms for comparison.  is set to
RO

Q<<1Vke {12}

In the following, to simplify notations, we have dropped the time index m.

3.5.21 Standard PF algorithm
Here, we use the proposed algorithm but considering the incremental utility (equa-
tion (3.3)) without the weigth [wk]‘3 to analyse the traditional PF (or with f = 0).

e Forthe subcarrierj=1

Af log,(1+akgk1P). vy ¢ {1,2}

U1 = Rﬁ

Uq1 > Uz 4 with probability close to 1 because a4 >> a, thus subcarrier
j=1isallocated to user 1 with probability close to 1.

e Forthe subcarrierj=2

Uz = g 1002(1+a19125) , ;
1 +Af log,(1+a1Q91,15)
Aflog,(1+02922P)
22— R(Z)
Since R) = ¢ << 1, Uz, > Uy, then subcarrier j = 2 is allocated to user 2
with probability close to 1.

In the general case, the utility for user k € {1,2} and subcarrier j is expressed as:

Af |0g2(1 + Ok Gk, i)
Uk,j N,

R + Af  es. log,(1 + dkgk,i#\lj_k)’

Nk — 1 is the number of subcarriers already allocated to user k.

e |f the two users have the same number of subcarriers,
Comparing the two utilities is equivalent to compare two random variables
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X4 and Y with the same probability distribution. Pr(X4 >Y4)=0.5 and
the currentjisthenrandomly allocated.

Proof:

By neglecting R? = ¢ << 1, we have:

Pr(Uq; > Ug2;)=Pr(Xs>Y,q) with:

X1 = | 1 i I 1 i
1= 02 1+augqy; 092 1+a2g2i
i'€ESsub2 : N | N,
T P P
Y= log, 1+ ngz,jN—2 log, 1 "‘0191,iN_1

i€ Ssub,1
N1 = |Ssu,1| and N2 = |Ssup2|. Ssub,s @and Sgup2 have the same number

of elements, then, X; and Y are two independent random variables with
the same Cumulative distribution function Fx4(x) and the same Probability
density function px1(x).

Using:

X _te
Py Svn o Fx(viny) pv (y)dy (3.6)
We have:
PI"(U‘],J' > Uzyj) = PI"(X1 > Y1)

= . Fy1(y) px1(y)dy

{
=, Fx1(y) py1(y)dy
= Pr(Uz,j > U1,j)
Consequently: Pr(U;;>U;)=0.5

¢ [f user 1 has more subcarriers than user 2,
PF(U”‘ > Uz,j) = PF(X1 > Y1 +Z1)

With Z4 > 0 and Xy and Y, defined as before.

Consequently, Pr(Us; > U,;) <0.5 and user 2 has more chances to earn the
subcarrierj.
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To sum up, the classical PF assigns subcarriers to users sorted by pathloss consid-
ering mainly the number of previously allocated subcarriers. With this allocation
method, all users eventually have nearly the same number of sucarriers. However,
reducing the number of subcarriers at the cell border region will improve system
throughput which is the behavior of our proposed algorithm.

3.56.2.2 Weigthed PF

As with classical PF, j =1 is allocated to user 1 and j = 2 is allocated to user 2
with probability close to 1.

«j>2 Vke {12}

Uk,j = Af |092(1 + Gkgk‘J E_k) [WK]B ’
Rl +Af  iesg 10ga(1 + i)

If Nk — 1 is the number of subcarriers already allocated to user k, Pr(Uq; >
U,) can be expressed as Pr(Xz > Y;) with:

W1B
Xo= — B and Y2=A
W>

- P P
B= log, 1+ a1g1,jN— log, 1+ 0‘292,i'N— (3.7)
i'eS L 2
sub,2
- P P
A= . log, 1+ A292) log, 1+ Mg, (3.8)
| sub,1
C N
Pr(U1,j>U2,j)=Pr W B—A>O
W2
=Pr(C>0)

Where again we have neglected R? = ¢ << 1.

We have to express the probability distributions of A and B to evaluate the
probability distribution of C.

We assume that we are in high SNR and we use the approximation log,(1 +
a) = log,(a), then:
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X =log,(a1g1,P) follows a distribution Lx (u+1,012) with mean y1 and vari-
ance 042. Similarly:

Y = |ng(azgz,jp) ~ LY (Hz, 0'22)
Z =log,(a1g1;P)log,(a2g2;P) ~ Lz (U3, 03°)

As g4; and gy; are independent, X and Y are independent which implies:
E[X.Y]=E[X].E[Y]and

var(X.Y)=var(X)var(Y )+ var(X)[E(Y )]2
+var(Y)[E (X))

we have:

M3 = M1M2;
032=012022_,_012“2_,_022”2
2 1

Applying the central limit theorem [47], A and B follow normal distributions
with means pa and pg and variances o and og? expressed as:

Ma=N1pMo
MB =N2Mo
where Wo = Y3 — P210g5(N+1) — H110g2(N2) +10g,(N1) log,(N2) (3.9)

Where:

2
oi =O'120'22+N1O'22|J12—2N1 |J1O'22|ng(N1)+N1O'22|092(N1)2
1

+0'12}J22 - 2}.]20'12|092(N2)+012|092(N2)2 (3.10)
c 2
% =01%02°+02° 1% — 24102%10g5(N1)+ 02%10g5 (N1 )
2

+ N2012p22 - 2N2|J20'12 log,(N2) + N20'12 |092(N2)2 (3.11)

The computation of these equations is detailed in appendix A.
Finally, the random variable C follows then a normal distribution with mean
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Mc and variance 020 calculated as:

B
o= —1 Napo — Nipg (3.12)
W2
2B
O'C2 = \\:VT1 N20'|32 + N1C)'A2 (313)
2

Consequently:

Pr(Uq; >Uyj) = I?{r(C >0)

_ 1 (X = Hc)? .
0 ﬁc 2m ©XP 20¢2
C
=Q(—— 3.14
Q( OC) (3.14)
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Figure 3.1: Probability Pr(Uq > U2), N1 =10

The behavior of the WPF algorithm is tested to verify that it matches with equa-
tion (3.14). Simulations are made to compare the WPF to the equation (3.14).
Figure 3.1 shows the probability that user 1 acquires the discussed subcarrier j
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with theoretical expression (equation (3.14)) (Th) and simulations (Sim) when
N1 = 10. To calculate theoretical results, we evaluate p1, P2, 012 and o022 by
simulation. We can remark that theoretical results are more closed to simulations
for B =1, this is due to the high value of N.

With B = 0, we find the standard PF algorithm and for Ny = N2, as proved in the
previous section, the two users have the same chances to obtain the next subcar-
rier: Pr(U; > U,) = 0.5. Moroever, when (3 increases, the fairness decreases and
user 1 earns a higher number of subcarriers. We can see for example for § =1,

user 1 is favored to get subcarriers with Pr(U; > Uy) £ 1 until Ny — N2 = 6.

Only at this moment user 2 can win the next subcarrier in 50% of cases. Then, for
Ny — Nz ) 7, the next subcarrier is certainly allocated to user 2. Figure 3.1 shows

also that the necessary difference Ny — N, corresponding to Pr(Us > U,) = 0.5

grows with B. For different values of Ny, table 3.1 shows the minimum differ-
ence Ny — N, to have the same chances for the two users to acquire the discussed

subcarrier:
N1 — N2 for
N1 B=025|B=05|B=075B=1
N1 =5 1 1 2 3
N1 =10 2 3 5 6
N1 =15 3 5 7 9
N1 =20 4 7 10 12

Table 3.1: N4 — Nz for Pr(U1>U2)=0.5

3.6 Performance Evaluation

In the simulations, we consider a circular cell with radius of 0.5 km. We assume
a total bandwith B = 1.4 MHz, K = 20 users uniformly distributed and N = 72
subcarriers. The bandwith per subcarrier is Af = 15 KHz. We consider Rayleigh

channels with Slow Fading and AWGN noise with power density No = —174 dB-

m/Hz . The Shadowing has a log-normal distribution with standard deviation 6
dB and the Pathloss is considered according to the LTE model with frequency
F =2.6 GHz: Ly gs(dk) = 128.1 +37.610g4¢(dk) where dy is the distance in km of
user k from the BS.
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We consider 100 TTls for the WPF algorithm. 500 simulations are made and aver-
aged to have the results in the figures below. To compare with existing algorithms,
we denote by:

e MaxSumRate: The algorithm that aims to maximize the total system
throughput.

e WeightedPF: Our proposed algorithm Weighted Proportional Fairness with
different values of 3.

e PF: The standard PF or the WPF for 3 = 0.

e SameNbreSc: The algorithm which assigns the same number of subcarriers
to all users.

e MaxMin: The algorithm that aims to achieve a minimal throughput per
user.

3.6.1 throughput

Figure 3.2 shows the average system throughput for low and high transmit powers.
The MaxSumRate algorithm is obviously the upper bound for system through-
put. Then, by favoring cell border users, the MaxMin algorithm has the lowest
system throughput. Simulation results confirm that the PF algorithm assigns
nearly the same number of subcarriers for all users. If we do not consider the
MaxSumRate which is completely unfair, our proposed WeightedPF algorithm
has the best throughput. In addition to its proportional fairness, the figure shows
that the proposed algorithm offers high throughput near to the upper bound es-
pecially for low transmit powers. Compared to the standard PF, the relative gain
of the WPF grows with . For B = 0.5, this gains varies from 4% to 24% and for
B =1, it counts 7% until 29%.

Figure 3.3 shows the average throughput depending on the positions of users. We
note that the throughput at cell border is almost the same for PF, SameNbreSc
and WeightedPF algorithms. It is slightly higher for the MaxMin thanks to
the high number of subcarriers assigned in this region which disadvantages users
in the cell center and consequently the total system throughput as shown in Fig
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Figure 3.2: System Throughput

3.2. Moreover, we have not traced the MaxSumRate algorithm for a better read-
ability of the figure, it is clearly unfair in favoring users in the cell center (20000
Kbits/s for d = 0.02 Km) and in ignoring users in the border cell (0 Kbits/s for
d > 0.36 Km).

3.6.2 fairness

To evaluate the fairness of our algorithm, we adopt the Fairness Index (FI) [13],
The algorithm is more fair when its Fl approaches 1:

(g V2 ®
Fl= R« /K R (3.15)
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Figure 3.4 shows the fairnessindexes for the different algorithms. We can perceive
that the MaxSumRate algorithm is totally unfair, the MaxMin is the upper
bound for fairness indexes and the WeightedPF algorithm achieves 87% of fair-
ness for B = 0.5 and 77% for B = 1 for high transmit power values. Compared
with the standard PF algorithm, the proposed WeightedPF algorithm loses some
fairness but with Figure 3.3, we can remark that users at cell border loose only
15 % of their throughput when users in the cell center earn up to 45 % of their
throughput.

3.6.3 Influence of B

The WPF offers a tradeoff between throughput and fairness and depending on
the quality of service requirements, B can be adjusted. For different values of
B € [0;1] and for P = 21 dBm, table 3.2 shows the corresponding throughputs
and fairness indexes. P is chosen as the maximum transmit power of a mobile
terminal according to the 4G cellular network characteristics [14].

B 0.1 0.2 0.3 0.4 0.5
Throughput (Kbits/s) | 838.3 | 853.8 | 856.3 | 863 | 867.5
Fairness Index 094 | 093 | 0.91 0.89 | 0.87
B 0.6 0.7 0.8 0.9 1
Throughput (Kbits/s) | 869 877 | 876.5 | 886.2 | 890.8
Fairness Index 0.86 | 0.83 | 082 | 0.79 | 0.76

Table 3.2: Throughput and Fairness Indexes for B € [0; 1]

3.7 Conclusion

In this chapter, we studied the most used resources allocation algorithms and
focused on Proportional Fairness allocation. Then, we proposed a Weighted Pro-
portional Fair algorithm to improve total system throughput with a low decrease
of the system fairness. To compare the behavior of the proposed algorithm to the
classical PF one, a theoretical analysis was performed. In fact, the PF algorithm
assigns nearly the same number of subcarriers for all users ordered by pathloss.
The proposed WPF aims to assign more subcarriers in the cell center than in the
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cell border to exploit good channel conditions while keeping sufficient fairness be-
tween users.

A theoretical analysis and simulation results have shown that the proposed algo-
rithm achieves a high system throughput near to the totally unfair upper bound.
It also provides interesting values of the fairness index especially for high transmit
power.

The proposed WPF criterion can be easily implemented in wireless networks and
the B parameter can be adapted to the QoS requirements either statically or dy-
namically. In addition, decreasing the number of subcarriers assigned to users in
the cell edge can reduce the inter-cell interference (ICI) in a multi-cell context. A
such muti-cell system model will be studied in the next chapter.



Chapter 4

Resource Allocation in a multi-cell system

model

4.1 Introduction

In this chapter, the resource allocation in a multi-cell system model is studied.
The challenge is to have high system performance in such systems where the ICI
can be important. Dividing the users in two areas per cell, cell center and cell
edge as adopted in the LTE standard, we reduce the ICI by two different manners.
First, the weighted proportional fair proposed in the previous chapter is applied
in the multi-cell system. The system performances are compared to the classical
Fractional Frequency Reuse (FFR) used by LTE considering theoretical expres-
sions and simulations. Both throughput and fairness features are considered for
comparison. Then, BS cooperation based on the interference indicators is investi-
gated to reduce ICI. For this purpose, we present a novel Enhanced Interference
Indicator (Ell) for each subcarrier per cell to indicate its interference level. BSs
cooperate by exchanging the Ell table and try to assign subcarriers in a manner
that avoids high ICI. The Ell values are studied to efficiently estimate ICI levels
per subcarrier to reduce interference in the cell edge without complex cooperation

46
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between BSs. The resource allocation is then performed according to the PF cri-
terion considering the Ell as the interference estimation. Simulation results show
that with low cost BSs communication, the Ell improves the system performances.
We also study the system fairness and show that the use of Ell does not affect it.

4.2 State of the art

For multi-cell systems, users in the neighboring cells that are transmitting in the
same frequency at the same time cause the ICI which deteriorates the system per-
formance. To mitigate the ICI, several approaches exist in the literature. Many
interference avoidance techniques are proposed but the most common approach
is to use the FFR. In [48], the authors offer a probabilistic method to avoid in-
terference by shutting down the subcarriers having a high level of interference.
With the FFR pattern, the use of the same subcarriers in the adjacent cells can
be avoided to eliminate interference especially in the cell border. We can find
static and dynamic reuse schemes with different level of complexity. In general,
static reuse schemes using FFR are adopted for mobile networks where the users
are divided into two areas: the cell center and the cell border. For all the system
cells, the same subset of subcarriers is used in the center area, however, different
subsets of subcarriers are used in the border areas. The interference is lowered in
the border cells which improves the system performance but the total resources
are divided according to the adopted FFR scheme. New interference avoidance
algorithms are proposed in [31] using Fractional Time Reuse (FTR) and Fractional
Time and Frequency Reuse (FTFR). In [6], the author aims to find the optimal
FFR to use in the cell border and to determine the resources to allocate in each
area. We can also find cooperative models where the base stations communicate
to avoid the interference effect [8][9]. In addition to the FFR models, the resource
allocation can be performed depending on the system objective. The resource al-
location algorithm is applied independently in each cell area considering the ICI.
A dynamic FFR algorithm based on PF allocation is proposed in [49] to assign
subcarriers in each cell area and to keep fairness between users.

Moreover, for BSs cooperation, multiple strategies are studied [7]. BSs may co-
operate through wireless communication, which can generate heavy signaling load
and decrease the system data rate. BSs may also communicate through backhaul
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links, then the exchanged information do not affect the system performance. In
[33], each BS communicates only with its adjacent cells with both unidirectional
and bidirectional backhaul links to reduce communication cost. In [50], an iter-
ative scheme is introduced where BSs exchange decoded messages iteratively to
eliminate ICI. The uplink interference cancellation method is also presented in
[34] where Base Station Controller (BC) collects information from BSs through
the network to benefit of the ’unlimited’ capacity of the backbone network com-
paring to the wireless air interface and aim at eliminating ICI.

