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Abstra
t

Cognitive Radio (CR) is a promising te
hnique for e�
ient spe
trum utilization. It was

introdu
ed due to the s
ar
ity of frequen
y spe
trum in view of the evolution of wireless 
om-

muni
ation te
hnologies. The CR te
hnology permits an unli
ensed user 
alled Se
ondary User

(SU) to 
oexist with the li
ensed user 
alled Primary User (PU) without degrading his per-

forman
e. In a CR system, the SU has the ability to sense and adapt to his environment in

order to dete
t possible frequen
y holes in the wireless spe
trum and transmit in it under some


onstraints so as to in
rease the total data rate. Besides, resour
e allo
ation in CR systems is

one of the most 
ommon studied s
enarios espe
ially for multi-
arrier transmissions, with the

aim to maximize the system throughput.

In this thesis, we investigate the resour
e allo
ation problem for an uplink multi-user underlay

CR system where the SU is allowed to 
oexist with the PU provided that the interferen
e


aused to the PU is below a prede�ned threshold. We apply two de
oding te
hniques, Su

essive

Interferen
e Can
ellation (SIC) and Superposition Coding (SC), at the SU in order to maximize

the se
ondary rate.

In a �rst step, the single-user s
enario is studied, assuming perfe
t 
hannel state information

(CSI) at the SU. We evaluate the performan
e of the system by proposing an adaptive de
oding

algorithm where the SU 
an either treat the interferen
e as noise or perform SIC or SC. We

investigate the power allo
ation problem taking into a

ount the power budget and the interfe-

ren
e threshold 
onstraints. A general solution for the power optimization problem in an uplink

underlay CR system is proposed. Both theoreti
al analysis and simulation results show that the

proposed algorithm a
hieves higher sum rate than 
lassi
al algorithms, providing high-enough

data rates for the se
ondary system at the expense of a very low degradation of the primary

system's rate.

Then, the se
ondary multi-user s
enario is investigated, where multiple users are allowed

to exist in the se
ondary 
ell. Power and sub
arrier allo
ation problems are detailed in order

to maximize the se
ondary rate. We highlight the bene�ts of the proposed multi-user adaptive

algorithm whi
h en
ompasses three phases. The �rst step in
ludes the adaptive sele
tion of the

de
oding strategy at the se
ondary re
eiver. The se
ond step des
ribes the sub
arrier allo
ation

among the di�erent users. Finally, the third step details the optimal distribution of the available

power budget on the users.

However, perfe
t 
hannel knowledge requires perfe
t 
hannel measurements at the re
eiver

and a perfe
t feedba
k link to send this 
hannel information to the transmitter, whi
h may be
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impra
ti
al to implement. Thus, we also study the single-user s
enario assuming that only sta-

tisti
al CSI of 
hannel gains between the primary transmitter and both primary and se
ondary

re
eivers is available at the SU. We detail the analyti
al expressions for the outage probabili-

ties and then we solve the non-
onvex optimization problem using a sequential approximation

algorithm. Simulations show that the proposed algorithm is e�
ient and robust with statisti
al

CSI. This work 
an be easily extended to the multi-user 
ase.

Finally, we propose a new system model where the se
ondary re
eiver a
ts as a Full-Duplex

(FD) relay node in order to maximize the primary rate and thus the total system rate. The propo-

sed s
enario is �rst studied for single-
arrier modulation s
heme for both Amplify-and-Forward

(AF) and De
ode-and-Forward (DF) relaying proto
ols. The 
onstraints to apply Su

essive

Interferen
e Can
ellation (SIC) and to relay are determined and the new a
hievable rates are

spe
i�ed su
h that the relay node relays whenever the new a
hievable rate is better than the one

a
hieved without relying. Furthermore, the performan
e of the DF relaying s
heme in the FD

mode is evaluated for multi-
arrier modulation. The performan
e of the proposed system model

is evaluated via simulations and an important improvement of the primary a
hievable rate and

thus of the total system rate is shown.

Keywords� Cognitive radio, Underlay, Optimization, Maximum sum-rate, OFDM, Multiuser,

Imperfe
t CSI, Relay, Full-Duplex.
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Résumé

La Radio Cognitive (CR pour Cognitive Radio) est une te
hnique prometteuse pour assurer

une utilisation e�
a
e du spe
tre. Elle a été introduite en raison de la rareté du spe
tre des

fréquen
es, 
ompte tenu de l'évolution des te
hnologies des 
ommuni
ations sans �l. La CR

permet à un utilisateur non li
en
ié appelé utilisateur se
ondaire (SU pour Se
ondary User)

de 
oexister ave
 un utilisateur agréé appelé utilisateur primaire (PU pour Primary User) sans

dégrader les performan
es du dernier. Dans un système de CR, le SU a la 
apa
ité de déte
ter

et de s'adapter à son environnement a�n de déte
ter des trous de fréquen
es possibles dans le

spe
tre sans �l et transmettre dans 
es trous sous 
ertaines 
ontraintes de manière à augmenter le

débit total. Par ailleurs, l'allo
ation des ressour
es dans les systèmes CR forme l'un des s
énarios

étudiés les plus 
ourantes en parti
ulier pour des transmissions à porteuses multiples, dans le

but de maximiser le débit du système.

Dans 
ette thèse, nous étudions le problème d'allo
ation des ressour
es pour un système CR

à multi-utilisateur pour une transmission de liaison montante. On 
onsidère le s
énario underlay

où le SU est autorisé à 
oexister ave
 le PU à 
ondition que l'interféren
e 
ausé au PU soit infé-

rieure à un seuil prédé�ni. Nous appliquons deux te
hniques de dé
odage, l'annulation su

essive

d'interféren
e (SIC pour Su

essive Interferen
e Can
ellation) et le 
odage à superposition (SC

pour Superposition Coding), au SU a�n de maximiser le débit se
ondaire.

Dans une première étape, le s
énario mono-utilisateur est étudié, en supposant que les in-

formations d'état de 
anal sont 
onnues parfaitement au SU. Nous évaluons la performan
e du

système en proposant un algorithme de dé
odage adaptatif où le SU peut soit traiter l'interfé-

ren
e venant du primaire 
omme du bruit, ou bien appliquer le SIC ou SC. Nous étudions le

problème d'allo
ation de puissan
e en tenant 
ompte du budget de puissan
e et des 
ontraintes

de seuil d'interféren
e. Une solution générale pour le problème d'optimisation de puissan
e dans

un système de liaison montante pour un système underlay CR est proposée. L'analyse des simu-

lations et les résultats théoriques montrent que l'algorithme proposé assure une augmentation

sur le débit total du système, en se 
omparant aux algorithmes 
lassiques.

Ensuite, le s
énario multi-utilisateurs se
ondaires est étudié, où plusieurs utilisateurs sont

autorisés à exister dans la 
ellule se
ondaire. Les problèmes d'allo
ation de puissan
e et de

sous-porteuses sont détaillés dans le but de maximiser le débit se
ondaire. Nous mettons en

éviden
e les avantages de l'algorithme adaptatif dans le 
as multi-utilisateur, qui 
omprend

trois phases. La première étape 
omprend la séle
tion adaptative de la stratégie de dé
odage au

niveau du ré
epteur se
ondaire. La deuxième étape dé
rit l'attribution de sous-porteuses parmi
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les di�érents utilisateurs. En�n, la troisième étape détaille la répartition optimale du budget de

puissan
e disponible sur les utilisateurs.

Cependant, la 
onnaissan
e parfaite du 
anal né
essite des mesures de 
anal parfait au niveau

du ré
epteur et un lien de rétroa
tion parfaite pour envoyer 
es informations à l'émetteur, 
e qui

peut être impossible à mettre en ÷uvre. Ainsi, nous étudions aussi le s
énario mono-utilisateur en

supposant que juste la 
onnaissan
e statistique des gains de 
anaux primaires est disponible au

SU. Nous détaillons les expressions analytiques pour les probabilités de panne et nous résolvons

le problème d'optimisation non-
onvexe en utilisant un algorithme d'approximation séquentielle.

Les simulations montrent que l'algorithme proposé est e�
a
e et robuste ave
 la 
onnaissan
e

statistique des 
anaux. Ce travail peut être fa
ilement étendu au 
as multi-utilisateur.

En�n, nous proposons un nouveau modèle de système où le ré
epteur se
ondaire peut agir


omme un n÷ud de relayage Full-Duplex (FD) a�n de maximiser le débit primaire et don
 le

débit total du système. Le s
énario proposé est d'abord étudié pour un s
héma de modulation

à mono-porteuse dans les deux 
as Amplify-and-Forward (AF) et De
ode-and-Forward (DF).

Les 
ontraintes pour appliquer le SIC et pour le relayage sont déterminés et les nouveaux débits

réalisables sont spé
i�és de telle sorte que le n÷ud de relayage relaie à 
haque fois que le nouveau

débit atteignable est meilleur que 
elui obtenu sans relayage. En outre, les performan
es du

système de transmission en mode FD ave
 le proto
ole DF sont évaluées ave
 la modulation

multi-porteuse. Les performan
es du modèle de système proposé sont évaluées par le biais de

simulations et une amélioration importante sur le débit primaire et don
 le débit total du système

est a�
hé.

Mots Clés�Radio Cognitive, Underlay, Optimisation, Débit maximal, OFDM, Multi-utilisateurs,

Relayage.
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Résumé Détaillé de la Thèse

0.1 Introdu
tion

Ave
 la multipli
ation des di�érentes te
hnologies de réseau sans �l, la demande de spe
tre

radioéle
trique est en augmentation 
onsidérable. Ce spe
tre est réglementé par un organisme

gouvernemental qui alloue le spe
tre en attribuant des li
en
es ex
lusives pour les utilisateurs

d'exploiter leurs réseaux dans di�érentes régions géographiques. Cependant, le spe
tre radio-

éle
trique est de plus en plus en
ombré, bien que les mesures de spe
tre indiquent que le spe
tre

attribué est sous-utilisé, 
'est à dire, à n'importe quel temps et endroit données, une grande

partie du spe
tre est non utilisée. D'où l'idée de la radio 
ognitive apparait 
omme une solution

prometteuse à 
e problème.

La radio 
ognitive est une forme de 
ommuni
ation sans �l dans laquelle un système peut

déte
ter intelligemment les 
anaux de 
ommuni
ation qui sont en 
ours d'utilisation et 
eux qui

ne le sont pas, et peut se dépla
er dans les 
anaux inutilisés. Ce
i permet d'optimiser l'utilisation

des fréquen
es radio disponibles du spe
tre tout en minimisant les interféren
es ave
 d'autres

utilisateurs. Dans d'autres mots, la radio 
ognitive permet à un utilisateur non li
en
ié qu'on

appelle se
ondaire de 
oexister dans la même bande de fréquen
e ave
 l'utilisateur primaire

li
en
ié é 
ondition de ne pas gêner 
e dernier.

Dans la pratique, on a di�érentes appro
hes d'implémentation pour la radio 
ognitive :

Overlay, Underlay et Interweave.

� La radio 
ognitive Overlay (Fig. ??) :

Cette vision de la radio 
ognitive part de la notion de 
oopération entre le système pri-

maire et se
ondaire. On 
onsidère dans la radio 
ognitive overlay que le système se
ondaire


onnaît au préalable les spé
i�
ations des transmissions primaires. Cette 
onnaissan
e a

priori des signaux du primaire peut être exploitée aussi bien pour améliorer les trans-

missions primaires tout en atténuant les interféren
es provenant du se
ondaire vers le

primaire, ou en
ore pour annuler les perturbations des émetteurs primaires sur les ré
ep-

teurs se
ondaires.