BSs cooperation may lead to higher system performance compared to systems
without cooperation but requires heavy communication between BSs. To benefit
from the BS communication without high cost, the LTE standard [21] proposes
different defined interference indicators to exchange through X2 interface. First,
the reactive Overload Indicator (Ol) [2] uses three levels (low, medium or high)
to measure the interference. The BS can change its allocation according to the
received indicators. Then, the proactive High Interference Indicator (HIl) [2] that
represented by a boolean value, indicates if a resource block is considered inter-
fered or not. Using the HII, each BS communicates the resource blocks assigned
in the cell edge. The standard does not specify explicitely how a BS should react
to HIl but the best reaction is that this BS avoids scheduling resources with high
HIl in the cell edge.

4.3 Chapter’s Structure

In this chapter, the resource allocation for a multi-cell system model is studied.
The challenge is to have high system performance in a such systems where the ICI
can be important.

In the first part of this chapter (section 4.4), we apply the weighted proportional
fair in a multi-cell context. In the previous chapter and in[51], we introduced the
WPF algorithm in a single cell model and provided a theoretical analysis showing
the gain performed comparing to the classical PF allocation. We aim in this chap-
ter to enlarge our study and apply the WPF algorithm in a multi-cell system. In
this scheme, the ICI can be reduced by favoring the users in the cell centers thanks
to the user weights. To reduce the ICI and to maintain fairness in the system,
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the user weights are adapted and the system performance is improved comparing
to the classical FFR model. In section 4.4.1, the system model is presented. The
proposed scheme is described in section 4.4.2. The system performance evaluation
is made in section 4.4.3 and section 4.4.4 depicts simulation results.

The second part of this chapter (section 4.5) considers cooperation between BSs
using the interference indicators. For this, we focus on a proactive indicator that
each BS communicates to its neighboring cells to avoid high ICI in the uplink
without increase of complexity. For this purpose, we propose a novel Enhanced
Interference Indicator (Ell) operating as the HIl but with integer values, to eval-
uate interference levels more accurately. The cell edge in our scheme is divided
in several sectors and a Ell value corresponding to a given subcarrier depends on
the sector in which the subcarrier is assigned in the neighboring cells. Considering
the EIl values from its neighboring cells, a BS assigns subcarriers to users with
the aim to generate as low ICI as possible. The system performance can thus be
improved without high amount of communication between BSs. The section 4.5 is
organized as follows: 4.5.1 presents the adopted multi-cell system model, section
4.5.2 describes the proposed Ell, explains in details how to use it and details the
used allocation algorithm. Then, section 4.5.3 depicts the simulation results that
compare the allocation process with the proposed Ell, with the standard HIl and
without interference indicator at all.

4.4 Weighted PF for MultiCell System Model

In this section, the WPF algorithm introduced in the previous chapter is applied
in a multi-cell system model considering the ICI.

441 System model

We consider an uplink multi-cell OFDMA transmission system with C cells. In
each cell, we have one BS with an omnidirectional antenna, K users and N sub-
carriers. The users in a cell have an uniform distribution and each user k in a cell
c experiences a pathloss Lx . and a shadowing Sk ¢ with log-normal distribution.
We also consider that a subcarrier has a bandwith Af and is exclusively allocated
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to one user per cell. The channel is assumed a frequency-selective Rayleigh fading
channel with slow fading and the noise is AWGN. The channel gain coefficients
for a user k and a subcarrier j in a cell c at TTI m can be expressed as shown in
equation (4.1). We note by channel gain coefficients the Rayleigh gains divided by
the product of pathloss, shadowing and the sum of the noise and the interference.

m
QM.,c
y©oo_
kic = keSke(Nse ¥ ljc (4.1)
)
Nsc = Af NO

Where g, . is the square Rayleigh fading between user k and the BS of the cell ¢
in subcarrier j, m is the TTI index, Ng¢ is the noise per subcarrier and Ny is the
noise power density. l; ; is the interference on subcarrier j for the cell c caused by
the other cells. With a maximum power P for user k (equation(4.3)), the total
throughput in bits/s of this user in the cell c is given by:

-l

RRc = Af akm,j,c |°92 (1 + Vlgjj ,C 'r(nj) (42)
j=1

z

P = agy.cPKj (4.3)
j=1

Where P, is the power allocated in subcarrier j. ai, . is a boolean variable which
equals 1 if the subcarrier j is assigned to user k in the current c, 0 otherwise.
We assume that pathloss and shadowing do not vary during the considered time
frame.
Moreover, we consider that users in a cell are equally divided into two areas:
cell center and cell border. With the uniform distribution assumed, a user is
considered in the cell center if his distance from the BS is di < % with R the cell
radius (figure 4.1). Consequently, if the user’s distribution in the cell is uniform,
approximately half of the users are located in each area.

44.2 Proposed model

In this section, we present our proposed models for the frequency reuse and the
resources allocation to improve the system throughput compared to the classical
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LTE model.

44.21 Proposed FFR

The classical partial FFR used in LTE [15][16] consists on dividing the subcar'[liers

into four sets F¢,F2,F3 and F4 with equal number of subcarriers Ng, = , for

n € [1..4]. Then, the same set F4 is used for all cells centers whereasa FFR =3
is used for cells borders with different sets F», F3 and F4 (figure 4.1.a).

We propose toimprove ?\lspeciallythe cellcenterthroughput by usingonly two sets

4 and F, with Ng; = ; forn € {1,2}. Users in the center use then subcarriers
in F1 and those in the brder use subcarriers in F2 with FFR =1 (figure 4.1.b).

Since the number of subcarriers is doubled in the cell center, the throughput in

F2 F'2

Fs3 F’2

(@) (b)

Figure 4.1: LTE FFR - Studied FFR

this zone and so the total cell’s throughput will be improved. However, the used
FFR =1 in the cell border leads to more interference. We will show in the next
sections that the throughput lost in the border area is low compared to the gain
reachedinthe cell center.

4.4.2.2 Resource Allocation via WPF

In each zone of each cell, we adopt the WPF criterion to assign subcarriers to
users. This allocation is based on the PF allocation to guarantee fairness between
users and is improved by priorities depending on the users positions in the cell for
a higher system throughput [51]. Consequently, in each cell ¢, a subcarrier j is
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assigned to user k maximizing the incremental utility: k* = arg max, U"

k,j,c
With: m
U m RM'C B
.= W,
e RmSt *ieep,, e M (4.4)
and
( o \
Wi =lo 1+ 4 4.5
ko 92 Lk,cSk,c(Nsc + IO) ( )
Where R, is the cumulated rate of user k at the end of the m™ TTI, 87, , . is

the set of subcarriers assigned to user k at the current m, w ¢ is the weigth of user

k. lp is an average interference calculated per user per subcarrier (see equation
(4.10)). B € [0; 1], we remind that setting 8 = 0, we find the standard PF.

4.4.3 Theoretical expressions of throughput

To efficiently analyse the behaviour of our proposed model, we present the the-
oretical expressions of the throughputs in the cell center and in the cell border
separatly. In this section, to simplify, we drop the time index m and the cell index
C.

e The cell center throughput
In the cell center, we can neglect the low interference with respect to the
noise, the total throughput of this zone can then be expressed as:
For the classical FFR = 3 (called FFRS3 in the following):

Re = ar; AF log, 14 SePei (4.6)
K . I—kSstc
eKcjeF1
Where K is the set of the users in the cell center.
For the proposed Model:

Rep = a; Af log, 14+ Ok jPyj
K . . I—kSstc
eKcjeF4

=2 Rey (4.7)

Because we have the double of subcarriers for the proposed model: Ng; =
2.Np,.
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With the same number of users, increasing the number of subcarriers up-
grades the throughput and we can achieve the double of the rate provided
by the classical FFR3. The gain provided in this center zone increases the
total system throughput and allows better system performance.

e The cell border throughput
In the cell border, the classical FFR3 can avoid high interference. The

throughput, neglecting the interference term, can be expressed for high SNR
as:

- - _P .
Rp1 = ax; Af log, Lg—kks’;rléli—c (4.8)
keKpjeFn

n € [2..4] depending on the cell, Ky, is the set of the users in the cell border.
For the proposed Model:

Rb2 = Ak ,j AF |ng
keKpjeF,

ki Pk.j
I—kSk(Nsc + Iproposed)

(4.9)

Where lyroposed 18 the interference corresponding to the proposed model. The
interference is approximated as an interference per user per subcarrier as:

Ninterf P Kb

I = 4.10
° I—interf Nb ( )
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With:

— Ninterf: the number of the interfering users. In our system, we assume a
7 cells system model, we have then 6 interfering users for the cell border
where the FFR used is equal to 1. Even if the number of cells is more
than 7, we can consider that the potential interference is caused by only
6 neighboring cells.

— Ky: The set of the users in the cell border K, = K.

— Np: The set of the subcarriers in the cell border Ny = "‘3

P Ky
Ny

— P: The transmission power per user. is then the average power

per subcarrier.

— Linterf is the pathloss from the nearest user causing the interference. In
fact, an interfering user can be situated all over the neighboring cell,
but the interference it causes is high only if it is situated near to the
considered cell. For this reason, we assume that the interfering user is
located in the border of the cell with distance d, = R from his BS. We
consider then the worst case of interference.

Figure 4.2: The position of the considered interfering user

To compare the two models, figure 4.3 shows the throughputin the border zone for
low and high transmit powers corresponding to equations (4.8)and (4.9). Forthese
theoretical results, the subcarriers’ allocation is performed randomly and doesn't
consider the WPF criterion which will be the case for the simulation results section.
Forlow SNR, we can note that the two models have nearly the same performance,
it is only for the high SNR where the proposed model is interference limited.
In fact, the loss of performance in the cell border for the WPF is offset by the
high gain in the cell center. In addition, we have note that interference is totally
neglectedinequation (4.8), evenitislow, the interference exists whenforequation
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(4.9), the interference is estimated as the 6 potential interfering users are situated
at the worst position with distance equal to R from the BS of the considered cell.

250 S

s—R
FFR3-border
—e— R
Proposed-border

200

150

Throughput (Kbits/s)

100

Figure 4.3: Throughput in the Border zone

4.4.3.1 The influence of the Weighted Proportional Fair

The WPF criterion is adopted for the ressource allocation which leads to priorities
between users. According to the quality of service requirements, the weight can
be ajusted by the B parameter (equation 4.4). Equation 4.5 shows that the weight
depends on the users position in the cell and it presents a decreasing function of
the distance. In this work, we study different values of  to evaluate the gain
provided by the users priorities.

Figure 4.4 presents the user weights for different positions in the cell. With 3 =0,
we find the classical Proportional Fair algorithm where all the users have the same
weightand willthen acquire the same numberof subcarriers whateverthe distance.
However, for 3 > 0, the system favors users near to the BS having good channel
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Figure 4.4. Weights versus Distance

conditions. The number of subcarriers allocated decreases with the users distance.
The WPF criterion still maintains proportional fairness between the users and
allows better system performance with the users’ priorities considered.

4.4.4 Simulation results

We consider for the simulations a multi-cell model with 7 circular cells with radius
of 1 km, each cell has one BS with an omnidirectional antenna, K = 20 users
uniformly distributed and N = 72 subcarriers. The users are divided into two
areas in each cell, users with distance d < J% are in the cell center and the
others are considered in the cell border. Per cell, we assume a total bandwidth
B = 1.4 MHz and a bandwidth per subcarrier Af = 15 KHz. We consider
Rayleigh channels with Slow Fading and AWGN noise with power density Ny =
—174 dBm/Hz . The users experience a log-normal Shadowing with variance 6

dB and a pathloss according to the LTE model with frequency F = 2.6 GHz:
Lk as(dk) = 128.1 + 37.6 logqo(dk) where dy is the distance in Km of user k from
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the BS.
We study two Frequency Reuse models for comparaison (figure 4.1):

e FFR = 3: The classical partial FFR adopted by the LTE model. 4 subbands
are considered, one for all cells center and 3 for cells border. Each cell uses

then only the half of the existing band to avoid inteference in the border
area.

e Proposed Model: Our proposed FFR. Each cell uses all the available band
divided equally for the two areas. Comparing to the FFR=3 model, the

double of the resources is exploited.

For the WPF algorithm, we consider 100 TTls, 500 simulations and study different
values of 3.

4441 System Throughput

Figure 4.5 presents the system throughput per user in function of the transmit
power. We study different valus of f and compare our proposed model to the
classical FFR= 3 of the LTE. We can remark that the FFR3 model is an increasing
function not limited by the interference but offers a lower throughput compared
to the proposed model especially for low transmit powers. For all transmit power
values, the proposed model allows a better or equal throughput system thanks
to the resource allocation adopted. Its gain decreases when the transmit power
increases because of the increased interference in the cell border, but the proposed
model still offers good performance comparing to the FFR3 model.

Adding user priorities with B improves the system throughput by favoring users
near to the BS. The gain provided by the proposed model varies from 8% to 45%
for 3 =1, from 5% to 41% for 3 = 0.5 and reaches 38% for = 0 at low emitted
power.

Figures4.6and 4.7 showthe average throughputaccordingtothe userspositions
in the cell. For low transmit powers as presented in figure 4.6, the behavior of
the FFR3 and the proposed model are similar in the cell border. However, the
proposed model offers in the cell center a large gain up to 60% for B = 1 and
up to 50% for B = 0. Moreover, for high transmit powers(figure 4.7), the gain in
the cell center persists for the proposed model but the interference in the border
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Figure 4.5: System Throughput

leads to some slight throughput decrease. Despite this low decrease, the total
system throughput remains better for the proposed model as proven in figure 4.5.
Comparing figures 4.6 and 4.7, we can also note that for very low distances, the
throughput is better for low transmit powers. This can be explained by the number
of subcarriers assigned and the interference suffered. Simulation results show that

for B = 1, users with d < 0.1 Km can win up to 15 subcarriers for Ppax = —10

dBm comparing to only 8 subcarriers for Pmaxe = 20 dBm. In fact, with low
transmit power, the throughput of these users remains low, they can then earn
a high number of subcarriers thanks to their high weights comparing to users far
from the BS. In addition, users transmitting with Phaxo are more limited by the
interference while interfering users transmit with the same power which lead to
this difference of the throughput.
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Figure 4.6: System Throughput versus Distance for Pmax = —10 dBm

4.4.4.2 Fairness

To evaluate the fairness of our algorithm, we adopt the Fairness Index (FI) [13],
The algorithm is more fair when its Fl approaches 1 as explained by equation 3.15
Table 4.1 compares the fairness indexes for the FFR = 3 and the proposed model
for low and high transmit powers. We note that the proposed model offers lower
values of fairness compared to the classical FFR = 3 model but the decrease is
kept quite low. The proposed model gives better system performance concerning
overall throughput while maintaining the system fairness.

We also confirm, as in chapter 3, that increasing P leads to the decrease of the
fairness. The B parameter can then be adjusted depending on the QoS require-
ments.
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Figure 4.7: System Throughput versus Distance for Pmax =20 dBm

Pmax= —10dBm
B=0|pB=05|B=1
FFR=3 0.57 0.42 0.31
ProposedModel | 0.5 0.37 0.28
Pmax=20dBm
B=0|B=05|B=1
FFR=3 0.75 0.72 0.61
ProposedModel | 0.7 0.59 0.5

Table 4.1: Fairness Indexes depending on transmit power values

4.5 Enhanced Interference Indicator

In the last section, interference mitigation by the use of frequency reuse is stud-
ied. Resource allocation is then established in each cell independently without
cooperation between BSs. In this section, the cooperation between BSs is studied
to efficiently mitigate the ICI. Comparing to the FFR method, the total band-
width is reused in all cells which increases the spatial diversity but ICI mitigation
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needs communication between BSs. The cost of BSs cooperation depends on the
exchanged data. Exchanging ICI indicators has the advantage to avoid high ICI
level with low communication cost. In this section, interference indicators are
studied and a novel interference indicator is proposed to reduce the ICI.