� La radio 
ognitive Underlay (Fig. ??) :

Cette appro
he propose de transmettre simultanément sur les mêmes bandes de fré-

quen
e, les signaux primaires et se
ondaires, tout en respe
tant une 
ontrainte de puis-

san
e imposée aux émetteurs se
ondaires. On suppose don
 qu'en dessous d'un 
ertain

seuil de puissan
e des émetteurs se
ondaires, au
une dégradation signi�
ative n'est ob-
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Primary transmissionSecondary normal transmission
Amplitud

e

Primary frequency band

Spectral holes detected

A
m
p
li
tu
d
e

Primary frequency band

Opportunistic secondary

communication

servée sur les transmissions primaires.

� La radio 
ognitive InterWeave :

Comme illustré dans la Fig. ??, on 
onstate de façon générale que la majeure partie

des ressour
es radio allouée aux utilisateurs primaires n'est pas 
onstamment utilisée par


eux-
i. Cela implique une disponibilité de trou spe
tral qui peut être exploité de façon

opportuniste pour l'émission des signaux se
ondaires.

Dans le présent manus
rit, nous proposons un algorithme de dé
odage adaptatif au niveau

de l'utilisateur se
ondaire, dans le but de maximiser son débit sans dégrader les performan
es

du système primaire.

0.2 S
énario étudié

Dans le s
énario étudié, on 
onsidère une 
ellule primaire et une 
ellule se
ondaire de même

taille. On étudie les performan
es de l'underlay dans un système radio 
ognitif ave
 une trans-

mission de liaison montante et en utilisant l'OFDM. Nous supposons que toutes les transmissions

sont parfaitement syn
hrones. Le système primaire o

upe une bande passante B qui est divisée

en L sous-porteuses adja
entes parallèles. La station de base (BS) se
ondaire est située é une

distan
e dsec de la BS primaire.
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0.3. CONNAISSANCE PARFAITE DES CANAUX AU NIVEAU DE L'UTILISATEUR SECONDAIRE

Nous 
ommençons par dé�nir les paramètres du modèle de système pour le 
as mono-

utilisateur, 
'est-à-dire où un seul utilisateur existe dans 
haque 
ellule. Ces paramètres seront

utilisés tout au long de 
ette thèse. Cependant, 
ertains paramètres liés aux terminaux mobiles

se
ondaires seront modi�és pour le 
as multi-utilisateur. Dans le 
as mono-utilisateur, l'indi
e

p se réfère au système primaire, tandis que l'indi
e s fait référen
e au système se
ondaire. Les

signaux primaires et se
ondaires reçus dans 
haque sous-porteuse k P t1, . . . , Lu peuvent être

é
rits 
omme (voir Fig. 3.1)

ykp � hkppx
k
p � hkpsx

k
s � zkp

yks � hkspx
k
p � hkssx

k
s � zks

où yki est la sortie du 
anal et xki est l'entrée du 
anal 
orrespondant é des données ski ave


une puissan
e P ki pour la sous-porteuse k et l'utilisateur i. Pi,max est la puissan
e d'émission

maximale de l'émetteur i. hkij , qui est une variable gaussienne 
omplexe 
ir
ulaire de moyenne

nulle, désigne le gain de 
anal entre l'émetteur j et le ré
epteur i. Les gains de 
anaux sont

supposés 
onstants pendant un intervalle de temps de transmission. zki désigne le bruit additif

blan
 Gaussien (AWGN) au niveau du ré
epteur i. La varian
e de bruit nki � n0 est la même

sur 
haque sous-porteuse k.

xkp

xks

hkpp

hkss

ykp

yks

hksp

hkps

Figure 1 � Canal à interféren
e à deux utilisateurs pour 
haque sous-porteuse k P t1, . . . , Lu

0.3 Connaissan
e parfaite des 
anaux au niveau de l'utilisateur

se
ondaire

Dans 
ette partie, on 
onsidère que l'utilisateur se
ondaire 
onnait toutes les informations

de 
anaux parfaitement. On étudie premièrement le 
as mono-utilisateur, puis on traite le 
as

où plusieurs utilisateurs se
ondaires 
oexistent dans la 
ellule se
ondaire.

0.3.1 Algorithme de dé
odage adaptatif

Dans le s
énario étudié, l'utilisateur primaire traite toujours l'interféren
e qu'il reçoit du

se
ondaire 
omme du bruit, sans adapter sa stratégie de dé
odage. L'algorithme proposé est

itératif et dépend de la puissan
e 
al
ulée à l'itération pré
édente n� 1. Ainsi, le débit primaire

atteignable à l'itération n et sur la sous-porteuse k est donné par

Rkp,n �
B

L
log2

�

1�
| hkpp |

2 P kp,n

n0� | hkps |
2 P ks,n

�

(1)
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Par 
ontre, l'utilisateur se
ondaire peut adapter sa stratégie de dé
odage selon la quantité

d'interféren
e et 
ertaines 
ontraintes liées aux méthodes d'annulation su

essive d'interféren
e,

tout en gardant une transmission au-dessous d'un seuil d'interféren
e Ith prédé�ni au niveau du

primaire. Ce seuil est 
al
ulé de façon à 
e que le débit primaire en présen
e de l'interféren
e du

se
ondaire reste au-dessus d'un pour
entage de dégradation en le 
omparant au rate du primaire

maximum (sans interféren
e) donné par Rkp,n,max �
B
L
log2

�

1�
|hkpp|

2P k
p,n

n0

	

. Ainsi, la dégradation

∆ est donnée par

p1�∆qRkp,n,max �
B

L
log2

�

1�
|hkpp|

2P kp,n

n0 � Ikth

�

Dans 
e qui suit, nous résumons les étapes de l'algorithme adaptatif proposé, selon les dif-

férentes 
ontraintes :

1. Si le transmetteur primaire n'émet pas, le ré
epteur se
ondaire dé
ode son propre signal

sans interféren
e. Son débit est don
 
al
ulé par

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

n0

�

(2)

2. Si l'interféren
e au niveau du ré
epteur se
ondaire est faible, i.e., |hksp|
2
¤ |hkss|

2
, le

ré
epteur se
ondaire traite 
ette interféren
e 
omme du bruit. Dans 
e 
as, son débit

atteignable est donné par

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

|hksp|
2P kp,n�1 � n0

�

(3)

3. Si l'interféren
e au niveau du ré
epteur se
ondaire est forte, i.e., |hksp|
2
¡ |hkss|

2
, le 
anal vu

par le ré
epteur se
ondaire est un 
anal multi-a

ès (MAC). Plusieurs 
as sont possibles :

(a) Le ré
epteur se
ondaire essaie de dé
oder le signal du primaire pour le retran
her en

appliquant le SIC. Pour le faire, il faut que le débit du primaire vu par par le ré
epteur

primaire soit inférieur ou égale au même débit vu par le ré
epteur se
ondaire. Cette


ondition peut être donnée par

akP ks ¥ ck (4)

où

ak � |hksp|
2
|hkps|

2
� |hkpp|

2
|hkss|

2

ck � n0

�

|hkpp|
2
� |hksp|

2
	

Dans 
e 
as, le ré
epteur se
ondaire dé
ode son propre signal sans interféren
e, et le
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débit primaire atteignable est donné par

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

n0

�

(5)

(b) Si le ré
epteur se
ondaire est in
apable de faire du SIC, on test la 
apa
ité d'appliquer

les SC en dé
omposant le signal se
ondaire en deux signaux dépendant de αk qui doit

être 
ompris entre 0 et 1. Ave
 
ette stratégie, le dé
odage se fait sur trois étapes et

les 
ontraintes pour faire du SC sont données par

$

&

%

p

|hkpp|
2
�|hksp|

2
q

|hkps|
2
|hksp|

2  

P k
s

n0

P ks a
k
  ck

(6)

qui sont détaillé dans le Tableau 3.1. Dans 
e 
as, le débit se
ondaire atteignable est

donné par

Rks,n �
B

L
log2

�

1�
αk|hkss|

2P ks,n

n0

�

�

B

L
log2

�

1�
p1� αkq|hkss|

2P ks,n

αk|hkss|
2P ks,n � |hksp|

2P kp,n�1 � n0

�

(7)

où

αk �
p|hksp|

2
� |hkpp|

2
qn0 � |hkps|

2
|hksp|

2P ks,n

|hkpp|
2
|hkss|

2P ks,n
(8)

(
) Si au
une de 
es stratégies de dé
odage ne peut être appliquée, le transmetteur se-


ondaire s'éteint.

ck

Positive Negative

ak

Positive

P k
s

n0
¡

|hkpp|
2
�|hksp|

2

|hkps|
2
|hksp|

2

Impossible

P ks  
ck

ak

Negative

P k
s

n0
¡

|hkpp|
2
�|hksp|

2

|hkps|
2
|hksp|

2 P ks ¡
ck

ak

Table 1 � Les 
onditions du 
odage à superposition

L'algorithme de dé
odage adaptatif proposé peut être présenté par la Fig. 3.4, pour P kp,n�1 �

0.
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Weak Strong

(3.7)

(3.19)

Int = Noise SIC SC O�

FalseTrue

FalseTrue

FalseTrue

�

�hksp
�

�

2

¤

�

�hkss
�

�

2

Figure 2 � Stratégies de Dé
odage pour l'utilisateur se
ondaire à la sous-porteuse k

0.3.2 Optimisation des puissan
es

Une fois la stratégie de dé
odage est 
hoisie pour 
haque sous-porteuse, on pro
ède à l'étape

de l'optimisation des puissan
es primaire et se
ondaire, dans le but de maximiser les débites

primaire et se
ondaire, respe
tivement. L'algorithme d'allo
ation de puissan
e est dé
rit pas la

Fig. 3.7.

Initializepp,ps,n � 0

k � 0

P
k
p � 0

|h
k
sp|

2
¤|h

k
ss|

2

R
k,SIC
s,n R

k,int
s,n R

k,SIC
s,n R

k,SC
s,n R

k,off
s,n

(3.7)

(3.19)

k � L� 1

n � N � 1End

Update pp,n using Water�lling based on psu
rks

,n�1

Update ps,n using dual de
omposition based on pp,n�1

k

�

k
�

1

n

�

n

�

1

True False

True False

True False

True False

True False

True

False

Figure 3 � Allo
ation de puissan
e

A l'itération n, le problème d'allo
ation de puissan
e au niveau de l'utilisateur se
ondaire
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est donné par

max
ps,n

Rs,n (9a)

s.t.

Ļ

k�1

P ks,n ¤ Ps,max (9b)

s.t. P ks,n ¥ 0� k P t1, . . . , Lu (9
)

s.t. |hkps|
2P ks,n ¤ Ikth � k R S1 (9d)

s.t. (3.7),� k P S3 (9e)

s.t. (3.19),� k P S4 (9f)

oé Rs,n �
°

kPS2
R
k,int
s,n �

°

kPS1XS3
R
k,SIC
s,n �

°

kPS4
R
k,SC
s,n

Comme 
e problème est séparable selon les di�érentes 
ontraintes, on peut le dé
omposer en

trois sous-problèmes :

Cint : max
tP k

s,nukPS2

¸

kPS2

Rints,n � µs,n
¸

kPS2

P ks,n (10a)

|hkps|
2P ks,n ¤ Ikth,�k P S2

CSIC : max
tP k

s,nukPS3

¸

kPS3

RSICs,n � µs,n
¸

kPS3

P ks,n (10b)

|hkps|
2P ks,n ¤ Ikth,�k P S3

akP ks,n ¥ ck,�k P S3

CSC : max
tP k

s,nukPS4

¸

kPS4

RSCs,n � µs,n
¸

kPS4

P ks,n (10
)

|hkps|
2P ks,n ¤ Ikth,�k P S4

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
 

P ks,n

n0
,�k P S4

akP ks,n   ck �k P S4

Les deux sous-problèmes Cint et CSIC sont 
onvexes et leurs solutions peuvent être données

en appliquant le Lagrangien. Alors que le troisième sous-problème n'est pas 
onvexe et on doit

don
 appliquer un algorithme d'approximation séquentielle a�n de le transformer en un problème


onvexe. La solution du problème (3.37) est donné par le Tableau 3.2, et les 
oe�
ients du

problèmes sont donnés par le Tableau 3.3.
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Table 2 � Valeurs optimales de P ks,n

Conditions De
oding P ks,n

strategies

P k
p,pn�1q

� 0

any value for

ak and ck

Interweave

�

1
µs,n

�

1

bk
s,pn�1q

�

�

P k
p,pn�1q

� 0
 

ak � 0; ck � 0
(

Int = Noise min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak   0; ck ¡ 0
(

SIC 0

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2

+

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak ¡ 0; ck   0
(

SIC min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

SC 0

P k
p,pn�1q

� 0
 

ak   0; ck   0
(

SIC min

#

ck

ak
;

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2 ; c
k

ak

+

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak ¡ 0; ck ¡ 0
(

SIC

if

ck

ak
¤

Ik
th

|

hkps|
2

otherwise

min

#

max

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

; c
k

ak

+

;
Ik
th

|

hkps|
2

+

0

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2

+

; c
k

ak
;

Ik
th

|

hkps|
2

+
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Table 3 � Coe�
ients d'optimisation pour le problème (3.39)

Cases bk
s,pn�1q

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¤

�

�hkss
�

�

2

|

hkss|
2

n0�|hksp|
2
P k
p,pn�1q

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2
|

hkss|
2

n0

P k
p,pn�1q

� 0
|

hkss|
2

n0

Cases ak

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¥

�

�hkss
�

�

2

�

�hksp
�

�

2 �
�hkps

�

�

2
�

�

�hkpp
�

�

2 �
�hkss

�

�

2

all other 
ases 0

Cases ck

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¥

�

�hkss
�

�

2 n0

�

�

�hkpp
�

�

2
�

�

�hksp
�

�

2
	

all other 
ases 0

0.3.3 S
énario multi-utilisateurs se
ondaires

Dans 
ette partie, plusieurs utilisateurs se
ondaires peuvent 
oexister dans la 
ellule se-


ondaire. On propose alors un algorithme d'allo
ation de ressour
es qui 
omportent plusieurs

phases :

� Tout d'abord, pour 
haque k, on 
hoisit parmi tous les utilisateurs 
elui qui o�re le

meilleur rate, 
'est-à-dire, sur 
haque sous-porteuse un seul utilisateur sera a
tif.

� On applique les deux algorithmes de dé
odage adaptatif et d'allo
ation de puissan
e pour


haque utilisateur, sur ses sous-porteuses a
tives.

L'algorithme global est donné par la Fig. 3.9.

0.3.4 Simulations

Ave
 une 
onnaissan
e parfaite des 
anaux, les gains de 
anaux hkij prennent en 
ompte

la perte de 
hemin, le shadowing log-normale et le Rayleigh. Le modèle de perte de 
hemin

est l'extension du modèle COST 231 à Hata à 800 MHz dans un environnement urbain dense,

LdBpdq � 125.08�35.22�log10pdq, et l'é
art type du shadowing est égale é 6 dB. Les deux 
ellules

primaires et se
ondaires ont des antennes omnidire
tionnelles ave
 le même rayon dP � ds � 1

km. La dégradation autorisée du débit primaire est ∆ � 0, 1, 
e qui signi�e que 90 % du débit

primaire sans interféren
e est garantie.
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k � 0

u � 0

Inter

SC

SIC

Int=noise

u � Nu � 1

Sint � H

SSC � H

SSIC � H

Snoise � H Rk
� 0

k � L� 1
u

�

u

�

1

k

�

k

�

1

End

Pk
� min

�

�

Pu
rks

,max

lu
rks

,
Ik
th

|hk
psu

rks

|

2

�




�k

SInt � SSC � SSIC � Snoise � Soff � H

Rk
� maxSint

R

u
rks

� argmaxR

Rk
� maxSSC

R

u
rks

� argmaxR

Rk
� maxSSIC

R

u
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� argmaxR

Rk
� maxSnoise

R

u
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� argmaxR
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true false
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false

true false
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false

true false

true false

true

false

true

false

true false

falsetrue

Figure 4 � Algorithme d'allo
ation de sous-porteuses
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Débits atteignables par l'algorithme proposé dans le 
as mono-utilisateur

L'impa
t de l'algorithme proposé sur les débits total, primaire et se
ondaire est représenté

sur la Fig. 3.13 et la Fig. 3.14. En 
omparant la méthode proposée au s
énario où juste le SIC

est appli
able au niveau du système se
ondaire, notée "SIC", la méthode proposée présente une

amélioration due à l'appli
ation du SC. Une forte amélioration apportée par l'optimisation de

puissan
e en présen
e de la stratégie SC est aussi mise en éviden
e.
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Sum rate SIC & SC & power control

Sum rate SIC & power control

Sum rate SIC & SC

Sum rate SIC
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Primary rate SIC & SC & power control
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Figure 5 � Débits primaire et total 
omparés ave
 di�érentes méthodes
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SIC & SC & power control

SIC & power control

SIC & SC
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FB

PB

Figure 6 � Débit se
ondaire 
omparé ave
 di�érentes méthodes

Débits atteignables par l'algorithme proposé dans le 
as multi-utilisateur

Dans 
ette partie, les performan
es de l'algorithme proposé est évaluée ave
 di�érent nombre

d'utilisateurs dans la 
ellule se
ondaire. Dans la Fig. 3.15, les débits totaux atteignables ave


deux utilisateurs se
ondaires sont 
omparés pour les di�érents algorithmes de dé
odage appli-

qués. On remarque que le gain obtenu par l'algorithme proposé est plus importante ave
 deux

utilisateurs.
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Figure 7 � Débits totaux atteignables ave
 deux utilisateurs se
ondaires

Dans la Fig. 3.16, les débits se
ondaires atteignables sont a�
hés selon le nombre des utili-

sateurs se
ondaires.
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Figure 8 � Débits se
ondaires en fon
tion du nombre d'utilisateurs pour dsec= 0.6 km

0.4 Connaissan
e Statistiques des Canaux

Dans 
ette partie, on 
onsidère que l'utilisateur se
ondaire possède juste une 
onnaissan
e

statistiques des 
anaux du système primaire |hkpp|
2
et |hkps|

2
. Pour résoudre le problème d'allo-


ation de ressour
e dans 
es 
onditions, il faut tout d'abord 
al
uler les di�érentes probabilité

d'outage sur les 
ontraintes et les expressions des débits dépendants de |hkpp|
2
ou |hkps|

2
.
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0.4.1 Allo
ation de puissan
e

Le problème d'allo
ation de puissan
e ave
 
onnaissan
e statistique des 
anaux est donné

par (4.3), ave
 ǫk, θk, δk and γk les limites d'outage

max
ps

Rs (11a)

s.t.

Ļ

k�1

P ks ¤ Ps,max (11b)

s.t. P ks ¥ 0,�k P t1, . . . , Lu (11
)

s.t. exp
�

Ik
th

Pk
s λkps

¤ θk,�k R S1 (11d)

s.t. exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¤ ǫk,�k P S3 (11e)

s.t. exp
�

|hksp|
2

λkpp
1

1�
|hksp|

2P k
s λ

k
ps

λkppn0

¤ δk,�k P S4 (11f)

s.t. exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¥ 1� γk,�k P S4 (11g)

où

νk �
|hksp|

2

n0 � |hkss|
2P ks

(12)

and Rs �
°

kPS2
R
k,int
s �

°

kPS1XS3
R
k,SIC
s �

°

kPS4
R
k,SC
s .

Comme dans le 
as de 
onnaissan
e parfaite des 
anaux, le problème d'optimisation est

dé
omposable en trois sous-problèmes, et on applique un algorithme d'approximation séquentiel

sur les sous-problèmes non-
onvexes. La résolution du problème (4.3) résulte en une solution

générale donnée par le Tableau 4.4, ave
 les paramètres présentés dans le Tableau 4.5.

Table 4 � Valeurs optimales de P ks,n

Conditions De
oding P ks,n

strategies

P k
p,pn�1q

� 0 Interweave

�

1
µs,n

�

1

bk
s,pn�1q

�

�

P k
p,pn�1q

� 0 Int = Noise min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

P k
p,pn�1q

� 0
 

Ek   0;F k ¡ 0
(

SIC 0

P k
p,pn�1q

� 0
 

Ek ¡ 0;F k   0
(

SIC min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+
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P k
p,pn�1q

� 0
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s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; F
k

Ek

+

P k
p,pn�1q
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F k
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+
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+
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+
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+
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0.4. CONNAISSANCE STATISTIQUES DES CANAUX

Table 5 � Valeurs du 
oe�
ient bk
s,pn�1q

dans le Tableau 4.4

Cases bk
s,pn�1q

P k
p,pn�1q

� 0
|

hkss|
2

n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¤

�

�hkss
�

�

2

|

hkss|
2

|

hksp|
2
P k
p,pn�1q

�n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2

(SIC)

|

hkss|
2

n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2

(SC)

λkps
n0

0.4.2 Simulations

Dans 
ette partie, on utilise les mêmes paramètres utilisés dans la partie pré
édente ave



onnaissan
e parfaite des 
anaux. On 
onsidère que les limites d'outage θk, ǫk, δk and γk sont

tous égaux et valent 0.01. on 
ompare les performan
es de l'algorithme proposé dans les deux


as de 
onnaissan
e parfaite et statistique des 
anaux et on remarque que l'algorithme est bien

robuste malgré la manque d'information parfaite. Les débits se
ondaire et total atteignables

ave
 la méthode proposée sont donnés dans les Fig. 4.1 et Fig. 4.2, respe
tivement.
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0.5 Nouveau modèle proposé ave
 relayage au niveau du ré
ep-

teur se
ondaire

Dans 
ette partie, on propose un nouveau modèle de système radio 
ognitif ave
 une trans-

mission sur un liaison montante, dans lequel le ré
epteur se
ondaire peut agir 
omme un n÷ud

de relayage, dans le but de maximiser le débit primaire 
omme présente la Fig. ??. On se limite

à l'appli
ation d'une partie de l'algorithme de dé
odage adaptatif, dans laquelle le ré
epteur

se
ondaire peut appliquer le SIC ou bien traiter l'interféren
e venant du primaire 
omme du

bruit. Dans tous les 
as, on impose au ré
epteur se
ondaire de ne pas relayer que si le débit

primaire obtenu après relayage est supérieur au 
elui obtenu sans relayage.

xkp

xks yks , x
k
r

ykphkpp

hkss

hkps

hksp

hkr

Figure 11 � Système radio 
ognitif ave
 relayage

Le modèle du système à la sous-porteuse k lorsque yks relaie est donné par

ykp � hkppx
k
p � h

k
psx

k
s � h

k
rx

k
r � z

k
p (13)

yks � hkspx
k
p � h

k
ssx

k
s � z

k
s (14)
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où xkr est le signal relayé qui dépend du proto
ole de relayage utilisé (AF ou DF). On étudie

tout d'abord les débits atteignables ave
 AF et DF pour le 
as mono-porteuse, puis on dé-

taille l'allo
ation de ressour
es pour le 
as multi-porteuses en appliquant le DF au ré
epteur

se
ondaire.

0.5.1 Débits atteignable ave
 AF

Dans 
ette se
tion, on 
onsidère que le ré
epteur se
ondaire peut agir 
omme un relais AF.

Dans 
e 
as, le débit primaire atteignable est donné par

Rk,AFp �

B

L
log2

�

1�
|hkpp � βkAFh

k
rh

k
sp|

2P kp

|hkps � βkAFh
k
rh

k
ss|

2P ks � βkAF |h
k
r |

2n0 � n0

�

(15)

Pour le débit se
ondaire, plusieurs 
as sont traités selon la possibilité de faire du SIC ou

pas. On note qu'ave
 le relais AF, la 
ontrainte du SIC est plus forte, par
e qu'on 
ompare le

nouveau débit primaire après relayage ave
 le débit primaire vu par le se
ondaire).