451 System model

We consider a multi-cell OFDMA system. Each cell has only one omnidirectional
antenna BS, K users uniformly distributed and N subcarriers with a bandwidth
Af each. We focus in this work on the uplink transmission from users to BSs. The
users experience both pathloss and shadowing. We consider a frequency-selective
Rayleigh fading channel with slow fading and AWGN noise. Note that a subcar-
rier is allocated to only one user per cell. Using the Proportional Fair Algorithm,
we consider a time period of m TTls. If we note the user k, the cell ¢ and the
subcarrier j, the channel gain coefficient yxjc at TTI m can be expressed by equa-
tion(4.1) and the total throughput (in bits/s) of user k in the cell ¢ is given by
equation (4.2). The users are uniformly distributed in the cell. In addition, we
assume that each cell is divided into two areas: cell center and cell border. We
have approximately the same number of users in the two areas: if the distance of
user k, dix > % with R the cell radius, k is considered in the cell edge. Moreover,
for the resource allocation, we adopt a full frequency reuse with half of the subcar-
riers in each area. The same set of subcarriers F is used in all cell centers and the
allocation in this area is independent of the other cells. The same set of subcarrier
F, is then used for all cell edges. The PF algorithm [52] is then considered to
assign subcarriers to users as a tradeoff between throughput and fairness in the
system.

The inconvenient of using the full FFR is the ICI in the cell border. In this work,
we adopt a simple communication between BSs with exchange of Enhanced Inter-
ference Indicator (Ell). The Ell has several levels that indicate if the subcarrier j
is not interfered, lowly interfered or very interfered for a better resource allocation.
In the next section, the proposed Ell will be explained in details.
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4.5.2 Interference Indicator based Allocation

Based on the HIl in the LTE standard notion [2], we introduce in this chapter
an enhanced interference indicator with different integer values. Being a boolean
variable, the standard HIl only shows if the subcarrier is considered interfered
or not. We aim to improve this indicator to have a more efficient cooperation
between BSs. For this purpose, the cell edge is divided into different sectors like
explained in figure 4.8. We treat here the users in the cell edge only. Each user is
characterized by its sector and the Ell is specified for one subcarrier in one cell.
The Ell value of a subcarrier j depends then on the sectors in which j is allocated
in the neighboring cells. Since we focus on the uplink, the interference depends
on the distance between the interfering user in the neighboring cell and the BS
in the considered cell. For this reason, to specify the Ell values, we analyze the
dependencies between the sectors in the multi-cell model and calculate effective
values of Ell.

4.5.21 System dependencies

The EIll aims at improving the resource allocation in the cell edges. To assign a
specified subcarrier j to users, the Ell's main objective is to decrease the utility of
subcarrier j for the users which will be very interfered if they earn j. For example,
figure 4.8 shows the dependencies of users in the central cell c1. These users will
be highly interfered if they acquire a subcarrier j already allocated in the sector
colored in red (valy) because of the small distance to the central BS. With a high
Ell value of j they will be disadvantaged to earn it. In fact, the best allocation for
usersinc1istogetsubcarriers allocated in sectors with the high distance possible
from the central BS which are sectors with the lowest Ell: vals (sectors 2 of the
cell 7 and sector 3 in cell 2 forexample). To complete the same example, figure 4.9
shows a specific allocation for a given subcarrier j. In this case, the central cell is
the last cell in the allocation process, which means that subcarriers have already
been allocated in all other cells and subcarrier j is already allocated in the colored
sectors. For users in cell 1, the Ell value of j is Ellj 1 = 2valy +3valy +valz. The
Ell is calculated with a heuristic method for all sectors to calculate then the PF
criterion (see equation(4.11)).
The Ell value of subcarrier j in cell c can then be expressed as:
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Ell=val1
Ell=val 2
Ell=val 3
Ell=val4

Figure 4.8: Example 1: System dependencies for the central cell

Sectors considered

Ell=val1
Ell=val 2
Ell=val3
Ell=val4

Figure 4.9: Example 2: The allocation is considered in the central cell, the discussed
subcarrier j is already allocated in the colored sectors
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--S

Elljc = bsjc " €iiscc 4.11)

c'/=c s=1

where S the sectors number (= 6 in this case), bsj¢ is a boolean variable that
indicates if subcarrier j is allocated in sector s in the cell ¢ or not, eiis ¢ ¢ Is the
Ell value of sector s in ¢ if the considered cellis c. eiis o' c € {valy,valy,vals,vals }.

The values of Ell (valy, valy, vals, vals) will be calculated in the next section.

4.5.2.2 Interference Indicator Values

The Ell values depend on the sector in which the current treated subcarrier is allo-
cated in the neighboring cells. To have accurate values, we calculate the distances
between a BS situated in a cell center and the sectors centers in neighboring cells
d4, dz, d3 and d4 depending on the cell radius R, as shown in figure 4.10.

el

(&
/N

Figure 4.10: Distances: d1 =1.3-R; d2=1.56-R;d3 =198 -R; d4 =2.16-R

—q0

Then, depending on the pathloss’s coefficient a, we compute val; = g;d

i € [1..4]. In the studied case, a=3.76 corresponding to the adopted LTE model
and o is a positive parameter o has a low influence if it is equal to 1. If o tends
to infinity, vals = 1 while valy, val, and vals are infinite, then, only subcarriers
allocated in sectors with Ell=vals will be allowed. We can deduce that when
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increasing o to infinity leads to a FFR = 6. To have an intermediate behavior,
we choose to set o = 2, Ell values correspond thus to the relative values as:
vali = 36, val, = 9, vals = 4, vals = 1. Ell values will be used as interference
terms in the resource allocation algorithm, as explained in the next section.

4.5.2.3 PF Allocation

To assign a subcarrier, we choose the best user considering the PF algorithm

kK* = arg max U:_. Where U:‘_ the incremental utility of user k in subcarrier j
g g

at TTI m defined in equation (4.4) : Referring to the equation (4.1) to calculate
the SINR of user k and subcarrier j in cell c, the ICl is estimated as:

Ell P K
I—interf Nb

o (4.12)
where Ell; ¢ is the Ell value corresponding to subcarrier j in cell ¢, K, the number
of the users in the cell border, Ny, the number of subcarriers allocated in the cell
border, P the user transmission power and Linrf the pathloss from the nearest

userk causing the interference (with di' =R). In fact, we consider the worst case

where the interfering user is in the extreme border. Pﬁfb is the average power per

user per subcarrier.

The Ell values aim to estimate the interference more accurately comparing to our
previous work (equation (4.9))[53]. In equation (4.9), the interference estimation
does not consider where the discussed subcarrier is allocated in the neighboring
cells. We have considered that the subcarrier is allocated in all other cells and we

have then the number of interfering users is equal to Ninterf = Nces — 1 where

Nceiis is the cells number. Furthermore, we have considered that interfering users
are situated in the worst position at a distance = R from the BS of the considered
cell. In this section, Ninters is substituted by the Ell value which allows a more
realistic estimation of the interference.

Moreover, we establish statistics forallocationin the central cellc1. Toberealistic,
c1 has not to be always the first cell for allocation, it is also not realistic if c1 is
always the last cell for allocation. Thus, we adopt a rotating allocation method
for the 7 cells in the system model. Each TTI, the order of the cells changes: for
TTIl =1, we start with cell 1, cell 2 ... until cell 7, for TTI = 2, we start with cell
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2, cell 1 becomes then the last cell to process, etc. This is used in order to have
some fairness between all cells for the resource allocation process.

4.5.2.4 BS Cooperation

To realize this Enhanced Interference Indicator Algorithm, each BS communicates
to neighboring BSs the sectors where subcarriers are allocated through the X2
interface in LTE, as for conventional HIl. Instead of a boolean, BSs exchange a
byte to indicate the Ell value for a subcarrier. The dependencies between cells
(figure 4.8) and the Ell values are initialized in all cells and thus does not need any
additional communication. A current BS has thus all the information to calculate
the Ell values for all subcarriers.

The proposed Ell cooperation does not need a lot of information to communicate.
Infact, BSs exchange boolean variables bs j ¢ to indicate if subcarrier j is allocated
in sector s of cell ¢ or not (equation (4.11)). The total number of bits exchanged
is then S X N X (Ngeys — 1) bits where S the number of sectors and N the number
of subcarriers. In addition, BSs cooperate through the backhaul to reduce the
exchange cost.

4.5.3 Simulation results

For the simulations, we consider the system model shown in figure 4.8 and the same
assumptions of section 4.4.4, only the number of users changes K =40 users. The
algorithm considers 100 TTIs where the cells order is changed in each TTI. 1000
iterations are considered to randomly distribute users’ positions, rayleigh fading
and shadowing.

We compare our algorithm with Ell to the standard HIl and to the system per-
formance without any interference indicator. For the standard HIl which is intro-
duced in section 4.5.2, a subcarrier is considered interfered if it is allocated in the
nearest sector: refering to figure 4.8, if the central cell is the latest cell to process,
a subcarrier j is considered interfered only if it is allocated in the sectors with
HIl = val; = 36. Otherwise, HIl = val, = valz = vals = 0.
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4.5.3.1 Instantanious Rate

We present in figure 4.11 the instantaneous rate for the central cell with Ell, with
HIl and without interference indicator. Since the system runs for only one TTI,
the central cell is the first cell to perform the resource allocation and the rotating
allocation method does not occur in this instantaneous result. The HIl offers then
a gain comparing to the system without interference indicator, but our proposed
Ell leads to better results. Moreover, it will be shown in the next section that the
HIl loses this gain when the system considers more TTls with the PF algorithm.
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Figure 4.11: Instantaneous Rate

4.5.3.2 Throughput

Figure 4.12 shows for different transmit power values the average system through-
put per user considering 100 TTls. We differenciate the border area where the Ell
and the HII are used from the whole cell. Simulation results indicate the benefit of
the Ell in the cell border that reaches 13% for high transmit powers (figure 4.13)
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Figure 4.12: System throughput

compared to the system without interference indicator.
We also note that the standard HIl does not offer always a gain especially for
high transmit power. This loss of throughput can be explained by the decrease

of diversity for the HIl system. In fact, with the HIl model, the system loses g
of user diversity because the users located in one sector per cell are prohibited
from transmitting due to the high HIl. Yet, some interfering users may still be
selected in the other interfering sectors. With the temporal rotating process, the
HIl has worse results than the system without interference indicator caused by

the decrease of user diversity and the presence of high interfering users. Since half

of the users are in the cell edge, improving their throughput from 7% to 13% is

interesting mainly since the system does not need a lot of communication between

BSs.
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Figure 4.13: Average gain of the proposed algorithm with Ell

4.5.3.3 Fairness

In this section, the system fairness is measured to prove the interest of the Inter-
ference Indicator by the fairness indicator introduced in equation(3.15). Table 4.2
compares the fairness indexes for the multicell model with and without Ell for low
and high transmit powers. We note that the use of the Ell influences lowly the
fairness index values. The Ell allows then a better throughput while maintaining
the system fairness.

The fairness is almost the same with and without the Ell due to the number of

Pmax= —10dBm Pmax =20 dBm
Without ElI 0.34 0.41
With Ell 0.33 0.39

Table 4.2: Fairness Indexes

subcarriers per user which is the same for the two schemes. In fact, with the Ell,
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the choice of subcarriers per user is changed but the number of subcarrier assigned
to each user still the same.

4.6 Conclusion

In this chapter, resource allocation for a multi-cell system model is investigated by
applying the WPF. The main contributions of this chapter are the application of
the WPF algorithm (presented in chapter 3) in a multi-cell system model. Thisis a
method to reduce the ICl without any cooperation between BSs. Then, the second
contribution is to propose an enhanced interference indicator that BSs exchange
to mitigate the ICI.

First, using WPF allocation, we have provided an analysis of a proposed FFR
schema combined to a WPF resource allocation. Comparing to the classical LTE
model, we proved that the system throughput is improved in the cell center with
a low decrease in the cell border. The WPF algorithm offers better results in
increasing the B parameter by favoring users with good channel conditions. This
parameter can be used to adjust the system throughput with the QoS required.
We also depicted the fairness for different studied schemes and the simulation
results show that the proposed model still maintains system proportional fairness.
Moreover, in the second part of this chapter, we used a simple cooperation between
BSs to improve the cell edge throughput. For this, we divide the users in different
sectors per cell and during the resource allocation, each BS communicates the
assigned subcarriers per sector to all surrounding BSs. In addition, based on
Enhanced Interference Indicator concept, each BS has initially a dependencies
table that indicates the Ell values for each neighboring sector. Using this table
and the information communicated by other cells, the current BS tries to efficiently
assign subcarriers and to avoid high interference. We prove by simulation results
that the BSs cooperation with EIl can offer up to 13% of gain without high
signaling exchange between them.






Chapter 5

Resource Allocation in Cooperative OFDMA

with Multiplexing Mobile Relays

5.1 Introduction

In this chapter, relaying strategies are studied. In wireless cellular networks, relays
are used to enhance mobile users performance especially in the cell edge where the
pathloss due to users’ location may lead to high signal attenuation. For such a
system model, several feature are important as relay selection and protocols used
in the relays. Relays can be fixed and deployed by cellular operators as a part of
the network’s infrastructure. This type of relays is standardized in the 4G wire-
less systems. Relays can also be mobile where simple mobile terminals may act
as relays for other terminals and do not need then any additional infrastructure.
This relay’s type enhancing system performance without additional deployment
cost is considered as a serious candidate for the 5G wireless system. We focus
on mobile relays in this chapter and study the resource allocation for an uplink
cooperative OFDMA system with multiplexing relays. Relays in our system are
mobile users with favorable locations to relay some cell edge user. Potential relays
multiplex then their own data to the relayed data to the BS. The system objective
considered is to minimize the whole system transmit power to save battery life and

72



Chapter 5. Resource Allocation in Cooperative OFDMA with Multiplexing Mobile
Relays 73

contribute to green communications reducing the overall environmental effects. A
required data rate per user constraint is also considered. After an initialization
step to associate source-relay pairs, the resource allocation is formulated as an
optimization problem and resolved theoretically. Simulation results show that the
proposed algorithm approaches the optimal solution and offers better results com-
paring to a system without relaying.

5.2 State of the art

Replying to quality of service requirement with always greedy data applications is
still an important challenge for wireless cellular networks. Technical constraints
pushes researchers and operators to provide solutions allowing users to acquire
high performances independently of their geographical distance from the BS. In
addition to the OFDMA technology, relays are among the principal features of
the 4™ Generation (4G) wireless systems. Relaying technologies, inspired from ad
hoc multihop networks, are currently receiving much attention to improve cellular
network’s performance where bandwidth and power are limited. Instead of deploy-
ing BS, relay stations become a solution to reduce high deployment costs and can
provide capacity and coverage comparable to small cells. Relaying data aims to
upgrade user’s performance especially in cell border where users suffer from large
signal attenuation. Relaying topology and behavior are standardized in both Long
Term Evolution (LTE) Advanced [12] and International Mobile Telecommunica-
tion Advanced (IMT-Advanced). In these standards, relays have to be fixed in
positions beforehand planned by the operators and become a part of the fixed ac-
cess network. Each relay is then attached to a designated BS in a static topology.
Moreover, relaying data can be considered for a single hop or for multihop using
one or multiple relays to transmit information from source to destination. In this
context, the LTE Advanced standard allows only two hops when the IEEE.802.s
standard offers a multihop relaying scheme [54].

Manyrelay transmission schemes are proposed torelay information from source to
destination in two time intervals [10][19]. A relay can use the Decode and Forward
scheme (DF) where it decodes the received signal in the first Transmit Time Inter-
val (TTI), re-encodes and then forwards it to destination in the second TTI [18].
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Arelay may also use Amplify and Forward scheme (AF) where it just forwards the
received signal with an amplification factor. It is proven in [10] that DF scheme
can achieve better performance than AF scheme, however, it is more complex.
Several solutions using relays are proposed in the literature. We can differentiate
relays used as virtual Multiple Input Multiple Output (MIMO) to exploit spatial
diversity [11][18] which need combining techniques at the destination and relays
used as repeaters where source has no directlink to destination [55].

Although only fixed relays’ architecture is optimized in the standards, mobility
is studied in the scientific community to offer dynamic relaying topology. Mo-
bile relaying has been investigated in the Wireless World Initiative New Radio
(WINNER) project [56] contributing in the development and the assessment of
3GPP LTE and IEEE 802.16 (WiMAX) [1] standards and in the Advanced Radio
Interface Technologies for 4G Systems (ARTIST4G) project providing innovative
concepts to cellular mobile radio communications [57]. Mobile relays can be con-
sidered as a serious candidate for future 5G wireless systems. A mobile relay can
have the same technical characteristics as a fixed relay but its location dynamically
changes. In [58], relaying use cases are studied to assess the relaying improvement
brought by mobile relays. Some examples for this type of mobile relays are relays
placed on transportation vehicles such as buses or trains. These relays can be
placed to serve users traveling in theses vehicles or to serve users in the street.
Another type of mobile relays is to use simple user terminals as relays. Users can
have advantageous location and channel conditions to relay some cell border users.
This type of mobile relay can upgrade system performance without additional in-
frastructure cost. An unpredictable dynamic topology is offered depending on
sources and relays mobility [59].

Resource allocation for cooperative networks has been actively studied in the liter-
ature for both downlink and uplink. The principal features to discuss are relay se-
lection, subcarriers allocation and power allocation that can be treated separately
or jointly. The selection of relay partners is an important element to successful
cooperative strategy [19]. The pairing step may be realized as a centralized process
where the BS collects necessary channel and location information from users and
relays and decides then to attach users to appropriate relays. Relay’s selection
may also be established in a distributed manner where users or relays decide to
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make cooperative pairs [10]. The distributed decision can generally achieve bet-
ter performance but needs more signaling overhead. Relay selection [19] can be
made before transmission, aiming to achieve some required level of performance.
It can also occur during the transmission time as a proactive selection or as an
on-demand relay selection when the direct link’s channel gain to the destination
decreases. We note that for multihop relaying, relay selection strategy have to be
repeated at each hop. In [59], the authors propose a relay selection method for
user terminals as mobile relays where they minimize the set of candidate relays to
reduce relay selection complexity.

Depending on the system objective and the constraints to respect, resource alloca-
tion for a system with relays is generally formulated as an optimization problem.
The resource allocation problems are then solved via mathematical tools or heuris-
tics to find the optimal or suboptimal solutions. In [55], the authors formulate
an optimization problem to maximize the total system throughput. The proposed
system model considers one source, one destination and a set of fixed AF relays
where the source may use one or multiple relays to transmit data to the destina-
tion. In [60], resource allocation considering an uplink relaying system with one
destination, several sources and several fixed relays is studied to maximize sys-
tem throughput using AF and DF schemes with the constraints of minimum data
rate and maximal transmission power per user. In [61], joint power allocation,
relay selection and subcarrier assignment with a minimal data rate per user is
discussed for a downlink system model with fixed relays. In [62], joint resource
allocation is considered for uplink system where relays are fixed. It is solved via
an iterative algorithm based on dual decomposition theory. The dual resolution
method is adopted after problem’s adaptations to solve the optimization problems
in [59][55][60]. Dual decomposition [39] consists in dividing the global problem
into subproblems to be solved independently. Dual method is a resolution method
for convex problems [35] and can be adopted for non convex problems [37] in some
cases without an optimality loss.
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5.3 Chapter’s structure

In this chapter, we propose a new resource allocation algorithm for an uplink
multiuser OFDMA relay network in the context of green communications where
we aim to save battery life by minimizing the consumed transmit power. We
consider a relaying system model where DF relays are simple users with advan-
tageous positions to relay cell-edge users. Relays forward to destination relayed
data multiplexed to their own data in different RB. The objective considered is to
minimize the total system transmit power while ensuring a minimum data rate per
user. A cell edge user decides to use either its direct link to BS or an indirect link
depending on the available relays by estimating the data rate that it can achieve
with both methods. Then, we formulate an optimization problem with required
quality of service per user to optimize both RB Allocation and Power Allocation.
Dual Lagrange decomposition is adopted for theoretical resolution and an iterative
algorithm is proposed to find optimal solution. In the literature, fixed relays are
generally investigated. In addition, relays have not data to transmit to the BS.
The major contribution of this work is that relays are mobile users and that have
their own information to transmit. To the best of our knowledge, this is the fist
work studying this system model where mobile relays multiplex their own data to
the relayed data.

In section 5.4, Power allocation and RBs allocation are studied as the optimization
variables, the source-relay pairing step is performed as an initialization. At the
beginning, depending on its location and on available relays, each user estimates
the achievable data rate among each link and decides then to cooperate or not. If
cooperation is chosen, a user can be relayed by only one relay. A relay can relay
one or more users. Once chosen, the association sources-relays remains constant
during the whole optimization algorithm. In section 5.5, in addition to Power
allocation and RBs allocation, relay selection is treated in the optimization prob-
lem and resolved dynamically. Contrary to the case treated in section 5.4, a user
can be relayed by one or more relays in different RBs and the cooperative pairs
can change along the resolution process. Finally, both methods are compared in
section 5.6.
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5.4 Joint Power and RB Allocation

541 System model

In this section, we present the adopted system model and assumptions. Then,
we formulate the optimization problem and the associated constraints. We finally
enumerate the resolution steps in the proposed algorithm.

S $(( )

R/

(a) Case 1: Not cooperative model

(« é))
B—"

(b) Case 2: Cooperative model

Figure 5.1: Example 1: Transmission schemes

Relaying is used in this work to improve uplink system performance from users
to BS. Simple mobile are used as relays and transmission can be made according
to two possible schemes: direct transmission where each user transmit directly to
the BS (figure 5.1a) or cooperative scheme where a user R can relay a source S in
addition to its own data (figure 5.1b) thanks to its position approximately at the
halfway between S and BS. We consider a single cell uplink OFDMA transmission
system with one BS with an omnidirectional antenna, K users and N RBs. The
channel is assumed a frequency-selective Rayleigh fading channel with slow fading
and the AWGN noise. The users are uniformly distributed in the cell and experi-
ence pathloss and log-normal shadowing.

Our model is a cooperative system where some users can be relays for other users
while still transmitting their own data. Source’s relayed data and relay’s data are
then multiplexed by the relay and transmitted to the BS. Users are divided into
three groups: Not Relayed Sources (NRS), Relays (R) and Relayed Sources (RS)
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(figure 5.2). Relays in our model are simple mobile users whose location can be

advantageous to relay some users located at the cell border.

Relayed sources zone

Relays zone

UL

«»

Base Station

Mobile User

]

Figure 5.2: System Model

Not Relayed sources zone

Let R be the cell’s radius and dix the distance between user k and the BS. In

order to simplify relay search, it has been decided the following:

e Users with distance dix < & will not have any advantage in being relayed

because of their low distance to BS. Furthermore, they are far from cell
border users so they are not seen as potential relays. Users with dy x < F%
will be thus non relayed sources and will not act as potential relays.

Users with distance dix > ZTR are in the cell border and will take advantage
in being relayed if a user at mid distance from them and the BS exists. Users
with dg > %R are thus potential relayed sources.

gsers \évRith distancegR <dkk < ZTR can act as potential relays for users with
kk =

— - Because of their relative low distance from the BS, these users
will not be relayed.

A mobile user with d x > 233 can have only one associated relay in order to
lower signaling.
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First, each user in the border finds its potential best relay and compares the data
rate that it can achieve with the indirect link using this relay to the data rate with
the direct link to the BS. It then decides between direct or indirect links. If the
user chooses the direct link, it becomes a NRS even if it is in the cell border. An
eventual Relay not used by any RS becomes also a NRS. At the end of this first
step, we have initialized sets of NRS, R and RS depending on the users coopera-
tion decision (see example 1 in figure 5.3). We assume that a relay can support
one or more RS but a RS can have only one relay.

@ Relayed sources
E Relays

Not Relayed sources

Figure 5.3: Example 2 : Initialized System Model

Mobile users are assumed half-duplex and thus cannot listen and transmit during
the same TTI. Full duplex transmission would require that received and transmit
data would use distant RBs in the frequency spectrum, to avoid inter-RB inter-
ferences. We will not consider that case in this section, but it wil be studied in
section 5.5 in order to obtain an upper bound on the performances. The trans-
mission process takes then two phases: In the first TTI, NRS transmit to the BS
and RS transmit to their relays while relays are listening. In the second TTI, RS
are silent, NRS and R transmit to the BS. R transmit at the same time their own
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data and the data of their relayed sources thanks to multi-carrier transmission.
For relayed data, the DF method is adopted at the relay.

The objective of our model is to outperform the system without cooperation in
minimizing the whole system transmission power subject to a constraint of minimal
rate per user. The objective has been chosen as optimizing energy consumption
to reduce the overall environmental effects.

We note that the theoretical expressions are performed for a period of one TTI.
A NRS k that transmits all TTls has a transmit power of ij in RB j. However,
for a relay transmitting the half of the time, the rate is divided by 2 to have the
average rate for one TTI. Considering an average transmit power and an average
data rate per TTI, the user rate in bits/s/Hz using the DF scheme for user k and
RBjcanbeexpressedas:

k =log, 1+Pyy, ., if kis a not relayed source (5.1a)
RJ i
R 1 JJ i
K= 2_min log, 1+Pyyy, ;log, 1+P.y, ~,ifkis arelayed source with relay r
(5.1b)
R 1 ( 1
K= 2_ log, 1+ P,y , ifkis arelay (5.1c)

Where Pﬂ; is the transmission power of user k in RB j and yjk,k- is the channel
coefficient gain expressed as:

Rk T 4—"*FL cx (5.2)

k.k' kk' b

j . .

gk,k- is the square Rayleigh fading in RB j between user k and user k if k /=k/, or
between userk and the BSifk =k . L x and Sk ¢ are respectively the pathloss
and the shadowing experienced by user k considering their directlinkswhen k =k’

and considering the indirect links via user k when k' /=k. Ny is the noise power
per RB.
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5.4.2 Problem formulation & Proposed Algorithm

5.4.2.1 Problem Formulation

Our objective is to minimize the whole system transmit power subject to several
constraints. If we consider one NRS, one RS and one R having RBs j, j and j"
respectively, table 5.1 details the consumed transmit power per user per TTI:

NRS | RS R
TTI 1 Pirs | pRks 0
TTI 2 PiiRs 0 P. + Pk
Average Power per TTl | pirs | 3pks | 2 PR 4 pK’

Table 5.1: Power expended per user per TTI

The general optimization problem for a system model with K users and N RBs is

expressed as:
T( ) N : . K N : .
minimize (1- Pyl pi+1==="  (pPl+pi) (53a)
a b, P 25 kk k2 b at kr k r
k=1j=1 5?1 r/=kK j
subjectto B
K K
T G S1Vii=1,.N (5.3b)
k=1 r=1
W wlN _ )
a , Rl>=R Vkk=1,.K (5.3¢)
r=1 j=1
a :
wr € 10,1} VK,r,j (5.3d)
be € {0,1} Vk (5.3¢)
pi >0 Vk,j (5.3f)
where

e b=[bs,b,,....,bk]" is the vector of users decisions of cooperation.
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e P is the power matrix per user in each RB:

=X 2 N
D 11 P'b F—— P'N D
P, P, .. P, ©
o o 5.4
P= M - ( )
- pt 2 N -
K PK ssss PK

e ais the RB allocation matrix per couple of (source, relay) and each RB j:

- a1 1 2 N
.. a a .. a
11 1K 811 1K
0 1 2 N oo
o 21 - 82 821 . @3k
a=. L .
: E (5.5)
L -
- oo : oo 0
a’ 1 2 N
K1 - 8kk 8kt - 8kk

e Constraint (5.3e) represents the cooperative decision for user k, by = 1 if

user k is involved in a cooperative manner (k is a relayed source or a relay),
bk =0 otherwise.

Constraints (5.3b)and (5.3d)representthe RB allocation constraints, @{( =
1 means that RB j is assigned to the transmission of user k towards the BS.
Al =1 with k /=r means that RB j is assigned to the transmission of user
k towards relay rin the first TTl and transmission of relayed data fromr to
BS in the second TTI. If a{(’r =1,thenbx=1and b, =1.

We highlight the difference between a, . and &/, for a RB j: for & ,, the
transmission considers user k as RS and user r as relay. However, for aik

user r is considered as RS when user k is considered as relay.

Constraint (5.3c) indicates the required target data rate per user R;.
Constraint (5.3f) ensures that all powers are positive.

The first item of the optimization problem (5.34a) represents both the trans-
mit power for a NRS in two TTls and the transmit power for a relay for

its proper data for only one TTI (expressed by the 15 factor). The second
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item of the optimization problem represents the transmit power consumed
to transmit relayed data.

In this work, the cooperation decision is considered performed as the first step of
problem resolution. Then, the optimization problem considering the RB allocation
and the power allocation will be solved using the Lagrangian method.

Relaying decision consists in comparing direct link to the BS to the best indirect
available link. For this, a potential RS s chooses first the best relay r* for it as

follows:
r* =max min(Ys., Yr.r) (5.6)
r

with ¥  the average channel coefficient gain between s and r defined as:

- 1
Viek = Lkk Skx Ni

Oncer*isfound, s comparesitwithits directlink to the BS. If {5 s < min(¥s v+, {=.r+),
then relaying will be advantageous for s, relaying scheme via r* is then adopted.
Else, relaying is considered not advantageous and s will be a NRS.

The different natures of the constraints makes the problem difficult to solve. Hav-
ing both continuous and boolean variables makes the problem a combinatorial
optimization problem with excessive computational complexity to find the global
optimal solution. To put our problem in a resolvable form, we relax the boolean
variable af(’r to be continuous in [0, 1] based on the time sharing process. A RB
is then shared by several users that can have the same RB j but not at the same
moment. It is proved that relaxing the optimization problem leads to an upper
bound solution of the primal optimization problem [38]. Itis also proved in [37][63]
that the duality gap of an optimization problem is considered insignificant if the
number of subcarrieris high'.

To solve our optimization problem, we propose a suboptimal heuristic based on
the dual method [37] that consists to find iteratively the optimal solution for the
two following subproblems:

1. The Sub-Optimal Power Allocation subproblem

2. The Sub-Optimal Resource Block Allocation subproblem

'We must note that in the final step of problem resolution, ajk’r are converted to boolean variables
(equation (11))
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The algorithm 1 presents the proposed iterative algorithm, the details of each step
will be detailed in the next sections.

Algorithm 1: Proposed Sub-Optimal algorithm for Relay selection, Resource Block and
Power Allocation (Problem(5.3))

1 Sub-Optimal Power Allocation (subproblem (5.13a))

Sub-Optimal RB Allocation using resulting powers from step 1 (subproblem (5.20))

Update Lagrangian variable (equation (5.27))

if condition of convergence is verified (equation (5.28)) then

L The sub-optimal solution is the RB Allocation resulting from step 2 with power
values resulting from step 1.

else

| return to step 1.

5.4.3 Problem Resolution

The dual method is adopted to resolve theoretically the optimization problem
(5.3). Solving the hard primal problem in the dual domain begins by decomposing
it into subproblems easier to solve. The master problem distributes to each sub-
problem the resources it can use and the price to pay. In turn, each subproblem
returns to the master problem its solution with the amount of the resources ituses
[39] (see figure 5.4).