0.5.2 Débits atteignable ave
 DF

Dans 
ette se
tion, on 
onsidère que le ré
epteur se
ondaire peut agir 
omme un relais DF.

Dans 
e 
as, le débit primaire atteignable est donné par

Rk,DFp � min

#

B

L
log2

�

1�
|hksp|

2P kp

|hkss|
2P ks � n0

�

,
B

L
log2

�

1�
|hkpp|

2P kp � |hkr |
2P kr

|hkps|
2P ks � n0

�+

(16)

Par 
ontre, le ré
epteur se
ondaire applique toujours le SIC dans 
e 
as, puisqu'il est 
apable

de dé
oder le message du primaire. Par 
onséquen
e, son débit atteignable est donné par

Rks �
B

L
log2

�

1�
|hkss|

2P ks
n0




(17)

0.5.3 Allo
ation de puissan
e pour le 
as multi-porteuses ave
 DF

Dans 
ette partie, on résout le problème d'optimisation dans le 
as multi-porteuses au ni-

veau des systèmes primaire, se
ondaire et du relais. Le problème d'optimisation 
onjointe des

puissan
es du primaire et du relais dans le but de maximiser le débit primaire est donné par

l'équation (5.20).

max
pp,n,pr,n

Ļ

k�1

Rk,DFp,n

s.t.

Ļ

k�1

P kp,n �

Ļ

k�1

P kr,n � P
total

s.t.P kp,n ¥ 0�k

s.t.P kr,n ¥ 0�k (18)
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où P
total

présente la puissan
e totale maximale optimisée au niveau du transmetteur primaire

et du relais. P
total

� Pp,max � Pr,max, ave
 Pr,max la puissan
e maximale transmise par le

relais. Pour résoudre 
e problème max-min, on dé�nit

�Rkn � min
�

R
k,DF
p,n,1 , R

k,DF
p,n,2

	

. Le problème

d'optimisation peut être é
rit par

max
pp,n,pr,n,�Rn

Ļ

k�1

�Rkn (19a)

s.t.

Ļ

k�1

P kp,n �

Ļ

k�1

P kr,n � P
total

(19b)

s.t.

�Rkn ¤ R
k,DF
p,n,1 � k P t1, . . . , Lu (19
)

s.t.

�Rkn ¤ R
k,DF
p,n,2 � k P t1, . . . , Lu (19d)

où

�Rn �

�

�R1
n, . . . ,

�RLn

	

,R
k,DF
p,n,1 � log2

�

1�Akn�1P
k
p,n

�

,R
k,DF
p,n,2 � log2

�

1�Bk
n�1P

k
p,n � Ckn�1P

k
r,n

�

,

et

Akn�1 �
|hksp|

2

|hkss|
2P ks,n�1 � n0

Bk
n�1 �

|hkpp|
2

|hkps|
2P ks,n�1 � n0

Ckn�1 �
|hkr |

2

|hkps|
2P ks,n�1 � n0

On résout le problème et on déduit les expressions analytiques de P kp,n et P kr,n en fon
tions

des multipli
ateurs de Lagrange. La puissan
e primaire transmise est donnée par

P kp,n �
Akn�1C

k
n�1p1� µkq

λpCkn�1 �Bk
n�1q

(20)

est la puissan
e transmise par le relais est égale à

P kr,n �
µk

λ
�

1�Bk
n�1P

k
p,n

Ckn�1
(21)

Les valeurs des multipli
ateurs de Lagrange peuvent être 
al
ulées en utilisant la méthode de

bisse
tion.

De l'autre 
�té, le problème d'optimisation au niveau du se
ondaire est donné par le problème
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(5.29).

max
ps,n

Ļ

k�1

log2

�

1�
|hkss|

2P ks,n

n0

�

(22a)

s.t.

Ļ

k�1

P ks,n � Ps,max (22b)

s.t. P ks,n ¥ 0� k P t1, . . . , Lu (22
)

|hkps|
2P ks,n ¤ Ikth � k P t1, . . . , Lu (22d)

Ce problème est résolu en utilisant la méthode du Lagrangien et la puissan
e transmise par le

se
ondaire est donnée par le Tableau 3.2.

0.5.4 Simulations

Les résultats de simulations sont présentés en fon
tion de dsec. Tout d'abord on 
ompare

les performan
es des proto
oles AF et DF dans le 
as mono-porteuse, et puis on analyse les

performan
es du modèle proposé dans le 
as multi-porteuses ave
 DF.

Mono-porteuse

Les débits primaire, se
ondaire et total atteignables par le relayage AF et DF sont 
omparés

dans les Figures 5.13, 5.14 et 5.15, respe
tivement.
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Figure 12 � Comparaison entre les débits primaires ave
 AF et DF

On remarque que le AF présente un gain primaire plus important que le DF dans le s
énario

proposé. On remarque aussi que le gain obtenu grâ
e à l'appli
ation du SIC se dégrade ave
 le

AF par
e que la nouvelle 
ontrainte pour faire le SIC dans 
e 
as est plus forte.
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0.6. CONCLUSION

DF dans le s
énario multi-porteuses

Dans 
ette partie, on 
onsidère 64 sous-porteuses pour 
haque utilisateur. On 
ompare les

débits atteignables ave
 allo
ation de puissan
e. Les résultats de simulations pour les débits

primaire et total sont donnés par 5.19 et 5.20, respe
tivement.
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Figure 15 � Débit primaire ave
 DF dans le 
as multi-porteuses
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Figure 16 � Débit total ave
 DF dans le 
as multi-porteuses

0.6 Con
lusion

Cette thèse a étudié l'allo
ation des ressour
es dans un système de radio 
ognitive en underlay

ave
 une transmission OFDM sur une liaison montante. Notre obje
tif était de maximiser les

débits atteignables du système pour les deux utilisateurs primaire et se
ondaire. Un algorithme

d'allo
ation dynamique des ressour
es, ainsi qu'un nouveau modèle basé sur un relais au niveau
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du ré
epteur se
ondaire ont été proposés. Premièrement, nous avons présenté un algorithme de

dé
odage adaptatif au niveau de l'utilisateur se
ondaire, lorsque un seul mobile se
ondaire est

disponible dans la 
ellule se
ondaire. Ave
 l'algorithme proposé, l'utilisateur se
ondaire a pu

soit traiter l'interféren
e de l'émetteur primaire 
omme du bruit, ou utiliser SIC ou SC. Nous

avons étudié le problème d'allo
ation des ressour
es ave
 une 
onnaissan
e parfaite ou statistique

des 
anaux et une solution générale pour un système radio 
ognitif underlay ave
 une liaison

montante et OFDM a été obtenu pour les deux s
énarios.

En�n, a�n de maximiser le débit primaire, un nouveau modèle basé sur un n÷ud de relayage

au ré
epteur se
ondaire a été proposé. Plus pré
isément, nous avons supposé que le ré
epteur

se
ondaire peut agir 
omme un relais en FD a�n d'aider la transmission primaire. Tout d'abord,

nous avons 
onsidéré les deux proto
oles de ralayage AF et DF dans le 
as mono-porteuse. En

outre, nous avons examiné le s
énario multi-porteuses pour le 
as DF. Les résultats de simulation

ont montré une 
roissan
e importante du débit primaire atteignable 
omparant é des s
énarios

sans relais.
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Chapitre 1

Introdu
tion and Outline

1.1 Ba
kground and motivation

In early June 2009, the pro
ess of analog terrestrial broad
asting was shut down and the

swit
h from analog to digital broad
ast television known as the Digital Television (DTV) transi-

tion was 
ompleted [1℄. This swit
h to all-digital broad
asting frees up some parts of the valuable

broad
ast spe
trum for important servi
es like advan
ed wireless and publi
 safety 
ommuni
a-

tions. As advantage, DTV requires less spe
trum spa
e than its analog 
ounterpart. The re
ent

in
rease in wireless te
hnology has further 
ompounded the problem of spe
trum s
ar
ity. Mo-

reover, observing an under-utilization of the li
ensed spe
trum, the Federal Communi
ations

Commission (FCC) has allowed the unli
ensed systems to operate within the spe
trum band

allo
ated to DTV servi
es while ensuring that no harmful interferen
e is 
aused to the DTV

broad
asting, in order to improve the spe
tral e�
ien
y in the TV bands [2℄. More spe
i�
ally,

the FCC has re
ommended that wireless devi
es 
an 
oexist with the li
ensed users generating

minimal interferen
e while taking advantage of the available resour
es. This is 
alled the Cog-

nitive Radio (CR) te
hnology, where the unli
ensed user is 
alled the 
ognitive user. In this


ontext, the IEEE 802.22 working group has developed the so-
alled Wireless Regional Area

Network (WRAN) standard whi
h in
orporates advan
ed CR 
apabilities in
luding Dynami


Spe
trum A

ess (DSA), spe
trum sensing, 
oexisten
e for optimal use of the available spe
-

trum, et
. [3℄.

A

ording to the FCC de�nition, CR is a "radio or system that senses its operational ele
-

tromagneti
 environment and 
an dynami
ally and autonomously adjust its radio operating

parameters to modify system operation, su
h as maximize throughput, mitigate interferen
e,

fa
ilitate interoperability, a

ess se
ondary markets". In other words, CR has the ability to

sense the environment in whi
h it operates and to adapt its transmission's parameters in order

to maximize the spe
trum use while minimizing the interferen
e to the li
ensed users. In the

1
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terminology of information theory, a CR is de�ned by the availability and utilization of network

side information. It is an interferen
e 
hannel with asymmetri
 
hannel knowledge [4℄.

To a
hieve higher spe
tral e�
ien
y, multiple a

ess te
hniques 
an be employed su
h that

li
ensed and unli
ensed users 
an transmit data within the same frequen
y range [5℄. Several

multiple a

ess te
hniques are proposed, in
luding those based on Code Division Multiple A

ess

(CDMA) [6, 7℄, spatial multiplexing [8℄, and OFDM [9, 10℄. However, OFDM is known as a

reliable transmission s
heme for CR providing �exibility in allo
ating the radio resour
es in

dynami
 environment and assuring no mutual interferen
e among the adja
ent CR 
hannels.

Allo
ation of radio resour
es dynami
ally is a major 
hallenge in CR systems. Many algorithms

for resour
e allo
ation in OFDM based CR systems have been studied. These algorithms attempt

to maximize the total throughput of the CR system subje
t to the total power 
onstraint of the

CR system and tolerable interferen
e to the Primary User (PU).

1.2 Thesis obje
tives

In this thesis, we 
onsider an OFDM-based CR 
ellular system 
omposed of one primary 
ell

and one se
ondary 
ell. We investigate the resour
e allo
ation problem, 
onsidering both single-

user and multi-user 
ases in the se
ondary 
ell, in order to maximize the se
ondary a
hievable

rate. The problem is fa
ed either when perfe
t 
hannel knowledge or when only statisti
al

information of the primary 
hannels is available at the SU. The relaying 
ase is also 
onsidered.

The main obje
tives of the work performed in this thesis are :

� Determine an adaptive spe
trum sharing algorithm, by allowing the SU to either treat

the interferen
e as noise or use SIC or SC, in order to maximize the se
ondary a
hievable

rate.

� Investigate the power allo
ation problem to optimally allo
ate the transmit power under

the maximum interferen
e threshold allowed at the PU and the total power budget.

� Evaluate the performan
e of the proposed algorithm in the multi-user 
ase, showing that

multi-user diversity improves the system throughput. For this purpose, the sub
arriers

allo
ation problem is investigated and a general solution is proposed for both single and

multiple user 
ases.

� Consider the same problem in both perfe
t and statisti
al CSI 
ases to prove the robust-

ness of the proposed algorithm when only statisti
al 
hannel knowledge of the primary's

links is available at the SU.

� Maximize the primary a
hievable rate by 
onsidering that the se
ondary re
eiver 
an

serve as a relay node with Amplify-and-Forward (AF) or DF relaying proto
ols.