Dual Problem —p MasterDual
Problem
/1 // \\ 'S
d e \\\\\
// 7/ AN AN
s/ ‘ A N
SubProblem SubProblem
Optimal Power Allocation Optimal RB Allocation
g 7/ AN L
//ﬂ/// \\\\\ //’// AN AN
e e \\\\ //// N N
i ‘ A\\ s ‘ ‘ \\
SubProblem SubProblem SubProblem SubProblem
1stRB | —————- NthRB 1st RB Nth RB

Figure 5.4: Hierarchy of the decomposed dual problem
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5.4.3.1 Dual Problem

The Lagrangian function of problem (5.3) is written as:

L L1 RT TN , _
L(a, b, P,A)= (1- )Eaj k’kP: + , b aJk k,r(P: + P:)
k=1 j=1 o
Ke Ke N i *
- MAa R+ ARy (5.7)

k=1 r=1 j=1 k=1

where A =[\1, A;, ...., Ac]" is the vector of dual variables associated to the required
data rate constraints.
The Lagrangian dual function is then expressed as:

il
7 min | (a, b, P, A)
- a, b, P
I subjectto
Uk K j _
U k=t =18 S TV

aN= (5.8)
~ 8, €[0.1]Vk,r,j
i
— by €[0.1] Vk
0
- pi20VkV]j

The problem can be solved by solving its dual problem as follows:
maximize g(A) (5.9)
A

subjectto A =0 Vk

The problem (5.9) is decomposed into N subproblems at each RB that can be
solved independently. The subproblem for each RB j can be expressed as:

'K b . . 1K . . Rk _ ,
Li@, b, P, A)= (1 - )a P'+_ = < - (PI+PJ) - Aa R
Kk k2 ba kr k r kr ok
k=1 2 k=1 k=1 r=1

/=K (5.10)
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K K
T ikr <1 VJ
k=1 r=1
akr € [0..1] VK,r1,]j (5.11)
bk € [0..1] VK (5.12)
pi 20 Vk Vj

To solve problem (5.10), a second decomposition is necessary to solve indepen-
dently the two subproblems (figure 5.4): Sub-Optimal Power Allocation and Sub-
Optimal RB Allocation.

5.4.3.2 Sub-Optimal Power Allocation for a given Resource Block Allocation

For a given RB allocation, we aim in this section to find the optimal power alloca-

tion. Assuming a.j(,, fixed Vk,r,j and A known Yk, only positive power’s constraint
remains (equation (5.3f)) and the optimization problem can be expressed as:

"k o K , . K K . .
minimize (1 — P)a PI+1 <= (Pl +pPl)- Aa R
p 5 kk k Q b & kr r kK kr K
k=1 k=1r k=1 r=1
/=k k
(5.13a)
subject to F>J'k >0 Vk Vj (5.13b)

Since only P is a variable, the optimization Lagrangian of this problem is convex
by definition and can be written as:

L bis R by 3 TRT 55
j (P)= - (1- E)ak,kpk + 5 - bkak,r(Pk +P,)
“ = iR
-] Mag Re— Vi Py (5.14)

k=1 r=1 k=1

where vli is the Langrangian variable associated to the power constraint. Since
the optimization problem (5.14) is convex, the KKT conditions are used to find
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Al gis =0 (5.15a)
vi_J
« Pk =0 Vk (5.15b)
w =0 Vk (5.15¢)

Considering the different types of users, we evaluate the optimal transmit power
for each user in each RB. This is done by differentiating L” with respect to P,
substituting equation (5.1) into equation (5.14) and applying the KKT conditions.
Depending on the user’s nature, the theoretical optimal power expressions are

calculated as follows:

e k is a not relayed source or a relay transmitting its own data in RB j:
j
P = A1
“ In(2)  vix

(5.16)

with [x]* = max{0, x}.

¢ Kk is a relayed source with relay r
Let us first remind the throughput expression:

RO ¢ 0 ) e

K = pminlog; 1+Pyyy, ;logz 1+Py,
In cooperative mode, the total transmit power is minimized when the source
and the relay forward the same amount of data.. Consequently, the rate is
the minimum of the rates on the two links (see the equation above). To

achieve this, we assume that:
pi i i
k Yir = Pr Yoo (5.17)
— Solving problem (5.14) leads to the following expression for the power
of the RS k in RB j:

A ! 1+
e _ (5.18)

IN2)(vi., +vir) Vi,

Qi:
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— From equation (5.17), we obtain that the power of the relay r for the
relayed data of RSk is: :
A Y 1 +
_kr - (5.19)
IN2) (Vi +vir)  Ver

pj=

Corresponding to users nature, optimal power expressions are calculated. We
can notice that a relay has different power expressions for its own data (equation
(5.16)) and for the data it relays (equation (5.19)).

5.4.3.3 Sub-Optimal Resource Block Allocation

The second subproblem to solve is the Optimal RB Allocation using the optimal
power allocation studied above. The Lagrangian per RB j can be then written as:

1% by o .1 K - J. . .
L@, AN)=((1- ")a P+ ba (P'+PJ)
2 kk k 9 kK kr k r
k=1 k=1
K K r/=k
- - i . K
- Ma R+ MRy (5.20)
k=1 r=1 ' k=1
subjectto
(5.3b), (5.11) and (5.12) (5.21)

The Lagrangian dual function is written as follows:
g(A) = min(L;) = max(—L;)
a a

g(A) can be written as:

K K i K
g(A) =maximize a’ GJ - MR (5.22)
a k,r k,r
k=1 r=1 k=1
where G = [G{(,r] is a K X K X N matrix representing the potential gain of couple
(k,r) if it earns RB j. The gain function is expressed according to users nature

as:
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e if K =r and k is a not relayed source; )
kr =M logz 1+ Py — Py (5.23)
Gl i j

e if Kk =r and k is a relay transmitting its own data in RB j:

G _ ﬁ (0 1 j
k.r 5 logy 1 +Pyvi — 2Pk (5.24)
e if k is a relayed source and k /=r:
G Moo iy T
kr = 51002 1+ Py = 5Py, +Pry) (5.25)

The gains are calculated foreach RBj, then, j is allocated to couple (k, r) maxi-
mizing its gain on it:

[] .
01 for (K, = arg max G:(

Ak =V ory (5.26)
— 0 otherwise

5.4.3.4 Lagrangian Variable Update

The last step in our algorithm is to update dual variables and to test the conver-
gence condition for solving problem (5.9). Using results of current iteration t, A
for iteration t + 1 is updated for each user as follows:
C 4 \ .
M(t+1)= M) +net) R—  al  (ORL() (5.27)
r=1j=1

where n is the diminishing step size as the update of dual variable is performed
according to the diminishing step approach [17] for each user k. Equation (5.27)
shows that if user k has a data rate higher than Ry, it has to reduce its A« and
then to reduce its power consumed to achieve the required datarate. On the other
hand, if user k has a lower data rate than R;, the dual variable update allows it
to increase its A« and so its powers’ value, it can then reach R; by earning more
RB or by raising its consumed power amount.
The algorithm is considered to converge when the variation of A is negligible for
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all k as follows:
A (t+ 1)~ A(t)

Me(t+1)

<o Vk (5.28)

where Q is set close to zero.

5.4.4 Performance Evaluation

Simulations are presented in this section to analyze the proposed approach’s per-
formance. We consider a single circular cell with radius R =1 Km, K users and
N RBs that we vary along simulations. We assume a total bandwidth? B = 20
MHz equitably divided between the RBs. Rayleigh channels with slow fading are
considered and the power density for AWGN noise is Ng = —174 dBm/Hz. Users

are uniformly distributed in the cell and suffer from log-normal shadowing with
standard deviation equal to 6 dB and from pathloss according to the LTE model
with frequency F = 2.6 GHz: Lgg(dkk') = 128.1 + 37.6.10g0(dk k') Where dix is
the distance in Km fromuserk touserk . Ifk =k, di « is the distance of user k
to the BS.

Users are divided into different sets as explained in section 5.4.1 (potential RS,
NRS and potential R) depending on their distance from the BS.

The step size for A is set to nx = % fort <2000 where t is the iteration index.
When t exceeds 2000, nx becomes invariant. ¢ from equation (5.28) is set to 0.001.
For classical mobile cellular networks, the transmit power of a mobile user is gen-
erally of the order of 21 dBm. Considering such emitted power and for cell radius
of 1 Km, expected data rates for cell border users are lower than 2 bits/s/Hz.
Based on this observation, R;is varied in the simulations in the range [0.5..1.5]
bits/s/Hz. Results are averaged over 1000 simulations to get realistic results.

In the following, the proposed solution is compared to the optimal exhaustive so-
lution for a special case with low users and RB number for evaluation. Then,
convergence of the proposed solution is studied and the achieved performances are
presented.

2Please note that we do not use RB number compliant with the LTE standard and that the total
bandwidth is fixed and does not vary for all simulations.
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5.4.41 Optimality evaluation

To find the optimal solution, exhaustive research is necessary for both RB allo-
cation and power allocation. The best solution minimizing the system transmit
power is then equal to the optimal solution. The complexity of this research is high
and grows with user and RB number. For a given number of users, all possible
combinations of RB allocations have to be studied. Then, for each RB allocation,
optimal power allocation for all users is established ensuring required target data
rate. The optimal solution offering the lowest total system power is finally identi-
fied. All possible source-relay pairs must be considered which increases again the
complexity of the optimal solution search.

With 2 users where user 1 is relay and user 2 is relayed source, the number of RB
allocation’s possible combinations is

M = C,L=2N—2 (5.29)

i=1

where N is the number of RB. Having N = 8 RBs, we have M =254, for N = 16
RBs, M = 65 534 and for N = 32 RBs. Thus M exceeds 10° possible RB
allocation.

If we consider three users when one is a not relayed source, one is a relayed source
and one is a relay, the number of RB allocation’s possible combinations is

N=r2 N b —i
L= C}, i =3N 2N _oN+1 43 (5.30)

N —i
i=1 j=1

ForN =8 RBs, L =5 796, for N =16 RBs, L =42 850 116 and for N = 32 RBs,
L exceeds 10" possible RB allocation.

The optimal power allocation via waterfilling method is then performed for each
possible RB allocation respecting the required quality of service.

Finding the optimal solution requires high computational cost and high time pe-
riod that can not be realized in realistic cellular networks. Suboptimal solutions
are therefore involved to approach the optimal solution. Table 5.2 compares sys-
tem transmit powers with our proposed solution and with the optimal solution for
2 users and 8 RBs. Both system models with and without relaying are considered.
We can remark that the proposed solution approaches the optimal solution. The
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difference of proposed model applied to system without relaying is only 1% com-
paring to the optimal solution. For the model with relay, the difference is 17%.
The proposed solution can reduce the system transmit power by 39% comparing
to the optimal solution without relaying. Applying the proposed solution to a
system model with a higher number of users especially in cell edge can be very
interesting in order to decrease system energy consumption®.

Proposed Exhaustive Proposed Exhaustive
With Relay | With Relay | WithoutRelay | Without Relay
7.16 6.24 9.39 9.34

Table 5.2: System transmission power (dBm)

5.4.4.2 Convergence Analysis

In this section, the convergence rate of the proposed algorithm is studied. A sim-
ulation is considered convergent if it respects the Lagrangian variable variation
constraints (equation (5.28)) and the required data rate per user constraint as

Rk = Rt £ 0.1 Ry Vk. The convergence rate is studied for 18 users and differ-

ent RBs numbers and R; values. The minimal convergence rate is 30% for 60
RBs and R; = 1.5 bits/s/Hz and it can reach 65% for 192 RBs for the same R;.
The convergence rates can be justified by the hard convergence constraints. If
we relaxed these constraints by expanding the R; admissible variation range for
example, convergence rates would be improved. Then, we can observe that the
convergence rate increases when the number of RBs grows, this can be explained
by the growth of the frequency diversity. Indeed, users are more likely to find RB
with good channel gains, and thus to achieve their required data rate.

5.4.4.3 Achieved Performances

The system transmit power for different users and RB numbers and various R;
values is presented in this section. Figures 5.5 and 5.7 show the system transmit
power for respectively 18 and 30 users considering all simulations. Figures 5.6 and

3We note that gain values consider power values in mW and not in dBm.
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5.8 show results for a set of simulations having at least one relay. This differentia-
tion is made to highlight the gain of the proposed algorithm that can be partially
hidden because some simulations can have zero RS user.

The gain offered by the proposed algorithm reaches 21% for 18 users, 192 RBs and
Rt = 1.5 bits/s/Hz as global gain. If we consider only relaying cases, this gain
achieves 51% in the same conditions. For R; = 1 bits/s/Hz and N = 192 RBs,
the global gain is 18% and the relay gain reaches 48%. The gain is more signifi-
cant when the user number increases, this is due to the number of cell edge users
transmitting in cooperation mode. This is shown by the important gain realized
with 30 users (figure 5.9): the minimal global gain is 12.8% for R; = 0.5 bits/s/Hz
and N = 384 RBs. The system transmit power can be saved until 57% for R; = 1
bits/s/Hz and N = 576 RBs for the relaying schemes.

We can also observe that the system transmit power decreases when the number of
RB grows, this is produced thanks to the frequency diversity. When a high num-
ber of RB is available, the RB allocation step can be established more efficiently
and the transmit power is then saved.

From simulation results, it is shown that the proposed algorithm offers better per-
formance comparing to the model without relaying. The transmit power can be
saved especiallyinthe celledge. Thisresultcanbe exploitedtoreduceinterference
level in a multicell system model.
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Figure 5.5: System transmit power for 18 users
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Figure 5.6: System transmit power for 18 users relaying only
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Figure 5.7: System transmit power for 30 users
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Figure 5.9: Gain for 30 users Global and Relaying only

5.5 Joint Power Allocation, Relay Selection and RB Allo-

cation

5.5.1 System Model

In this section, Relay Selection is studied as an optimization variable in addition to
power and RB allocation. It is not an initialization step as in the previous section.
Users can transmit directly to the BS or via relay cooperation as explained in
figure 5.1. In the joint relay selection and resource allocation, a relay can support
one or more RS and a RS can be relayed by one or more relays but in different
RBs. For a specific RB, only one relay is assigned for cooperation.

Transmission is studied for two cases: full duplex and half duplex. In the full-
duplex case (figure 5.10b), relays can listen and transmit in the same TTI but in
different RBs. Thus, a NRS transmits during all TTls. One R can also transmit
its own data during all TTls in its RBs. Cooperative transmission requires two
TTls, in the first TTIl, RS transmits to R. In the second TTI, R uses the same
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RB to transmit relayed data to the BS.

Moreover, in the half-duplex case (figure 5.10a), a user can not listen and transmit
in the same TTI. NRS do not need cooperation and transmit data to the BS in all
TTlIs. However, cooperative transmission is performed in two TTIs: in the first
TTI, RS transmit to their relays, while relays are listening. In the second TTI, RS
are silent and relays transmit to the BS their own data multiplexed to the source’s
relayed data. RBs used by the source in the first TTI are used by the relay in the
second TTI to carry relayed data to the BS.

0—=——0 o
or DHV;D
O—=——0

(a) Half Duplex Communica- (b) Full Duplex Communication
tion

Figure 5.10: Duplex Communication

The full-duplex case is advantageous comparing to the half-duplex case since relays
can transmit their own data while listening to RS. In the theoretical expressions,
we introduce the HF variable that indicates the considered case: HF= 1 for full-
duplex and HF= 15 for half-duplex. If we consider one NRS, one RS and one R
having one RB each, respectively j,j and |, table 5.3 details the necessary power
to transmit data to the BS for both half and full-duplex cases.

Half-duplex Full-duplex
NRS | RS R NRS | RS R
TN | pirs | pks | 0 | pirs | ps | PR -
TTI2 | pirs | 0 |PA+Pk | pirs | 0 | Pa+Pg

Table 5.3: Power expended per user per TTI

The optimization objective is always to minimize the transmit system power while
ensuring a minimal data rate per user. The user rate using the DF scheme for
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userk and RB j canbe expressed as:

e k is a not relayed source ( )
k =109z 1+ Py (5.31)
R i

e kisarelay and RB j is used to transmz't its own data
RI i
e kis arelayed source by relay r
R 1 I JJ
k= 5 min{|092 (1 + I:)kvk,r) ; |092 (1 + I:)rVr,r)0 (533)

The same notation of previous section are used.

5.5.2 Problem Formulation

As the relay selection will be resolved in the optimization problem, the general
optimization problem for K users, K potential relays and N RBs cas be expressed
as follows:



Chapter 5. Resource Allocation in Cooperative OFDMA with Multiplexing Mobile

Relays 99
X' N . . K N . .
minimize (1 -b(1 —HF)al Pi+1==="  (pi+p])
a, b, P k,k k 2 bkaJ K,r K r
k=1j=1 k=1r/=K |
- (5.34a)
subjectto
K K
T i =1Vii=1,.N (5.34b)
k=1 r=1
W« wiN . )
a\ R{zR Vkk=1,K (5.34c)
r=1 j=1
a .
€ 10,1} Vk,r,] (5.34d)
bk € {0,1} Vk (5.34e)
pi =0 Vk,j (5.34f)

The first term of problem (5.34) traduce the necessary transmit power for direct
links to BS: NRS and relays transmitting their own data. The second term of
(5.34) traduce the necessary power to transmit relayed data.

For resolution, the same assumptions are adopted and the boolean variables a"k,r
and b are relaxed to be continuous in [0..1] as detailed in section 5.4.2.1. To solve
our optimization problem, we propose a suboptimal heuristic based on the dual
method [37] that consists to find iteratively (figure 5.4) the optimal solution for
the two following subproblems:

1. The Sub-Optimal Power Allocation subproblem

2. The Sub-Optimal Relay selection & Resource Block Allocation subproblem

The iterative proposed algorithm for resolution is presented in algorithm 2.
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Algorithm 2: Proposed Sub-Optimal algorithm for Relay selection, Resource Block and
Power Allocation (Problem(5.34))

1 Sub-Optimal Power Allocation (subproblem (5.34))

2 Sub-Optimal Relay Selection and RB Allocation using resulting powers from step 1
(subproblem (5.41))

3 Update Lagrangian variable (equation (5.27))

4 if condition of convergence is verified (equation (5.28)) then

5 The sub-optimal solution is the Relay Selection and RB Allocation resulting from

L step 2 with power values resulting from step 1
6 else
7 | return to step 1

5.5.3 Problem resolution
5.5.3.1 Dual Problem

The Lagrangian function of problem (5.34) is written as:
-KI N . - 1 K N . -
L@,b,P,A\)= (1 -b(1—HF)a P+ = %% (PJ + P
Kk k r

) ba kr k
k=1 j=1 k=1 r/=K

J=1 (5.35)
& =K wN . -4

j J
- A ag R+ ARt
k=1 r=1 j=1 k=1

where A =[A1,A,, ...., A]" is the vector of dual variable associated to the required
data rate constraint.

The Lagrangian dual function is then expressed as:

[l
- min | (a, b, P, A)
M a, b, P
0 subjectto
g = k€01 Vkrj
7 bk €]0,1] Vk

constraints (5.34b) and (5.34f)

The problem can be solved by solving its dual function by maximizing g(A) subject
to Ac = 0 Vk.

The problem (5.35) is decomposed into N subproblems at each RB that can be
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solvedindependently. The subproblemforeach RB j canbe expressed as:

'K o K . .
Li(a,b, P,\)= (1 —b(1—-HF))a PI+1= = (Pl+p))
kk k 9 ba kr k r
k=1 k=1
* “k o r/=K
J J
- A ay Ry (5.36)
k=1 r=1
subjectto
A4ir € 0,11 VK1, j; (5.37)
bk € [0,1] Vk; (5.38)
(5.34b) and (5.34f)

To solve problem (5.36), a second decomposition step is necessary to solve inde-
pendently the two subproblems: Sub-Optimal Power Allocation and Sub-Optimal
relay selection and RB Allocation.

5.5.3.2 Sub-Optimal Power Allocation for a given Resource Block Allocation

For a given RB allocation, we aim in this section to find the optimal power al-
location. Assuming a{(,r, and by fixed Vk,r,j, only the positive power constraint

remains (equation (5.34f)) and the optimization problem can be expressed as:
mlngnlze(Lj )
subject to (5.34f) (5.39)

Since only P is a variable, the optimization Lagrangian of this problem is convex
by definition and can be written as:

| bis b

i (P)=Ly(P)- v, Py (5.40)
k=1

Where vi is the Langrangian variable associated to the power constraint (5.34f).

Using the Karush-Kuhn-Tucker (KKT) conditions, the optimal transmission power
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is evaluated depending on users nature. Since users can have different natures for
different RBs, power is estimated for all possibilities. For each RB, a user k has
differentpower expressions whetheritis a notrelayed source, arelayed source ora
relay. The power expressions are described by equations (5.16), (5.18)and (5.19)
using the assumption (5.17)as detailed in section 5.4.3.2.

Power expressions will be used in the next section to find the best transmission
scheme. Direct or cooperative transmission will be decided depending on the trans-
mission power and the target rate required per user. For cooperative transmission,
optimal relay selection is also performed to assign source-relay pairing.

5.5.3.3 Sub-Optimal Relay selection & Resource Block Allocation

In this section, both relay selection and RB allocation are studied. Knowing the
power values, the Lagrangian dual function is written as follows:

g(A) =min(Lj) = max(—L;)
subject to (5.34b), (5.37) and (5.38) (5.41)

g(A) can then be written as:

K K . . K
g = maximize a - k Rt .
A imi gl A R 5.42
a k,r ~k,r
k=1 r=1 k=1

where G = [G{(,r] is a K X K X N matrix presenting the potential gain of couple
(k,r) if itearns RB j. Gain’s expressions for RB j are detailed as follows:

e k is a not relayed source: ( )
kk =M logy 1+ Py — Py (5.43)
Gi i j

e k is a relay transmitting its own data: )
Gl JJ J
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e Kk is arelayed source by relay r
G A (o T
kr = o log, 1+ Py Ve, — E(Pk,r +P.) (5.49)

At the beginning, all users are considered NRS. For each RB j, potential gains
are calculated for all possible pairs of source k andrelay . j is assigned to couple
(k, r)* maximizing the gain:

E 1 for (k,r) * =arg max(k,r)qu
akr = (5.46)

~ 0 otherwise

If k = r, direct transmission is considered and by = 0, else if k /=r, then
cooper-

ation is investigated, thus by = 1 and b, = 1. Users nature are updated in each
allocation.

5.5.3.4 Lagrangian Variable Update

As in section 5.4, Lagrangian variable update is performed corresponding to equa-
tion (5.27) based on the diminishing step method.

5.5.4 Performance evaluation

In this section, simulation results are presented for the joint relay selection, RB
and power allocation problem. The same assumptions as in section 5.4.4 are con-
sidered for cell characteristics, users’ distribution, pathloss, shadowing, fading and
diminishing step range. Results are averaged over 1000 simulations for variant
numbers of users and RBs.

Figures 5.11 and 5.12 show the system transmit power for 18 users for a target
required data rate of R; = 1 bits/s/Hz and R; = 1.5 bits/s/Hz respectively. Sim-
ulations are performed for both system models considering full-duplex and half-
duplexschemesinfunction ofthe numberof RBs. Comparingtoanon-cooperative
model, system performances are improved with the proposed algorithm and the
transmit power is clearly reduced. For the half-duplex case, the proposed algo-
rithm offers a high gain up to 36% for R; = 1.5 bits/s/Hz and up to 49% for
Rt = 1 bits/s/Hz. Moreover, for the full-duplex case, the gain is around 62% for
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R: = 1.5 bits/s/Hz and around 70% for R; = 1 bits/s/Hz.
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Figure 5.11: System Transmit Power: 18 users, Rt = 1 bits/s/Hz



Chapter 5. Resource Allocation in Cooperative OFDMA with Multiplexing Mobile
Relays 105

13 -------

—#— Cooperative Half Duplex
—@— Cooperative Full Duplex
; L

12f-------

System Transmit Power (dBm)

Number of Resource Blocks

Figure 5.12: System Transmit Power: 18 users, Rt = 1.5 bits/s/Hz

The percentage of users nature are shown in table 5.4. For the same model (half
or full-duplex), we can note that the percentage of relays remains invariant even
if the number of RBs or the value of R; change. However, when the required data
rate R;value grows, cooperation is more often required for the optimal solution
minimizing the transmit system power, and then the number of relayed sources
increases. The NRS number decreases consequently. Comparing half-duplex to
full-duplex, table 5.4 shows that the number of NRS decreases considerably. This
can be justified by the fact that a user is considered RS if it relays data in at least
one RB.

5.6 Proposed Methods Comparison

In this section, the performances of the two proposed half-duplex methods are
studied for comparison:
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RBs | NRS(%) | RS(%) | Relay(%)
Half-Duplex
96 25 44 30
Rt =1 bits/s/Hz | 144 20 47 31
192 22 47 30
96 19 46 33
Rt=1.5 bits/s/Hz | 144 21 48 30
192 16 49 34
Full-Duplex
96 15 48 37
Rt =1 bits/s/Hz | 144 12 51 37
192 11 52 37
96 12 49 39
Rt=1.5 bits/s/Hz | 144 10 52 38
192 9 52 38

Table 5.4: User nature percentage

e Proposed Method 1: The first proposed method is the Joint power and
RBs allocation detailed in section 5.4. For this method, we remind that

users are divided into three areas in the cell (see figure 5.2) where only users in
the cell edge can be eventually relayed by users in the relays’ area. According
to this decomposition, the pairing step to associate relayed sources to their
relays is performed as an initialization step based on the achievable data
rate for direct link to the BS or indirect link through available relays. Then,
the optimization problem to minimize the whole system power is formulated
and resolved iteratively. The optimization aims to find the optimal power
allocation and the RBs allocation to fixed pairs of source and relay.

e Proposed Method 2: The second proposed method is the Joint Power al-
location, Relay Selection and RBs allocation studied in section 5.5.

Comparing to the first method, the relay selection become an optimization
variable and no longer an initialization step. All users can thus be relayed or
not, independently of their location in the cell. The optimization problem is
formulated aiming to the same objective of minimizing the transmit system
power. Two subproblems are resolved iteratively to find the optimal power
allocation and the optimal joint relay selection and RBs allocation.
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Figure 5.13: System Transmit Power: 18 users, Rt = 1 bits/s/Hz

The comparison is performed for 18 half duplex users (figure 5.10a) and varying
RBs number. Figure 5.13 shows the system transmit power for the proposed
methods studied in addition to the non cooperative scheme. Simulation results
show that the proposed method 2 offers better results than the proposed method
1. This can be justified by the fact that optimizing the relay selection in the
optimization process can be more efficient comparing to performing it before as
an initialization. Optimizing all variables jointly offers then up to 40% of gain
comparing to non cooperative scheme. We note that the proposed method 1
offers also a significant gain comparing to model without relaying up to 29%.
However, adding the relay selection as an optimization variable makes resolution
more complex.

5.7 Conclusion

In this chapter, we have studied resource allocation for relayed uplink transmission
in OFDMA systems. Compared to previous published results, our system model
considers mobile relays that have to transmit through frequency multiplexing their
own data as well as relayed data. Two system models have been studied: a joint
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power and RB allocation problem and a joint relay selection, RB and power allo-
cation problem.

For the joint power and RB allocation problem, users are divided into sectors
depending on their distance from the BS and as an initialization step, the BS
determines users that will have direct transmission (Not Relayed Sources), users
that will be relayed (Relayed Sources) and users acting as Relays for them. In this
system, a RS can have only one associated relay in order to lower signalization
load. When the BS has determined NRS, RS and R sets, a joint optimization
problem minimizing the total system transmit power is proposed.

The second studied problem is a joint relay selection, RB and power allocation
problem. The pairing step between relayed sources and relays is performed dy-
namically and resolved as an optimization variable without any initialization. A
source can then be relayed by one or more relays. In this optimization problem,
both half duplex and full duplex cases have been studied.

For the two considered problems, the optimization objective has been chosen to re-
duce environmental effects and save battery life by minimizing the system transmit
power. Quality of service is also considered while power minimization is conducted
with a constraint that all data rates must be higher that a certain threshold. For
each problem to resolve, the primal optimization problem has been decomposed
into subproblems solved in an iterative manner. Dual decomposition and sub-
gradient methods have been used for this purpose. In the following chapter, the
optimization problem will be extended to the multiple antennas case.






Chapter 6

Resource Allocation in Cooperative OFDMA

MIMO system with Multiplexing Mobile Re-
lays

6.1 Introduction

This chapter extends the results from Chapter 5 on resource allocation for an
uplink OFDMA system with multiplexing relays. The system model is similar
to that proposed in section 5.5 but with multiple antennas nodes. The objective
of this chapter is to study the improvement gain of spatial diversity when users
and BS are equipped by multiple antennas. The resource allocation optimization
problem is formulated to minimize the transmit system power while ensuring a
target data rate per user. The optimization aims to solve relay selection, power
allocation and RBs allocation. The main contribution of this chapter is to solve
these three features in the same optimization problem. In addition, the relays in
the studied system model are mobile users having their own data to transmit to the
BS. Resolving an optimization problem with such relays nature can be considered
as a novelty. Moreover, for power optimization at each user, we compare different
power control methods as equal power allocation and beamforming. In the next
sections, Multiple Input Multiple Output (MIMO) are presented, the system model
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is detailed as well as the resolution steps. Simulation resulats are finally shown
and discussed.

6.2 State of the art

The wireless communication environment is very constrained. The transmitted
data suffers from several environmental effects such as path loss effect, fading, in-
terference, in addition to the limited available bandwidth. Wireless system nature
yields then to a significant challenge to satisfy QoS requirements and to provide
higher spectral efficiency. Wireless systems aims to provide high quality services
at low cost.

In this context, relaying techniques are considered to improve system performances
by deploying relay stations having a lower cost than BSs and covering areas suf-
fering from bad channel conditions like the cell edges. Simple mobile users can
also be investigated as relays and suggest an efficient solution without needing any
additional infrastructure. Standards has specified topology and behavior of fixed
relays [12] when dynamic mobile relays are an important feature for the 5""G of
wireless systems. Relaying technologies are detailed in the previous chapter (sec-
tion 5.2).

Moreover, multiple antenna systems become the current trend in many of the
wireless technologies. Comparing to Single Input Single Output (SISO) classical
systems, MIMO systems can offer a great improvement. The capacity of a MIMO
channel with n transmit and receive antennas is proportional to n [64]. Having
multiple antennas in the system provides multiple propagation paths (see figure
6.1). If the same information is transmitted by the different antennas of the same
user, MIMO systems offer spatial diversity and improve system reliability. How-
ever, if different portions of the data are transmitted in different antennas, spatial
multiplexing is used to provide additional degrees of freedom and improve the
system throughput. Diversity and degree of freedom can be expressed as

diversity = Ly X L, (6.1)

degree of freedom = min{Ly, L} (6.2)



Chapter 6. Resource Allocation for cooperative MIMO system 112

where Liand L, are the number of transmitand the receive antennas, respectively.

hiet

h1Le

hirLi

Transmitter Receiver

Figure 6.1: MIMO System Model

In MIMO systems, beamforming is an innovative technique improving system per-
formance by directional signal transmission or reception. With beamforming, a
single signal with high channel gain is transmitted comparing to MIMO systems
where multiple signals are transmitted.

Transmitter Receiver

Figure 6.2: Beamforming System Model

Resource allocation remains critical for cooperative systems and even more for
MIMO ones. In the literature, simplified models are studied with generally one
source and one destination. One or more relays may be considered to transmit
source’s data to destination. In [65], the authors study the optimal power alloca-
tion at the source and each relay to maximize the end-to-end achievable rate for
an AF cooperative MIMO. In [66], the authors propose a joint source and relay
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beamforming for a system model with one source, one destination and multiple
non regenerative relays. In [67] and [68], an heuristic algorithm for power alloca-
tion is proposed for a system model with a source, an AF relay and a destination
to maximize the instantaneous data rate.