1.3 Thesis outline

Resour
e allo
ation for an uplink OFDM-based underlay 
ognitive radio system is investi-

gated from two perspe
tives : �rstly, an adaptive de
oding algorithm is proposed at the SU in

order to maximize the se
ondary rate. This approa
h is detailed in 
hapters 3 and 4 for both

2
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perfe
t and statisti
al CSI 
ases, respe
tively. And then, a relay-aided model is proposed where

the se
ondary mobile terminal 
an help the primary transmission in order to maximize the pri-

mary rate. This proposition is des
ribed in Chapter 5. More spe
i�
ally, the thesis is organized

as follows :

In Chapter 2, we provide a te
hni
al ba
kground for the studied problem. General notions

about OFDM, SIC and SC are des
ribed. Subsequently, 
apa
ity regions of the main multi-user


hannels from the information theoreti
 point of view are presented. Then, wireless radio 
hannel

models are detailed and the di�erent relay-assisted 
hannel models and proto
ols are dis
ussed.

Finally, 
onvex optimization problems are introdu
ed and both dual de
omposition approa
h

and Su

essive Convex Approximation (SCA) are detailed.

In Chapter 3, we 
onsider two approa
hes to study the resour
e allo
ation problem for an

underlay OFDM-based CR system when perfe
t 
hannel knowledge is available at the di�erent

nodes. In the �rst approa
h, the single-user 
ase is investigated where only one SU exists in the

se
ondary 
ell. The adaptive de
oding algorithm at the SU is detailed, where treating interferen
e

as noise, SIC and SC 
an be used. Furthermore, the power optimization problem is investigated

and a general solution to the studied model is proposed using dual de
omposition and SCA

methods. In the se
ond part of this 
hapter, multiple SUs are allowed to 
o-exist in the se
ondary


ell and sub
arrier allo
ation algorithm is proposed. Sin
e only one user 
an be a
tive at ea
h

time slot, the single-user general solution for the power optimization problem 
an be used on
e

the a
tivated users are sele
ted within di�erent sub
arriers. Through extensive simulations, we

show that our proposed algorithm outperforms some existing solutions.

In Chapter 4, the single-user s
enario is studied when only statisti
al CSI about primary links

is available at the SU. For that, the outage probabilities for di�erent 
onstraints are 
al
ulated

and a general solution to the optimization problem is proposed. Simulation results prove the

robustness of the proposed algorithm despite the la
k of 
hannel information.

In Chapter 5, in order to maximize the primary a
hievable rate and thus the total system

rate, we exploit a new system model where the se
ondary re
eiver 
an a
t as a relay node. We

fo
us on the Full-Duplex (FD) relay mode. For that, we investigate single-
arrier s
enario with

both AF and DF proto
ols. Finally, we investigate the resour
e allo
ation pro
edure for DF

in the multi-
arrier s
enario. The performan
e of this proposal is 
ompared to previous results

obtained in Chapter 3.

Finally, we 
on
lude this thesis in the last 
hapter and provide some potential perspe
tives

for future resear
h a
tivities.
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Chapitre 2

Te
hni
al Ba
kground

This 
hapter provides a te
hni
al ba
kground that is essential to the thesis where CR is the

main issue with all related resear
h subje
ts. This 
hapter summarizes the key 
on
epts related

to CR, OFDM, interferen
e 
an
ellation te
hniques, information theoreti
 
on
epts, 
apa
ity

regions from the information theoreti
 point of view, wireless radio 
hannel models, relay-assisted


hannel and 
onvex optimization.

2.1 Cognitive Radio

Wireless 
ommuni
ations have 
aptured the attention in the last two de
ades, being the fas-

test growing segment of the 
ommuni
ations industry. Many appli
ations of wireless networking

were developed for both analog and digital 
ommuni
ations, with di�erent generations trying

to respond to the 
riti
al publi
 poli
y issues : Spe
trum a

ess, e�
ien
y, and reliability. In

order to tend to more �exible and re
on�gurable terminals, the idea of Software-De�ned Ra-

dio (SDR) [11℄ was born out by repla
ing most of analog fun
tions of radio trans
eivers by digital

pro
essing blo
ks. In an ideal software radio, all the aspe
ts of the radio are de�ned in software

on general-purpose pro
essors, whi
h 
annot be pra
ti
al. Therefore, the SDR 
ompromises the

software radio ideal in order to implement pra
ti
al high-performan
e devi
es and infrastru
ture

with 
urrent te
hnology. However, even with these te
hnologies, pro
essing 
apa
ity still being

wasted whi
h motivates the development of the CR, whi
h o�ers te
hnology-based me
hanisms

in
luding a degree of �exibility to the radios in a way that enhan
es the utilization of the radio

spe
trum.

In other words, the idea of CRs, whi
h is a parti
ular extension of SDR that employs model-

based reasoning about the 
hannel, users and 
ommuni
ations 
ontext [12℄, was born out of the

wireless spe
trum's limitation. The original motivation of Mitola, who was the �rst to introdu
e

this term in the late 90's, was the indi
ation of measurements that even 
rowded spe
trum is

5
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not used a
ross all time, spa
e, and frequen
ies. For this purpose, advan
ed radio and signal

pro
essing te
hnology along with novel spe
trum allo
ation poli
ies are used to support new

wireless users operating in the existing spe
trum without degrading the performan
e of li
ensed

users 
alled PUs [13℄. More spe
i�
ally, the CR te
hnology permits to an unli
ensed users 
alled

SUs to 
oexist with the PUs without degrading their performan
e. In a CR system, the SUs

have the ability to sense and adapt to their environment in order to dete
t possible frequen
y

holes in the wireless spe
trum whi
h therefore in
rease the spe
tral e�
ien
y. Consequently, the

CR te
hnology is very appealing sin
e it provides a low-
ost and highly �exible alternative to

the 
lassi
 single-frequen
y band and single-proto
ol wireless 
ommuni
ation [14℄.

Primary cell Secondary cell
Figure 2.1 � Cognitive radio system

Based on the type of available network side information along with the regulatory 
onstraints,

three types of CR systems exist : interweave, underlay and overlay 
ognitive radio. Underlay

and interweave CR are typi
ally deployed in a bandwidth o

upied by the primary system. In

an interweave s
enario, the SUs �nd and exploit spe
tral holes to avoid interfering with PUs.

In other words, they adaptively sense the spe
trum band and utilize it whenever it is not used

by the PUs [15℄. In the underlay 
ase, the SUs are allowed to 
oexist with the PUs provided

that the interferen
e 
aused to the PUs is below a prede�ned threshold [15℄. In other words,

the spe
trum is shared between both primary and se
ondary systems under some 
onstraints. In

this 
ase, the interferen
e 
onstraint may be met via wideband signaling to maintain interferen
e

below the noise �oor, or via multiple antennas and beamforming. In the later 
ategory, the SUs

overhear and enhan
e non
ognitive radio transmissions. More spe
i�
ally, the se
ondary system

has the knowledge of the primary system 
odebook, 
hannel gains and transmitted information.

A part of the SUs power 
an be used to retransmit the PUs message so that the SUs are able

to maintain or improve the primary rate while a
hieving their own 
ommuni
ation goals [15℄.

Both overlay and underlay s
enarios are 
ompared in [16℄.
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2.2 Orthogonal frequen
y division mulotiplexing

Multi-
arrier transmissions su
h as OFDM are largely used for CR networks due to their

�exibility in allo
ating resour
es among SUs [17℄.

2.2.1 Basi
 
on
eption

The main idea behind multi-
arrier modulation is to divide the allo
ated spe
trum band

equally into multiple orthogonal sub
arriers. Ea
h sub
arrier is modulated with a separate sym-

bol and then the non-overlapping sub
arriers are frequen
y-multiplexed, whi
h helps to avoid

spe
tral overlap of 
hannels to eliminate inter-
hannel interferen
e. OFDM is a spe
ial 
ase of

multi-
arrier transmission and it was �rst introdu
ed by Chang in 1966 [18℄. It is based on

Inverse Fast Fourier Transform (IFFT) at transmission and Fast Fourier Transform (FFT) at

re
eption (Fig. 2.2). The transmission is a
hieved in parallel over di�erent orthogonal sub
ar-

riers, ea
h of them modulated with a 
onventional modulation s
heme at a low symbol rate

maintaining total data rates similar to 
onventional single-
arrier modulation s
hemes in the

same bandwidth. The low data rate on ea
h of the sub
arriers makes OFDM transmission very

resilient to inter-symbol and inter-frame interferen
e.

Figure 2.2 � Implementation of an OFDM system

After mapping the original data to be 
omplex symbol and using the serial-to-parallel 
onver-

ter, the mapped symbols X whi
h are the dis
rete frequen
y 
omponents of the transmitted

signal sptq, are distributed to L parallel sub
arriers. The ve
tor of L elements rXr0s,XrL � 1ss

is transmitted simultaneously by L sub
arriers at ea
h time slot. At transmission, IFFT is per-

formed on all subsymbols Xrks in order to generate the time domain signal as expressed in the

following equation

xrns �
1
?

L

L�1̧

k�0

Xrksej2πnk{L, 0 ¤ n ¤ L� 1 (2.1)

A 
y
li
 pre�x of NCP time samples is then appended to the L time samples (Fig. 2.3). It


opies the NCP last samples of ea
h OFDM symbol and is then inserted at the beginning of the

symbol. NCP must be greater than the maximum multipath delay spread, therefore the useful

data samples 
an be free of Inter-Symbol Interferen
e (ISI). Finally, the baseband transmitted

signal is up
onverted to be the passband signal. At re
eption, NCP is removed and FFT is

applied on the re
eived signal, whi
h is the result of a 
ir
ular 
onvolution between xrns and

the 
hannel response, in order to retrieve the subsymbols.
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Figure 2.3 � Cy
li
 pre�x

2.3 Interferen
e 
an
ellation te
hniques

As re
ent wireless systems are be
oming in
reasingly interferen
e-limited, the use of advan
ed

interferen
e mitigation te
hniques shows more interest to improve the network performan
e

by in
reasing its 
apa
ity. Several 
on
epts are studied for over
oming interferen
e in wireless

systems as network 
ooperation, interferen
e 
an
ellation re
eivers, et
. Interferen
e 
an
ellation

dete
tors seek to remove interferen
e by a
tually subtra
ting estimates of interfering signals

from the re
eived signal. This te
hnique 
onsists of an initial stage of mat
hed-�lters, followed

by stages of interferen
e 
an
ellation [19℄. Interferen
e 
an
ellation re
eivers typi
ally 
ome in

two forms : parallel and su

essive. In parallel interferen
e 
an
ellation, all interfering signals

are subtra
ted 
on
urrently from the re
eived signal. In the su

essive approa
h, signals are


an
eled serially in the des
ending order of estimated re
eived power, from strongest to weakest.

Two of these interferen
e 
an
ellation te
hniques are SIC and SC, whi
h are both well-known


apa
ity a
hieving 
oding s
hemes in wireless networks. Although SIC and SC are not always

the optimal multiple a

ess s
heme in wireless networks [20�22℄, they are espe
ially amenable

to implementation [23, 24℄ and help to a
hieve full 
apa
ity in multi-user systems in several


ases [21,25,26℄. In this se
tion, we will provide a brief des
ription of both de
oding strategies.

2.3.1 Su

essive Interferen
e Can
ellation

SIC is a promising te
hnique to improve the e�
ien
y of the wireless networks with rela-

tively small additional 
omplexity. It was �rst introdu
ed by Cover [27℄ and it is de�ned as a

physi
al layer 
apability [28℄ that allows a re
eiver to de
ode two or more signals that arrive

simultaneously. Traditionally, if the re
eiver re
eives many pa
kets, only the strongest signal


an be de
oded treating the other signals as interferen
e. However, SIC allows re
overy of the

weaker signals by de
oding the strongest signal �rst, subtra
ting it from the 
ombined signal

and then extra
ting the weaker ones from the residue. This 
an be an iterative pro
ess to re
over

multiple pa
kets and hen
e it is termed su

essive interferen
e 
an
ellation. The �ow 
hart of

the pro
ess is shown in Fig. 2.4 [29℄

At ea
h iteration, all signals' powers are estimated and the signal with the largest power is

sele
ted. This one is estimated, then regenerated and removed from the bu�ered re
eived signal.

The remaining signals are now re-estimated and a new largest signal is sele
ted. The pro
ess is


ontinued until all the users' signals have been re
overed or the maximum allowable number of


an
ellations is rea
hed.
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Re
eived signal

Estimate the re
eived

power

Sele
t the signal with

maximum power

De
ode sele
ted signal

Regenerate baseband

of sele
ted signal

Remove the

sele
ted signal

Figure 2.4 � Su

essive interferen
e 
an
ellation s
heme

2.3.2 Superposition Coding

SC is a well-known 
apa
ity-a
hieving 
oding s
heme in wireless network. This idea appeared

�rst in [27℄ for Broad
ast Channel (BC) and it was then adapted by Bergmans [30℄ to the

general degraded BC. A
tually, SC is largely used for MAC [31℄, interferen
e 
hannels [32�34℄,

relay 
hannels [35℄ and other 
hannel models to a
hieve better performan
e than traditional

orthogonal s
hemes (e.g., time, frequen
y, or 
ode division). Spe
i�
ally, SC is a physi
al layer

te
hnique by whi
h a transmitter 
an simultaneously send independent messages to multiple

re
eivers with asymmetri
 
hannel 
onditions.

Let us 
onsider a two-re
eiver 
ase, in whi
h the transmitter de
omposes the available power

between the two re
eivers varying a parameter α between 0 and 1. In other words, it superimposes

an additional message destined to a re
eiver 2 on a basi
 message destined for a re
eiver 1

whi
h generates auxiliary 
odewords. The additional message appears as noise to re
eiver 1 ;

the de
oder at the se
ondary re
eiver extra
ts the additional message by applying SIC to �rst

remove the interferen
e 
aused by the basi
 message. This 
on
ept is illustrated in Fig. 2.5.

However, there are two variants of SC s
heme, whi
h di�er in how the 
odebooks are generated.

The �rst variant, presented by Cover, has 
ode 
louds of the identi
al shape, while the se
ond

one given by Bergmans has 
ode 
louds of independently generated shapes [36℄.
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Codeword of re
eiver 2

Auxiliary 
odewords 
loud

Sphere where the re
eived 
odeword

is likely to be found

Figure 2.5 � Superposition 
oding s
heme

2.4 Ba
kground on information theory

This se
tion des
ribes the information theory ba
kground useful for developing the 
apa
ity

expressions given throughout this thesis. We detail the 
on
ept and properties of entropy, mutual

information and typi
al sequen
es whi
h will be used later to de�ne di�erent 
apa
ity regions.

The 
on
epts and de�nitions are taken from the book of Cover and Thomas [25℄.

2.4.1 Entropy and mutual information

In this se
tion, the entropy and mutual information are de�ned as an introdu
tion to the


apa
ity expressions where these 
on
epts are used.

The entropy represents the average of un
ertainty of a random variable. It is the average

number of bits required to des
ribe a realization of the random variable [25℄. The entropy of a

random variable X with a probability mass fun
tion ppxq � PrtX � xu is de�ned by

HpXq � �

¸

x

ppxq log2 ppxq (2.2)

The de�nition of the entropy of a single random variable 
an be extended to a pair of random

variables pX,Y q whi
h is 
alled the joint entropy, and is de�ned as

HpX,Y q � �

¸

x

¸

y

ppx, yq log2 ppx, yq (2.3)

We 
an also de�ne HpX|Y q as the 
onditional entropy of two random variables X and Y , whi
h

represents the entropy of a random variable 
onditional on the knowledge of another random

variable. The 
hain rule to des
ribe the relation between entropy, mutual entropy and 
onditional
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entropy is

HpX,Y q � HpXq �HpY |Xq (2.4)

Furthermore, the mutual information IpX;Y q is the redu
tion in un
ertainty of X due to Y

and it is de�ned by

IpX;Y q � HpXq �HpX|Y q �

¸

x,y

ppx, yq log2
ppx, yq

ppxqppyq
(2.5)

� HpY q �HpY |Xq � HpXq �HpY q �HpX,Y q

IpX;Y q measures the dependen
e between the two random variables.

2.4.2 Channel 
apa
ity

The notion of 
hannel 
apa
ity was developed in order to derive the a
hievable limits of

data transmission in a wireless 
ommuni
ation system. Claude Shannon [37℄ was the �rst to

talk about a 
ommuni
ation with a stri
tly positive rate and a small error probability, without

redu
ing the data rate, introdu
ing the term of 
apa
ity as the maximum data rate that 
an be

supported by the 
hannel without error even with a noisy 
hannel.

Let X and Y be the random variables representing the input and output of the 
hannel,

respe
tively. Let IpX;Y q be the mutual information of X and Y and pXpxq the marginal dis-

tribution of X. The 
hannel 
apa
ity is de�ned as

C � sup
PX pxq

IpX;Y q

In this se
tion, we will fo
us on the familiar Additive White Gaussian Noise (AWGN) 
hannel

de�ned at dis
rete time m by

yrms � xrms � zrms (2.6)

where xrms and yrms are 
omplex input and output, respe
tively and zrms is N p0, σ2q noise,

independent over time. The 
apa
ity of the 
omplex AWGN 
hannel with power 
onstraint P

and noise varian
e σ2 is

CAWGN � log2

�

1�
P

σ2




bits per 
omplex dimension (2.7)

whi
h 
an be also expressed by

CAWGN � log2 p1� SNRqbits per 
omplex dimension (2.8)

where SNR �

P
σ2

is the Signal-to-Noise Ratio (SNR). This 
apa
ity is a spe
ial 
ase of Shannon's

general theory applied to a spe
i�
 
hannel.
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Let us now 
onsider a 
ontinuous-time Additive White Gaussian Noise (AWGN) 
hannel

with bandwidth B Hz, power 
onstraint P Watts and additive white Gaussian noise with power

spe
tral density

N0

2
. Sin
e the noise varian
e and the power 
onstraint per real symbol are N0

and

P
2B

respe
tively, with n0 � N0B, the 
apa
ity of the 
hannel is

1
2
log2

�

1� P
N0B

	

bits per

real dimension or log2

�

1� P
N0B

	

bits per 
omplex dimension. Consequently, the 
apa
ity of the


ontinuous-time AWGN 
hannel is

C
AWGN

pP,Bq � B log2

�

1�
P

N0B




bits/s (2.9)

2.5 Capa
ity region for multi-user 
hannels

This se
tion takes a fundamental look at the 
apa
ity of di�erent multi-user 
hannels. Firstly,

we point out the expressions of the 
apa
ities for di�erent models of the AWGN 
hannel. Then,

we introdu
e in Se
tion 2.6 the fading 
hannel, whi
h will be used in the rest of the thesis.

2.5.1 Gaussian Multiple A

ess Channel

P py|x1, x2q
x1

x2

z

y

Figure 2.6 � Multiple A

ess Channel

In the independent-user MAC, the multiple users whi
h are aware of ea
h other's messages

attempt to 
ommuni
ate independent information over the noisy 
hannel to a single re
eiver. The


hannel 
apa
ity of MAC was found by Ahlswede [38℄ and Liao [39℄. A proof of this 
apa
ity

region was given by Cover et al. in [40℄. To 
al
ulate the 
apa
ity region of Gaussian MAC

presented in Fig. 2.6, we assume that the two en
oders satisfy

ppx1, x2q � p1px1qp2px2q

For any two distributions p1px1q and p2px2q, ea
h sender j generates 2NRj
independent 
ode-

words xjpmjq,mj P t1, 2, . . . , 2
NRj

u of length N . These 
odewords form the 
odebook whi
h is

revealed to the senders and the re
eiver. Thus, to send index mj , sender j sends the 
odeword

xjpmjq.

At ea
h word re
eption i, the re
eiver de
lares that m̂1i � m was sent from user 1 if and only if

there exists one and only onem su
h that px1pmq,ypiqq are jointly ǫ�typi
al, i.e., px1pmq,ypiqq P

Tǫpx1,ypiqq, where Tǫ is a typi
al set whi
h is de�ned in Appendix A. A

ording to jointly typi
al

sequen
e properties, m̂1i � m1i with arbitrary small probability if

R1   I pX1;Y q (2.10)
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if N is su�
iently large.

Assuming that m1i is de
oded su

essfully at the re
eiver, it has now to de
ode m2i using

the information it re
eives from se
ond user. Then, m̂2i�1
� m is de
lared to be the index sent

in the previous transmission blo
k if and only if there is a unique m su
h that px2,ypi � 1qq P

Tǫpx2,ypi � 1qq. Then, m̂2i�1
� m2i�1

if N is su�
iently large and if

R1   I pX2;Y |X1q (2.11)

Consequently, the rate has to be

R   R1 �R2

  I pX1,X2;Y q
(2.12)

The 
apa
ity region of two-users MAC is then given by the 
onvex 
losure of all pR1, R2q

pairs satisfying

R1 ¤ I pX1;Y |X2q (2.13)

R2 ¤ I pX2;Y |X1q (2.14)

R1 �R2 ¤ IpX1,X2;Y q (2.15)

for ppx1, x2, yq � ppx1qppx2qppy|x1, x2q.

B

A

R1

R2
0

log2

�

1� P1

n0

	

log2

�

1� P1

P2�n0

	

log2

�

1� P2

n0

	

log2

�

1� P2

P1�n0

	

Figure 2.7 � Capa
ity region for MAC

More spe
i�
ally, the 
apa
ity region of a two-user Gaussian MAC, presented in Fig. 2.7, is

given by [25, 41℄ :

R1 ¤ log2

�

1�
P1

n0




bits per 
omplex dimension (2.16)

R2 ¤ log2

�

1�
P2

n0




(2.17)
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R1 �R2 ¤ log2

�

1�
P1� P2

n0




(2.18)

where P1 and P2 denote the allo
ated power to �rst and se
ond users respe
tively. Note that the

verti
al line of the 
apa
ity region is a
hieved by SIC when signal 1 is �rst dete
ted and removed.

If the order of the signal dete
tion is reversed and signal 2 is �rst dete
ted, the horizontal line

of the 
apa
ity region 
ould be a
hieved by SIC. The titled line AB 
an be a
hieved by SC.

2.5.2 Broad
ast 
hannel

A BC [42℄ 
onsists of a single transmitter that generates the 
hannel input x, that will be


ommuni
ated to many outputs yi, and a probability transition fun
tion ppy1, y2, . . . , yN |xq. In

this model, presented in Fig. 2.8 for two outputs, the transmission rate is limited by the worst


hannel.

ppy1, y2|xqM0,M1,M2 x

y1 M̂01, M̂1

y2 M̂02, M̂2

Figure 2.8 � Broad
ast 
hannel

To 
al
ulate the 
apa
ity region of a two-users BC, we 
onsider an ppM0,M1,M2q, Nq 
ode.

We de�ne the rate pR0, R1, R2q of an ppM0,M1,M2q, Nq 
ode by

R0 �
1

N
log2M0

R1 �
1

N
log2M1

R2 �
1

N
log2M2

all de�ned in bit per transmission, where R1 and R2 are the rates of transmission of independent

information to re
eivers 1 and 2, respe
tively, and R0 is the portion of the information 
ommon

to both re
eivers. The rate pR0, R1, R2q is said to be a
hievable by a BC if, for any ǫ ¡ 0 and

for all N su�
iently large, there exists an ppM0,M1,M2q, Nq 
ode with

M0 ¥ 2NR0

M1 ¥ 2NR1

M2 ¥ 2NR2

su
h that the average probability of error is less than ǫ. On other words, if a rate pair pR1, R2q

is a
hievable for private messages, then the rate triple pR0, R1 �R0, R2 �R0q is also a
hievable

for the BC with 
ommon and private messages. The 
apa
ity of the BC is not known in general,
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but is known for a spe
ial 
lass as degraded broad
ast 
hannel.