In this chapter, we focus on resource allocation for a multiple antenna system.
Thiswork extends the resource allocation studied onthe previous chapter 5 where
SISO systems were considered. A single cell model with one BS, Kusersand N
RBs is then studied. All nodes are equipped by L; antennas for the transmitter
andL.antennasforthereceiver(seefigure6.3). The systemisconsidered cooper-
ative since users can actasrelaysforeach others toimprove system performance.
The multiple antenna model is investigated to study the gain reached when data
are transmitted and received by multiple antennas comparing to the SISO system
modelstudiedinsection5.5. Users are considered half-duplex (figure 5.10a), thus
acooperative transmission needs two TTls. As explained in chapter 5, foratrans-
mission time unit, NRS transmit in two TTls when RS and R transmit only in
one TTI each. RS transmits data to R in the first TTI and R transmits to BS in
the second TTI. It is important to remind that relays are simple mobile users that
have their own data to transmit to the BS. A user chosen as a relay multiplexes its
own data to the relayed data before transmitting to BS. As in the previous chap-
ter, DF scheme is considered at the relays. The resource allocation is formulated
as an optimization problem aiming to minimize the whole system transmit power.
The optimization considers the relay selection, the power allocation and the RBs
allocation. QoS is traduced by a target data rate per user. For resolution, dual
method and Lagrangian decomposition are investigated. The global optimization
problem is decomposed into subproblems resolved in an iterative manner (see hier-
archyinfigure 5.4). Ateach user, different transmission strategies are considered
and compared. First, equal power allocation is assumed when each user equally
divides its power on the different antennas independently on their channel gains.
Second, beamforming transmission is studied. User transmits only in the best di-
rection to avoid those having high signal attenuation. Mutlipath gain may be lost
but multiple antennas diversity leads to an improvement. Different power strate-
gies are studied and their solutions are used by the global optimization problem
ofresources allocation. Global sub-optimal solutions are found and compared.
Comparing to existing works, the main contributions of our work are:
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e Relays are simple mobile users with advantageous positions to relay cell-edge
users and they have their own data to be transmitted to the BS. Therefore, a

user chosen as relay multiplexes its own data to relayed data before transmit-
ting to the BS. The multiplexing is established considering frequency division
multiplexing.

e The resource allocation problem is formulated as an optimization problem
to jointly solve all features: Relay selection, RB and power allocation. For

resolution, dual method and Lagrangian decomposition are adopted. The
global optimization problem is decomposed into subproblems resolved by an
iterative manner.

e For the power allocation at each user, different transmission strategies are
considered and compared. First, EPA is assumed when each user equally

shares its power among the antennas independently on their channel gains.
Second, beamforming transmission is studied. Users transmit only in their
best direction to avoid those having high signal attenuation.

The remainder of this chapter is organized as follows. A theoretical analysis is
performed to study the throughput expressions in section 6.3. The associated
optimization problem is then formulated in section 6.4 and the proposed resolu-
tion steps are detailed in section 6.5. Simulation results are finally provided and
discussed in section 6.6.

6.3 Theoretical Throughput expressions for MIMO system
model

The channel per RB j € [1,N] for transmission between user k and the BS or
between user k and user k is a point-to-point MIMO channel, subject to Additive
White Gaussian Noise (AWGN). Ny, is the noise power per RB. It is expressed as
[64]:

yl = Hixl + 2 (6.3)
where L; the number of transmit antennas and L, the number of antennas in
reception. xl € C-*1 is the transmitted signal vector, y € C-*" is the received
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BS' th Nrreceive
antennas

ﬁ User with Nt transmit

antennas

Figure 6.3: MIMO System Model

vector, Z € C4*' is an AWGN noise vector with variance N,, and H € CLxkt

is the channel matrix expressed as:

S i -
i U (6.4)
D m mM
1 1
o . . U
J J J
er1 h2r1 aean hl—rl—t

where hj; is the channel gain between the i " transmit antenna and the it" receive
antenna. It consists of pathloss, shadowing and fast fading. H' is deterministic
and assumed to be constant during two TTls and known to both the transmitter
and the receiver. The mutual information for a given channel realization H is
[69]:

S 1 S
I(x;y' |H)=log, det | + —HQH" (6.5)
rb
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where |, is the identity matrix with dimension L., Q@ = E{xIx)"} is the covari-
ance matrix of the transmit vector. The capacity can be computed by decomposing
the vector channel into a set of parallel, independent scalar Gaussian sub-channels.
The matrix H' has a singular value decomposition (SVD) as:

H = UIAVH (6.6)

where U € C+* and VI € CH*!t are unitary matrices, thus U’ UM = |,

and VI VIH = | . N € Rt is a diagonal matrix as:

[] U
O 0. ... 0 0
0 ’J”4 w ... 0 -
J. 1 2
N = n . - (6.7)
Lk Skx -
0 . . . 0
0 0O ... w

J
I-min

The real diagonal elements V\f > Wi > ..2Wj arethe ordered singular values
of the matrix H', where Ly, = min{L,,Li}. Lxx and Sk are respectively the
pathloss and the shadowing experienced by user k through direct (if k = k') or

indirect link (if k' /= k). If we set:
R=VHx, §y=U"y:,ZFd=U"2 (6.8)

Using equations (6.3) and (6.6), we can write:

¥=wsx+2; Vie[1,Lmnn (6.9)

The capacity is finally expressed as follows:

I—min i
R ) 1+ P wf? bits/s/H 6.10
= _— its/s/Hz )
-1 l0g; Nro L k' Sk (6.10)

where R are the power allocation for user k in RB j and direction .

Based on the SVD decomposition and depending on users nature, the throughput
expressions for MIMO users will be detailed in the next sections as well as the
optimization problem. We define the channel gain coefficient for user k and k in
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RB j and antennal as:
2
wh'e
e (6.11)
Yk,k' - Lk,k' Sk,k' Nro

6.4 Optimization Problem Formulation

In this section, we formulate the optimization problem for the cooperative MIMO
system model. The objective is to save battery life by minimizing the transmit
system power. The optimization problem aims to find the optimal solution for
power allocation, relay selection and RBs allocation. The optimal solution has
also to satisfy QoS requirement by ensuring a target data rate R; per user. Users
as well as the BS are assumed equipped by the same number of antennas then
L: = L, = L. Users are considered half-duplex so they not receive and transmit
in the same TTI. If we consider one NRS, one RS relayed by R, having each one
RB, respectively j, j and |, figure 6.4 details the consumed power per user and
per TTI.

In the following, we will consider the power per TTIl, by averaging over both
TTls. Considering K users and N RBs, the optimization problem is formulated
as follows:

L KN Koo ; K N , :
minimize (1- byl pi+ 1 == =" (Pl+Pl) (6.12a)
a b, P o5 kk k2 b at kr k r
k=1j=1 k=1r/=K]
subjectto B
K K
T T i =1Viji=1,.N (6.12b)
k=1 r=1
W eNw L
a  R'>R Vkk=1,.K (6.12c)
r=1 j=1 1=1
j
ak,l’ G {O’ 1} \v/k: r’J (612d)
bk € {0,1} Vk (6.12€)
L

pil >0 Vk,j (6.12f)

=1
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Figure 6.4: Example 1: Consumed power for 3 users and 3 RBs

where ij" is the power allocated for antenna | of user k for the RB j. Constraint
(6.12c) ensures a target data rate R; per user. Constraint (6.12e) considers the
cooperation decision, by = 0 for NRS that do not cooperate, by = 1 for RS and R
since cooperation is involved. Constraint (6.12f) guarantees that all power values
are positive. We note that the first term of problem (6.12a) considers direct links
to the BS and thus NRS transmission as well as R transmission for their own
data. The second part of (6.12a) considers the necessary power for cooperative
transmission.

Dual decomposition is used for resolution to solve iteratively the two subproblems:

1. The Sub-Optimal Power Allocation

2. The Sub-Optimal Relay Selection and RBs Allocation
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The power allocation is performed by user and RB independently of its antennas.
Then the power per antenna is calculated by three different manners:

e Equal Power Allocation: for each user, optimal power is equally divided on
allantennas, thus:

L

o Beamforming: the whole user power pl is allocated to the best direction I”
among the different available paths to maximize the achievable data rate.

il _ Pl
P ="y (6.13)

ik J
Pk =P, (6.14)

pjl =0 VI /= (6.15)

I*

6.5 Problem Resolution

Based on dual Lagrangian decomposition, the Lagrangian function of problem
(6.12) is written as:

-w - w w
K KT N 1L bk K N L

LMIMO(5 b, P, \) = 1 - "")a ) - - ww . Pl +P
( ) ( 7 o kkPH +% b ak k,r( k
k=1 r=1 j=1 |=1 k=1 r/=K =1
j=1
“ =K wNw L Y k
- Ma, R+ MR (6.16)

k=1 r=1 j=1 I=1 k=1

where A=[A1, A2, ...., A]" is the vector of dual variables associated to the required
data rate constraint.
The problem can be solved by studying its dual function as follows:

maximize gMMO(\) (6.17)
A

subjectto A 20 Vk

J)
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with g the Lagrangian dual function is defined as:

0
1 minLMiMo(a p \)
- a, P T
E] squectgg i .
gMIMO()\) = . k=1 r=1 ak,r <1 \VIJ (618)
— ak, €[0..1]Vk,r,j
- Roe0.1] Vk
i r] E [0 J',] )
=1 P« =20 VkVj

Theboolean variables a{(’r and bf( are relaxed to be continuous in [0..1] according

tothe time sharing process [37][38]. The problem is decomposed in subproblems
for each RB j independently LM (a,b, P, A) subject to:

al . e[0,1] Vkr,j; (6.19)
be € [0,1] Vk; (6.20)
(6.12b)and (6.12f)

The resolution of problem (6.18) consists in solving iteratively the power allocation
and the joint relay selection and RBs allocation.

6.5.1 Sub-Optimal Power allocation

Having only the power as variable to optimize, the Lagrangian is convex. For res-

olution, assuming that al, ., and by are fixed Vk,r,j, only positive power constraint
remains (equation (6.12f)) and the corresponding Lagrangian can be expressed as:

MIMO * J(-L1 by i ] 1TRT 7L j J i
L 1
ibis  (Py A, v) = Q( - E)ak,kpk + 2 bka (Px +P;)
k=1 r=1 |=1 k=1 r/=K
=1
Ke ke S « ,
J Bl - jul
- M ag, R — Y, P, (6.21)

k=1 r=1 I=1 k=1 I=1

where vli is the Langrangian variable associated to the power constraint. Using

KKT conditions, sub-optimal power expressions are computed for each MIMO
power allocation technique.
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6.5.1.1 Power allocation for EPA and Beamforming

For both EPA and Beamforming, the optimal power per user can be expressed

depending on its nature as follows:

e k is a not relayed source:

O Ly
pi_pg M _ 1 (6.22)
k In(2) [
vk k
e kis arelay transmitting its own data in RB j
0 Ly
pi_p M 1 (6.23)
k In(2) [
vk k
o k is a relayed source with relay r, we assume that P? y/ = Pi y! ,in order
k kr r rnr
to minimize the transmit power, then:
l A Uy
j ko 1
Pk -0 e (6.24)
IN(2)(¥, + Vi.r) ]
LJ
vk,r
b
pj = ""P) (6.25)
uhr

where \{(k is different according to the adopted antennas power control manner :

e Equal power allocation (EPA): if users divide their power equally for anten-
nas, Vlj<,k' is the geometric mean of the channel gains for different antenna per

Ll

user: | g ﬂ

(6.26)

 Beamforming: ifbeamformingis adopted, Y  is the best channel gain among

all antenna as: '

i *j,1 IR
kk' = Vi Sargmax vy, . Vk k.,

(6.27)
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6.5.2 Sub-Optimal Relay Selection & RBs Allocation

In this section, we aim to find the sub-optimal solution for relay selection and RBs
allocation jointly. Based on power allocation studied on the previous section, the
Lagrangian of the optimization problem (6.12a) is expressed as:

R YN 1L bx. 1 kT IN L ) )
LMIMO(a, )\)= (1 — )aJ PJ + b al (pJ + PJ)
2 2 kk k 9 K kr k r
k=1 r=1 j=1 |=1 k=1 r/=K 1=1
=1
« wK wNw L 'Y K
- Mag Re + MR (6.28)
k=1 r=1j=1 I1=1 k=1
The corresponding dual function can be written as:
K "k . K
g(A) =maximize a5 - AR (6.29)
k,r k,r

° k=1 r=1 k=1
where G = [GLJ] is a K X K X N matrix presenting the eventual gain of couple
(k, r) if it earns RB j. This equation is different from equation (5.42) by the fact
that MIMO system model is considered in this chapter. The gain expressions de-
pend on user natures and are detailed in algorithms 3 and 4. The joint sub-optimal
relay selection and RBs allocation is proposed for both equal power allocation and
beamforming at users. To avoid confusion, the gain function is denoted E for the
EPA case and F for the beamforming one.
First, all users are considered not relayed. Then, for each RB j, the gain is calcu-
lated for all possible pairing. Thus, for a NRS user, direct link gain is calculated
as well as all possible indirect gains. Second, j is allocated to couple (k,r)* maxi-
mizing all gains for it. If k =r, user k remains a NRS, if k /=r, user k becomes
RS
anduserrbecomesarelay. Accordingtothis, users sets are updated and the same
instructions are repeated for all RBs. More details are explained in algorithms 3
and4.
We note that the computation of potential gains and the decision allocation is
performed for each RB. If k =r, direct transmission is considered and b =0, else
if k /= r, then cooperation is investigated, thus by = 1 and b, = 1. Users

nature
are updated in each allocation.
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Algorithm 3: Proposed Sub-Optimal algorithm for Resource Block Allocation - MIMO

- Equal Power Allocation

1 Initialize the users’ sets: setNRS ={all users k},setRS ={

setUsers =setNRS U setRS U setR,
2 for each RB j do

@},

3 | Initialize E1}, =0,E2), =0,E3, =0,E4}, =0 Vk,r and using equation

(6.13)

a | for user k € setUsers¥setR do
E' =\ ) log 1+ pilyll  —pi
B k.k 1=1 2 k kk k
6 | foruser k € setR do o _
E' —ax L log 1+ Pilyll  —1pi
k.k 2 I=1 2 k  kk 2 k

8 for user k € setRS U setNRS and r € setU sers¥{k§ do
9 E' —_ A L log 1+Pj,lvj,l —1(pi +P

kr 2 =1 2 k,r k,r 2 kr r,r

10 | Find (k,r)* =arg max {E1  E2 ,E3 ,E4 }
(, r) K,r K,r Kk,r K,r

1 Allocation of RBj:

1 for (k,r)*
0 otherwise

ak,r

12 Update users’ sets:

13 | if (k* /=T1%) (k,r)* =arg max E3' ||(k,r)* = arg max E4’
e k) o G

14 if k* £setRS then

15 t setRS = setRS u{k*}

16 if r* €setR then

17 L t setR=setRu{r*}

then
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Algorithm 4: Proposed Sub-Optimal algorithm for Resource Block Allocation - MIMO
- Beamforming

Initialize the users’ sets: setNRS = {all users k},setRS ={ @},
setUsers =setNRS U setRS U setR,

for each RB j do

Initialize F1} = 0,F2 . =0,F3, =0,F4), =0 Vk,rand using
equations(6.14) and (6.27)

4 for uFer k € setUsers¥setR do
A« log 1+ PJY*Jl —pi
K,k 2 kK k,k k

for u§er k € setR do
— A log +PlyHl —1pi
k,k 2 2 1 kK kk 2 k

for user | k,€ setRS U setNRS and r € setUsers¥{k} do
FI =%|og + PJ yal - 1Pl o+ P1)
k,r =z 2 k,r k r 2 kr r,r

Find (k,r)* =arg max {F1 F2 _F3 ,F4 }

(k, r) K,r K,r K,r K,r

Allocation of RBj:

1 for (k,r)*

akr ™0 otherwise

Update users’ sets:

if (k* /=1") (k,r)* =argmax F3' ||(k,r)* =argmax F4  then
and

K,r k,r

(k, r) (k, 1)

if k* £setRS then
t setRS = setRS u{k*}

if r* EsetR then
t setR=setRu{r*}

6.5.3 Lagrangian Variable Update

The last step in the resolution iterative algorithm is to update Lagrange variables.
Based on power allocation resulted from section 6.5.1 and relay selection and RBs
allocation resulting from section 6.5.2, A are updated for all users. Equation 5.27
is then adapted for the MIMO system model as:
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( K oN \ .