A BC is said to be physi
ally degraded if X Ñ Y1 Ñ Y2 forms a Markov 
hain, that is, Y2

is a degraded version of Y1 and ppy1, y2|xq � ppy1|xqppy2|xq. The 
apa
ity region for sending

independent information over the degraded BC is the 
onvex hull of the 
losure of all pR1, R2q

satisfying

R1 ¤ IpX;Y1|Uq (2.19)

R2 ¤ IpY2;Uq (2.20)

(2.21)

for some joint distribution ppuqppx|uqppy1, y2|xq, where the auxiliary random variable U has


ardinality bounded by |U| ¤ mint|X|, |Y1|, |Y2|u.

Besides, a BC is sto
hasti
ally degraded BC if there exists another probability transition

ṕpy2|xq su
h that

ppy2|xq �
¸

ỹ1

ppỹ1|xqṕpy2|ỹ1q

A sto
hasti
ally degraded BC means that although X Ñ Y1 Ñ Y2 does not form a Markov 
hain,

we 
an �nd an equivalent physi
al degraded BC with the same 
apa
ity su
h that X Ñ Ỹ1 Ñ Y2

forms a Markov 
hain. The Gaussian BC is a sto
hasti
ally degraded BC with 
apa
ity region

de�ned by

R1 ¤ log2

�

1�
αP

n0




(2.22)

R2 ¤ log2

�

1�
p1� αqP

αP � n0




(2.23)

where α may be arbitrarily 
hosen p0 ¤ α ¤ 1q to trade o� rate R1 for rate R2 as the transmitter

wishes.

SIC, SC and BC

The rate pairs whi
h de�ne the 
apa
ity region of a BC 
hannel 
an be a
hieved by applying

SC at the transmitter (en
oding) with SIC at re
eivers (de
oding). For the two-users 
ase, the

main idea is that if user 1 
an de
ode its data su

essfully from y1, then user 2 should be able

to de
ode the data of user 1 from y2. Then, user 2 
an subtra
t the 
odeword of user 1 from y2

to better de
ode its data. The superposition s
heme 
an be simpli�ed to the following one :

Random 
odebook generation : In a �rst step, the en
oder has to randomly and inde-

pendently generate 2NR2
sequen
es upm2q,m2 P

�

1 : 2NR2
�

ea
h � ΠNi�1pU puiq. Then, �m2 P
�

1 : 2NR2
�

it generates randomly and 
onditionally independently 2NR1
sequen
es xpm1,m2q,m1 P

�

1 : 2NR1
�

, ea
h � ΠNi�1pX|U pxi|uipm2qq

En
oding : To send pm1,m2q, the transmitter has to transmit x1pm1,m2q.
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En
oder 2

pU

En
oder 1

pX|UU2pM2q

En
oder

M1

M2

XpM1,M2q

Figure 2.9 � En
oding pro
edure with superposition

U

upm2q

X

xpm1,m2q

Figure 2.10 � SC s
heme for a BC en
oder
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De
oding : Firstly, de
oder 1 �nds a unique m1 P

�

1 : 2NR1
�

su
h that

pupm1q,y1q P TǫpU, Y1q

Furthermore, de
oder 1 de
odesm1 treating interferen
em2 as noise. On the other hand, de
oder

2 �nds a unique m2 P

�

1 : 2NR2
�

su
h that for some m̃1 P

�

1 : 2NR1
�

pupm̃1q,xpm2, m̃1q,y2q P TǫpU,X, Y2q

Moreover, de
oder 2 de
odes m2 by re
ognizing the stru
ture of U . However, sin
e de
oding m1


orre
tly is not its goal, it 
an only �nd some m̃1.

2.5.3 Gaussian interferen
e 
hannel

The outputs of a two-user real Gaussian Interferen
e Channel (G-IFC) 
an be written in the

standard form [43℄

y1 � x1 �
?

ax2 � z1 (2.24)

y2 �
?

bx1 � x2 � z2

where

?

a and
?

b are the 
rosstalk 
oe�
ients, xi and yi the inputs and outputs of the 
hannel

and zi represents the noise at re
eiver i � 1, 2. It should be noted that in the standard form,

the dire
t links have unit gains and the noise has unit varian
e. The 
apa
ity region of a G-IFC

is de�ned at the 
losure of the set of rate pairs pR1, R2q for whi
h both re
eivers 
an de
ode

their own messages with arbitrarily small positive error probability. The 
apa
ity region of the

standard G-IFC is known only for three 
ases :

� If a � 0, b � 0, i.e., if there is no interferen
e at all, the 
apa
ity region is the set of rate

pairs pR1, R2q, su
h that

R1 ¤
1

2
log2 p1� P1q

R2 ¤
1

2
log2 p1� P2q

� If a ¥ 1, b ¥ 1, i.e. if the interferen
e is strong at the re
eivers, the 
apa
ity region is the

set of rate pairs pR1, R2q, su
h that

R1 ¤
1

2
log2 p1� P1q

R2 ¤
1

2
log2 p1� P2q

R1 �R2 ¤
1

2
min tlog2 p1� aP2 � P1q , log2 p1� bP1 � P2qu

� If a ¥ 1�P1, b ¥ 1�P2, i.e. if the interferen
e is very strong at the re
eivers, the 
apa
ity
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region is the set of rate pairs pR1, R2q, su
h that

R1 ¤
1

2
log2 p1� P1q

R2 ¤
1

2
log2 p1� P2q

whi
h means that the presen
e of very strong interferen
e is as good as having no inter-

feren
e at all.

While the 
apa
ity region of the general G-IFC remains unknown, many papers have investi-

gated some spe
ial 
ases to study the 
apa
ity region [33,44�48℄. More spe
i�
ally, Costa in [46℄

has 
onsidered the third 
ase while the authors in [33,44,45℄ have studied the se
ond 
ase where

a ¥ 1 and b ¥ 1. Besides, Han and Kobayashi have proposed the best inner bound in [33℄ by

using SC and joint de
oding. Furthermore, a simpli�ed form of the Han-Kobayashi region was

given by the authors in [49℄ and [50℄. Motahari and Khandani established the 
apa
ity region of

mixed interferen
e where a ¤ 1 and b ¥ 1. A new outer-bound on the 
apa
ity region of G-IFC

was developed in [48℄, that improves on the bounds of [51℄ and [52℄.

2.6 Wireless radio 
hannel models

The wireless radio 
hannel poses a severe 
hallenge as a medium for reliable high-speed


ommuni
ation. In addition to noise, interferen
e, and other 
hannel obstru
tions, the radio


hannel is also sus
eptible to other unpredi
table variations due to user movement. In wireless

systems, the radio mobile 
hannel is usually evaluated from statisti
al propagation models,

where 
hannel parameters are modeled as sto
hasti
 variables. This 
hannel is a�e
ted by three

mutually independent phenomena : multipath fading, path loss and shadowing. Figure 2.11

illustrates the ratio of the re
eived-to-transmit power in dB versus log-distan
e for the 
ombined

e�e
ts of path loss, shadowing, and multipath.

0

Pr

Pt
pdBq

logpdq

Path Loss only

Shadowing and Path Loss

Multipath, Shadowing and Path Loss

Figure 2.11 � Path Loss, Shadowing and Multipath versus distan
e
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2.6.1 Rayleigh fading

Multipath propagation leads to rapid �u
tuations of the phase and amplitude of the signal

if the mobile moves over a distan
e in the order of a wave length or more. Variation due to

multipath o

urs over very short distan
es, on the order of the signal wavelength, so these

variations are referred to as 'small-s
ale' propagation e�e
ts or multipath fading. One of the

multipath fading models is Rayleigh, whi
h is used in this thesis, and is 
onsidered as a reasonable

model when there is a large number of re�e
tions present between the transmitter and re
eiver.

Rayleigh fading models assume that the magnitude of a signal that has passed through su
h

a 
ommuni
ation 
hannel will vary randomly, or fade, a

ording to a Rayleigh distribution,

whi
h is represented by the radial 
omponent of the sum of two un
orrelated Gaussian random

variables.

2.6.2 Path loss

Path loss, or path attenuation, is the redu
tion in power density of an ele
tromagneti
 wave as

it propagates through spa
e. It is 
aused by dissipation of the power radiated by the transmitter

as well as e�e
ts of the propagation 
hannel. Variation due to path loss o

urs over very large

distan
es (100-1000 meters). For that, it is referred to as 'large-s
ale' propagation e�e
ts. These

e�e
ts 
ause the re
eived power to vary gradually due to signal attenuation determined by the

geometry of the path pro�le in its entirety. This attenuation may be due to many e�e
ts, su
h as

free-spa
e loss, refra
tion, di�ra
tion, re�e
tion, aperture-medium 
oupling loss, and absorption.

Path loss is also in�uen
ed by terrain 
ontours, environment, propagation medium, the distan
e

between the transmitter and the re
eiver, and the height and lo
ation of antennas.

In this thesis, we are interested in the COST231 model, whi
h is an extension of the Hata

model at 800 MHz in dense urban environment. COST231 model is formally expressed as [53℄

LdBpdq � 125.08 � 35.22 � log10pdq

where d is the distan
e between transmitter and re
eiver.

2.6.3 Shadowing

Shadowing is 
aused by obsta
les between the transmitter and re
eiver that absorb power.

When the obsta
le absorbs all the power, the signal is blo
ked. Shadowing is random sin
e it de-

pends on the random number and type of obstru
tions, and it introdu
es additional �u
tuations

on the signal level. Shadowing is referred to as 'large-s
ale' propagation e�e
ts, sin
e it 
reates

variation that o

urs over distan
es proportional to the length of the obstru
ting obje
t (10-100

meters in outdoor environments and less in indoor environments). In this thesis, we 
onsider the

log-normal shadowing model whi
h 
an be given by

ppψq �
ξ

?

2πσψdB
ψ
exp

�

�

p10 log10 ψ � µψdB
q

2

2σ2ψdB

�

, ψ ¡ 0
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where ξ � 10
ln 10

, µψdB
is the mean of ψdB � 10 log10 ψ in dB and σψdB

is the standard deviation

of ψdB also in dB.

2.6.4 Capa
ity of fading 
hannel

The fundamental 
hannel 
apa
ity de�nes the maximum data rate that 
an be supported on

a 
hannel. For that, the 
apa
ity of fading 
hannels depends on the 
hannel knowledge at both

transmitter and re
eiver. This knowledge, 
alled CSI 
an be available only at the re
eiver. In

this 
ase, the 
apa
ity with re
eiver CSI is de�ned as the average of AWGN 
apa
ity. On the

other hand, the 
apa
ity with transmitter/re
eiver knowledge requires optimal adaptation based

on 
urrent 
hannel state. This 
apa
ity is almost the same 
apa
ity as with re
eiver knowledge

only.

2.6.5 Outage probability

The slow fading 
hannel 
an be de�ned by the following 
omplex baseband representation

yrms � hrmsxrms � zrms (2.25)

where thrmsu is the fading pro
ess whi
h 
an be 
onsidered roughly 
onstant over the period

of use, i.e., thrmsu � h for all m and tzrmsu is i.i.d. CN p0, N0

2
q. In this 
ase, the maximum

rate of reliable 
ommuni
ation supported by this 
hannel is log2
�

1� |h|2SNR
�

bits per 
omplex

dimension, whi
h depends on the 
hannel gain h. Consequently, the term of outage probability

is introdu
ed and it is 
al
ulated as

poutpRq � P
 

log2
�

1� |h|2SNR
�

  R
(

(2.26)

where R is the data rate in bits per 
omplex dimension.