Mt +1)= M)+ k() R, - al ()Rt (6.30)
kro )k
r=1j=1

where ni is the diminishing step size as explained in section 5.4.3.4. To decide

from the convergence of the proposed algorithm, all users have to achieve R; and
the variation of Ax has to be negligible for all k as follows:

Ae(t+1) = MA(t)

Ae(t+1) <o Vk (6.31)
where 9 is set close to zero.
The user throughput is expressed as:
e Equal Power Allocation
— kis a not relayed source
. \
= Phk .
F\|:J= log, 1 + Vi (6.32)
1=1 L
- kis a relay _ \
o 1T ¢ ple 6.33
. log, 1+ka’k (6.33)
— ks a relayed source through relay r
- T
;1 (e C pi J'J\_ L PL"
Rk — 2— min . log, 1 + L Vier ,|= log, 1 +Tvr,r
(6.34)

e Beamforming _ .
We remind that v, =arg max vk Wkk'j

— k is a not relayed source
j joxid
Rk =log; 1+Pyyx (6.35)

— k is a relay .
j I
R 1+ Py (6.36)

1
k= 2 log,
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— k is a relayed source through relay r

1
;1 T i iy
R = 5 min log; 1+PyYe, ;log; 1 +P.y,, (6.37)

The algorithm stops when all users achieve the required data rate R; and the
convergence condition is verified (equation (5.28)).

6.6 Simulation results

Inthis section, simulation results are presented and discussed. We consider a sin-
gle cell with radius R = 1 km, one BS with 2 antennas. The number of RBs N
is varied along simulations. The total bandwidth available considered is B = 20
MHz equitably divided between the RBs. Users suffer from log-normal shadowing
with standard deviation equal to 6 dB and from pathloss according to the LTE
model with frequency F = 2.6 GHz: Lgg(dkk') = 128.1 + 37.6.l0g4(dk k') Where
di is the distance in Km from user k to user k. If k =k, dy is the distance of
user k to the BS.

We also assume Rayleigh channels with slow fading and AWGN noise with density
No=—174dBm/Hz.

For iteration t, the step size nx from equation (6.30) is set to AJL if t does not
exceed 2000, otherwise, nx remains invariant. From equation (6.31), @ is set to
0.001. Results are averaged over 1000 simulations to get realistic results.

Figures 6.5 and 6.6 show the system transmit power for required target data rate
of 1 bits/s/Hz and 1.5 bits/s/Hz respectively considering 18 users and 2 antennas
per user. EPA and beamforming schemes are compared to MIMO system with-
out cooperation and to cooperative SISO system. For the non-cooperative MIMO
system, EPA is adopted for the power allocation.

Simulation results show that the cooperative MIMO system offers a considerable
gain comparing to both cooperative-SISO and non-cooperative MIMO systems.
Compared to non-cooperative MIMO system, cooperative EPA offers a gain of
80% and cooperative beamforming offers a gain of 90% for R; = 1 bits/s/Hz.
Cooperation is efficient where the optimization covers all resource allocation fea-
tures and then the gain is maximized. We can also remark that beamforming
system offers better results than MIMO EPA This is justified by the fact that
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user in beamforming case allocates all its power to the best direction and does
not waste any power in directions with bad channel conditions. Moreover, com-
paring to cooperative-SISO model, MIMO cooperation allows a gain of 80% for
EPA scheme and beamforming offers a gain of 90% for R;= 1 bits/s/Hz. For
R: = 1.5 bits/s/Hz, the gain is up to 85% and up to 90% for EPA and beamform-
ing respectively. This gain is due to the spatial diversity offered by the MIMO
model.

—©— Non-Cooperative MIMO

Qo= —P— Cooperative SISO +
—&— Cooperative MIMO EPA
—#— Cooperative MIMO Beamforming

14— e el ———————
I I
I i
I I
|

System Transmit Power (dBm)

96 144 192
Number of Resource Blocks

Figure 6.5: System Transmit Power: R; = 1 bits/s/Hz

6.7 Conclusion

In this work, the resource allocation for an uplink cooperative MIMO OFDMA
multiuser system for 5G wireless systems is studied. Mobile users are investigated
as DF relays to relay other mobiles and minimize the system transmit power in
the context of green communication. An optimization problem is formulated to
find the optimal solution for relay selection, RB allocation and power allocation
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Figure 6.6: System Transmit Power: Ri = 1.5 bits/s/Hz

while ensuring a target data rate per user. For each user, both MIMO EPA and
beamforming are performed to allocate power to the different antennas. Simulation
results compare these two schemes to MIMO non-cooperative and to cooperative
SISO systems and show that the proposed algorithm offers a high gain for both
EPA and beamforming. Simulations also show that beamforming achieves better
results than EPA by choosing to allocate the whole power to the best direction.
This gain can be improved if users optimize their power in the different antennas
depending on all antenna gains. This additional optimization will be our future
work.



Chapter 7

Conclusions and Perspectives

7.1 Conclusions

The thesis has mainly considered the resource allocation problem for an uplink
OFDMA system model. Our aim was to propose resource allocation strategies
improving the system throughput while respecting QoS requirement and ensuring
fairness between users.

First, we have investigated resource allocation in a single cell. We have studied
the most used resource allocation algorithms, their associated utility function and
have analyzed their impact for both throughput and fairness. Then, we have pro-
posed a new WPF algorithm inspired from the classical PF algorithm where users
have weights based on their distances from the BS that influence their priority to
earn subcarriers. In fact, contrary to the classical PF algorithm which allocates
approximately the same number of subcarriers to all users, the WPF assigns more
subcarriers to users with good channel conditions while keeping sufficient fairness
in the cell. A theoretical analysis has been established to compare the behavior
of the WPF and the classical PF algorithms. Simulation results have shown that
the proposed WPF approaches the upper bound for the system throughput while
keeping fairness between users. In addition, the WPF can be adjusted using the
B parameter to be adapted to the QoS requirement.
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Based on PF resource allocation, we have studied the resource allocation in a
multi-cell system model where the ICI limits system performance. We have per-
formed a state of the art about ICI mitigation strategies and have proposed two
methods to reduce the ICI. First, we have focused on FFR method and have ap-
plied the WPF algorithm developped in chapter 3 in a multi-cell system model
using FFR. Using this method, resource allocation is performed in a distributed
manner for each cell without knowledge of allocations in neighboring cells. Theo-
retical expressions and simulation results have shown that the proposed FFR and
WPF offer higher system performances compared to the classical FFR scheme
used by the LTE standard. Moreover, we have proposed a second new strategy
to reduce the ICI based on cooperation between BSs. Inspired from boolean in-
terference indicators proposed by the LTE standard, we have proposed a novel
Enhanced Interference Indicator (Ell) allowing to efficiently estimate the level of
interference of subcarriers. In the aim to reduce the ICI without high cooperation
cost between the BSs, the Ell has been chosen with integer values. For this, the
cell edge areas have been divided into multiple sectors and the Ell values has
been computed for each subcarrier per cell corresponding to the sectors in which
it is allocated in neighboring cells. Because we are interested in the uplink, Ell
values depend on the distance from the considered BS. Resource allocation is then
performed considering the Ell as interference estimation and according to the PF
algorithm. Simulation results have shown that the proposed Ell offers better sys-
tem performances by reducing the ICl compared to the HIl proposed by LTE and
to a system without any cooperation between BSs.

In the remainder of this dissertation, we have focused on resource allocation with
multiplexing relays and optimization problems. Considering the uplink in a single
cell system model, we have assumed that mobile users with advantageous positions
can relay other users in the cell border in addition to their own data. Relay’s own
data and relayed data are then multiplexed before transmission to the BS. The
main parameters to optimize have been relay selection, RB allocation and power
allocation. To contribute to green communication, we have chosen to minimize
the system transmit power as objective for the optimization problem. Moreover,
the QoS requirement has been traduced by a target data rate constraint per user.
In a first step, we have assumed half-duplex users, DF relays and have treated the
pairing step to associate users to potential relays as an initialization step where
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a relayed source can be relayed by only one relay. The optimization problem
has been formulated to solve RBs and power allocation using dual method. The
global problem has been decomposed into sub-problems and a sub-optimal iter-
ative heuristic has been proposed. We have detailed theoretical resolution steps
and have presented simulation results which show a high gain compared to sys-
tem without cooperation. In a second step, we have treated the paring step as
an additional optimization step to RB and power allocation. In this case, both
half and full-duplex users have been studied and compared. Comparing the two
proposed methods for half-duplex users, we have concluded that optimizing the
relay selection can reduce the transmit power but adds complexity to the opti-
mization problem. Finally, we have extended the half-duplex resource allocation
using optimization problems to a MIMO system model to study the influence of
multiple antennas systems on the system transmit power. A theoretical analysis
has been established to present sub-optimal expressions for RB and power alloca-
tion. Moreover, both equal power allocation and beamforming have been studied
and compared to allocate power in the multiple antennas of a user.

7.2 Perspectives and future works

A number of interesting topics, based on the research issues studied in this thesis,
could be addressed. We hereunder provide some suggestions of possible extensions
to the work presented in this dissertation:

e In all chapters we have considered that the Base Station knows perfectly
the channel gains (Path Loss, Shadowing and Rayleigh fading gains) for

each resource block. Furthermore, for relayed transmissions, it is assumed
that the BS knows also the gains between any pair of mobile terminal for
relay/relayed-source association. One perspective of our work could be to
study the proposed resource allocation algorithms when we don’t have perfect
CSI knowledge. Several cases of errors on the CSI could be studied: CSI for
each RB available but with estimation errors, averaged CSI on groups of RBs
and/or averaged CSI on several TTls. Robustness of the proposed algorithms
against these impairments should give an insight on their applicability to real
cellular cases.
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e Concerning chapter 4 and cooperation between neighboring cells, we have
proposed new indicators, Enhanced Interference Indicator (Ell), that are an

extension of the classical HIl proposed in the LTE standard. Instead of
being coded on one bit as the HIl, Ell have different levels depending on
the potential interference levels experienced by the RBs of neighboring cells.
We have proposed a simple procedure for Ellexchange between cells, where
the allocation for a group of 7 cells follows a cyclic procedure. It could be
interesting to study other exchange procedures for the Ell in a more realistic
cellular network. Furthermore, it could be interesting to quantify the amount
of transmitted data due to Ell and the impact of transmitting these indicators
not every TTI but with a lower frequency.

e In chapter 5 we have studied resource allocation optimization using mobile
terminals as mobiles relays. For the case of Joint Power Allocation, Relay

Selection and RB Allocation we have studied two cases: half duplex and full
duplex communications. The full duplex case means that a mobile relay is
able to transmit its own data on one RB while, in the same time, listening
on an adjacent RB the data coming from the relayed source. For state of
the art mobile terminals this is not yet possible. Some research projects are
currently studying the feasibility of full duplex RF transmissions and this
kind of transmission could become a reality in following years. Neverthe-
less, interference will remain between emission and reception and it could be
interesting to study the behavior of the resource allocation algorithm when
there exist interference in the full duplex mode.

e In chapter 6, MIMO transmission did not allow multiplexing several users
on the MIMO streams. Multiplexing of the source and relay’s data has been

performed on different RB, similarly to the strategy chosen in chapter 5. It
could be interesting to add spatial multiplexing to frequency multiplexing in
some cases, forinstance ifthe relay is very close to the BS and does not need
to use all its spatial streams to reach the required data rate. However, this
would require additional complexity at the relay, since it would no longer
just forward the source’s data on the same RBs. It would also lead to an
increase in the signaling load between the relay and the BS, in order for the
BS to correctly demultiplex all data.
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e OFDM modulation has been chosen throughout the thesis and all mobile
users and BS have been assumed to be synchronous. Moreover, neighbor-

ing cells are also assumed synchronous. As other post-OFDM waveforms
(mainly filtered multicarrier waveforms) are proposed for 5G standardiza-
tion, it should be interesting to study the impact of such waveforms on the
performances when perfect synchronization is relaxed. In particular, the fre-
quency localization of post-OFDM waveforms can have in interest in a non
synchronous system [70].

e Finally, in our work we didn’t consider any traffic model for the data and
no moving model for the mobile users. Resource allocation is thus done at

each TTI using different Rayleigh fading gains for the links. Taking into
account user velocity could result in a higher period (several TTIs) for re-
source allocation computation for low speed users. Studying the impact of
the resource allocation periodicity versus user mobility could be an interest-
ing perspective. Besides, all algorithms where designed for full buffer cases.
The proposed algorithms could be adapted to more realistic traffic models,
taking into account not only the users data rate but also their buffer size and
the risk of buffer overflow.






Appendix A

Relative Appendix in Section 3.5

A.1 Proof of expressions (3.9), (3.10) and (3.11)

We assume that we are in high SNR and we use the approximation log,(1+a) =

log,(a). Equations (3.7) and (3.8) can then be written as:

P P
A=lo 02092 — lo A191,i—
92 ) N2 iesu, 92 N
= V2 V1
iessub,1
_ a2 U0yt P
B= |092 191‘1 N1 i'€Ssub,2 |092 29 N2

where V4 and V, two independent random variables with means py, and py, and
variances oy,2 and oy,2.
We remind that we set:

X =log,(a1g1,;P) ~ Lx(u1,04%)
Y =log,(0292P) ~ Ly (M2, 022)
Z =l0g,(a191,P)109,(0292,P) ~ Lz(us3, 05%)
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and that:

M3 = M1M2;
03 =04%07° +012U§ "'022“21

Applying the central limit theorem [47], A and B follow normal distributions with
means pa and pg and variances oa? and og?. We aim to compute means and
variances expressions.

P
N,
Vi =log,(a191,P) —log,(N+)

Vi=log, 0194,

Then

My, = M1 — 10g,(N1)
and
Mv, = M2 — logy(N2) (A1)

Computation of oy,2 and oy,2
We have the formula:

ov,2 = E[V?] — E [V4] (A.2)

E2[V4] = uﬁ — 21log (1) +log 2(N1)2 (A.3)

| I
E[V12] =E log 2(a1g1,iP)2 - 2Iogz(N1)Iogz(a1g1,iP)+ Iogz(N1)2
2
=012+ P12 +10gy(N1) — 2p1log,(N+) (A.4)
Substituting equations (A.3) and (A.4) in (A.2), we find:

O'V12= 0'21 (A5)
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In the same manner:

ov,2= 0% (A.6)
Computation of the mean and the variance of iSens V1AND g Vo
With |Ssust | = Ny and |Ssup 2| = N2, we can write:

Vi bis = Vi~ Ly Vv v 2) (A.7)

- 1,bis(i“I 1,bis’c 1,bis
i€ Ssub,1
V2 pis = Vo~Ly, |, v v o2) (A.8)
,bis(l"I 2,bis ? o 2,bis
iessub,2

where

Mvigs = N1t — Nqloga(N1) (A.9)
Ov, e’ = N1OZ, (A.10)
Hvzus = N2p2 — N2 1oga(N2) (A.11)
OVype” = N2OY, (A.12)
Using the formula for X and Y two independent random variables:
var(X.Y ) = var(X)var(Y ) + var(X)[E(Y )]? + var(Y )[E(X)]?
we have:

aa®=var(V2.V1 pis)

=0?0%2 +0?p? +0? (A.13)

5 M
V2 Vipis V2 Vi pis Vipis V2

Substituting equations (A.9) and (A.10) in (A.13), we find:

2
O.i =O'120'22+N10'22|J12—2N1|J10'22|092(N1)+ N10'22|092(N1)2

N1
+012H2° — 21201% logy(N2) + 017 logy(N2)?

(A.14)
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Similary:

2
c% =01202°+02° 1% — 21102°10g, (N1) + 027109, (N1)?
2

+ No012d22 — 2Nop2012 log,(N2) + N2o12 log,(N2)? (A.15)
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