2.7 Relay-assisted 
hannel

2.7.1 Introdu
tion

Communi
ation from a single sour
e to a single destination without the help of any other


ommuni
ating terminal is 
alled dire
t, single-user or point-to point 
ommuni
ation. Whenever

there is at least one additional node ready to help in 
ommuni
ation, user-
ooperation be
omes

possible in several s
hemes su
h as the three-terminal relay 
hannel. This 
hannel was introdu
ed

by Van der Meulen in 1968 [54℄ and 1971 [55℄. In his original work, Van der Meulen derived

upper and lower bounds on the 
apa
ity of the relay 
hannel, and made several observations

that led to improvement of his results in later years. The 
apa
ity of the general relay 
hannel

is still unknown, but the bounds of Van der Meulen were signi�
antly improved by Cover and

El Gamal in 1979 [35℄.

The relay 
hannel is the three-terminal 
ommuni
ation 
hannel shown in Fig. 2.12. The

terminals are labeled the sour
e (S), the relay (R), and the destination (D). All information
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originates at S, and must travel to D, with the help of R. The signal being transmitted from

the sour
e is labeled X. The signal re
eived by the relay is Yr. The transmitted signal from the

relay is Xr, and the re
eived signal at the destination is Y .

S

hSD

hSR hRD

X

R

(Yr, Xr)

D

Y

Figure 2.12 � Relay 
hannel

2.7.2 Half-duplex and full-duplex relaying

A relay is said to be Half-Duplex (HD) when it 
annot simultaneously transmit and re
eive

in the same band. In other words, the transmission and re
eption 
hannels must be orthogonal.

Orthogonality between transmitted and re
eived signals 
an be in time domain, in frequen
y

domain, or using any set of signals that are orthogonal over the time-frequen
y plane. More

spe
i�
ally, the transmission in the HD mode is a
hieved in two time slots : In the �rst time slot,

the sour
e transmits the signal and the relay must wait for the transmitter to stop transmitting,

before replying. In the se
ond time slot, the sour
e stops the transmission and the relay relays

the message it re
eives during the previous time slot. On the other hand, if a relay transmits

and re
eives simultaneously in the same band, it is said to be FD relay. In this 
ase, the relay

re
eives the signal on one frequen
y band, pro
esses it and transmits it on the same frequen
y

band with a small delay 
ompared to the re
eived frame duration. However, it 
ontinues to

simultaneously re
eive from the sour
e. This assumes that there is a good isolation between

the re
eiver antennas and the transmit antennas of the relay. However, there is a minor rate

loss 
aused by the delay. In addition, the transmitted signal interferes with the re
eived signal.

Although early literature on information theoreti
 relaying was based almost entirely on FD

relaying ( [35,54,55℄), in re
ent years a lot of resear
h, and espe
ially resear
h dire
ted towards

pra
ti
al proto
ols, has been based on the premise of HD relaying ( [56�60℄). However, re
ent

works investigate the pra
ti
al aspe
t for the FD mode, by presenting some designs allowing

simultaneous transmission and re
eption and removing the self-interferen
e [61�63℄.

2.7.3 Relaying proto
ol strategies

Amplify-and-forward

In this s
enario, the transmitted signal by the relay Xr is an ampli�ed version of its own

re
eived signal Yr, i.e. Xr � βAFYr, where βAF is the ampli�
ation fa
tor de�ned in terms of
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the sour
e, relay and destination transmit powers, and the 
hannel gains, su
h as

Pr � E
�

|Xr|
2
�

(2.27)

with Pr the transmit power of the relay. Consequently, the ampli�
ation fa
tor is given by

βAF �

d

Pr

PS |hSD|2 � n0
(2.28)

where PS denotes the transmit power at the sour
e and hSD the 
hannel 
omplex gain between

sour
e and destination.

AF is a very simple and low-
omplexity proto
ol, however, it does not separate the useful

sour
e signal X from the noise signal at the relay. Hen
e, it also forwards an ampli�ed version

of the re
eiver noise.

De
ode-and-Forward

By 
ontrast to AF, DF and Compress-and-Forward (CF) apply non linear fun
tions on

the re
eived signal at the relay. In the DF s
enario, the relay de
odes the sour
e message X

using its own re
eived message Yr. Based on the de
oding sour
e message, Xr is sele
ted and

transmitted to the destination and it does not ne
essarily have the same 
odebook size as the

sour
e message. The destination node then de
odes �rst the relay message Xr, whi
h helps to

redu
e the number of possible sour
e messages X to the set of messages whi
h is assigned to

the de
oded relay message. Afterwards, the destination may de
ode the sour
e message X using

this prior knowledge.

Compress-and-Forward

While DF provides transmit diversity, CF provides re
eive diversity. Instead of de
oding

the sour
e message, the relay quantizes its re
eived signal using Ŷr, whi
h represents a digital

version of the analog re
eived signal Yr. Using the relay message Xr, the quantized signal is


ommuni
ated to the destination. At the destination, this quantized message Ŷr is restored using

the destination own re
eive signal Y as side information. On
e Ŷr is known at the destination,

this latter 
an use both Y and Ŷr to de
ode the sour
e message.

2.7.4 Capa
ity region of a relay-assisted 
hannel

The relay 
hannel 
an be seen as a BC 
omposed of both links 'sour
e-relay' (S-R) and

'sour
e-destination' (S-D), and a MAC formed at the re
eiver by the links between 'relay-

destination' (R-D) and 'sour
e-destination' (S-D). To �nd the 
apa
ity region of a relay 
hannel,

the properties of jointly typi
al sequen
es (detailed in Appendix A) are used, su
h as the mes-

sages are de
oded at the re
eiver by 
he
king whi
h of the possible input messages is jointly

typi
al with the re
eived output. If there is one and only one su
h re
eived signal, it will be


onsidered as the message.
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In this se
tion, we detail the 
apa
ity 
al
ulation of the degraded relay 
hannel shown in

Fig. 2.12. For that, we 
onsider L blo
ks, ea
h of N symbols. A sequen
e of L � 1 messages

mi P
�

1, 2NR
�

, i � 1, 2, . . . , L � 1 will be sent over the 
hannel in LB transmissions, where R

denotes the rate. In ea
h N�blo
k l � 1, 2, . . . , L, the same doubly indexed set of 
odewords is

used

C � txpml, slq,xrpslqu ;

ml P
�

1, 2NR
�

, sl P
�

1, 2NR0
�

(2.29)

Let S � ts1, s2, . . . , s2NR0 u be a partition of M � 1, 2, . . . , 2NR into 2NR0

ells.

In blo
k i, the transmitted signals are xpmi, siq and xrpsiq, while the re
eived signals are

yrpiq and ypiq. Then, at the end of blo
k i, the relay 
al
ulates mi from yrpiq. The unique jointly

typi
al xrpsiq with the re
eived ypiq is 
al
ulated. Thus si is known to the re
eiver. Afterward,

the re
eiver 
al
ulates the set of all mi�1 su
h that pxpmi�1|si�1q,xrpsi�1q,ypi � 1qq are jointly

ǫ�typi
al. The re
eiver then interse
ts this set and the 
ell si to �nd mi�1 whi
h is the one

and only one member of interse
tion. Thus, the re
eiver has 
orre
tly 
omputed pmi�1, siq from

pmi�2, si�1q and pypi� 1q, ypiqq.

En
oding and de
oding pro
edures at the BC

En
oding : Let mi P
�

1, 2NR
�

be the index to be sent in blo
k i, and assume that mi�1 P si.

The en
oder then sends xpmi|siq. The relay has an estimate m̂i�1 of the previous index mi�1,

where m̂i�1 P ŝi1 . Then the relay en
oder sends the 
odeword xrpŝiq in blo
k i.

De
oding :At the end of blo
k pi1q the re
eiver knows pm1,m2, . . . ,mi�2q and ps1, s2, . . . , si�1q

and the relay knows pm1,m2, . . . ,mi�1q and 
onsequently ps1, s2, . . . , siq.

The de
oding pro
edure at the end of blo
k i in the broad
ast phase is as follows : Knowing

si, and re
eiving yrpiq, the relay re
eiver estimates the message of the transmitter m̂i � m if

and only if there exists a unique m su
h that pxpm|siq,xrpsiq,yrpiqq are jointly ǫ�typi
al. Using

(A.26), it 
an be shown that m̂i � mi with small probability of error if

RBC   I pX;Yr|Xrq (2.30)

A
hievable rate region for MAC

Links between (S-D) and (R-D) form a MAC at the re
eiver. From the (R-D) link, the

re
eiver de
lares that ŝi � s was sent if and only if there exists one and only one s su
h that

pxrpsq,ypiqq are jointly ǫ�typi
al. A

ording to (A.16), ŝi � si with arbitrary small probability

of errors if

R0   I pXr;Y q (2.31)

if N is su�
iently large.

Assuming that si is de
oded su

essfully at the re
eiver, it has now to de
ode mi using the

information is re
eived from the (S-D) link. Then, m̂i�1 � m is de
lared to be the index sent

in blo
k i � 1 if and only if there is a unique mTǫpssi ,ypi � 1qq. Then, m̂i�1 � mi�1 if N is
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su�
iently large and if

R1   I pX;Y |Xrq (2.32)

Consequently, the rate has to be R   R0 �R1 whi
h is given by

RMAC   I pX,Xr;Y q (2.33)

Then, the a
hievable rate region for a degraded DF relay 
hannel is R � min tRMAC , RBCu

whi
h is written as

R � min tI pX,Xr;Y q , I pX;Yr|Xrqu (2.34)

2.8 Elements of 
onvex optimization

In this se
tion, we brie�y review optimality 
onditions and dual method to solve a 
onvex

optimization problem. The de�nitions and 
on
epts in this se
tion are taken from [64, 65℄. Let

us de�ne the general optimization problem of the form

min
x
f0pxq (2.35)

s.t.x P Rn

s.t. fjpxq ¤ bj, j � 1, . . . , J

where the ve
tor x � px1, . . . , xnq is the optimization variable of the problem and the fun
tion

f0 : Rn
Ñ R is the obje
tive fun
tion. The fun
tions fj : R

n
Ñ R with j � 1, . . . , J are the


onstraint fun
tions, and the 
onstants b1, . . . , bJ are the limits, or bounds, for the 
onstraints.

Problem (2.35) is a 
onvex optimization problem if the fun
tions f0, . . . , fJ : Rn
Ñ R are


onvex, i.e., if they satisfy

fjpαx� βyq ¤ αfjpxq � βfjpyq (2.36)

for all x,y P Rn
and all α, β P R. Geometri
ally speaking, fjpxq is a 
onvex fun
tion if the line

segment between any two points px1, fjpx1qq and px2, fjpx2qq is always above the 
urve px, fjpxqq

when x runs from x1 to x2, as illustrated in Fig. 2.13.
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x

fjpxq

0

px1, fjpx1qq

px2, fjpx2qq

Figure 2.13 � Convex fun
tion

The Lagrangian of problem (2.35) is de�ned as

Lpµ,xq � f0pxq �

J̧

j�1

µjfjpxq (2.37)

where µ � pµ1, . . . , µJq
T
P RJ

�

with µj being the dual variable, also named as the Lagrange

multiplier for the jth 
onstraint.

2.8.1 Dual de
omposition

Many resour
e allo
ation problems result in a di�
ult 
ombinatorial optimization problem.

In re
ent years, the te
hnique of dual de
omposition, also 
alled Lagrangian relaxation, has pro-

ven to be a powerful means of solving these problems by de
omposing them into subproblems

that are repeatedly solved independently and 
ombined into a global solution. The dual de
om-

position method is applied on a separable or trivially parallelizable optimization problem, i.e.

whi
h 
an be solved separately (in parallel) for ea
h 
onstraint (or a 
ouple of 
onstraints) [66℄.

Let's denote a global optimum for problem (2.35) as x�. The Lagrangian relaxation problem of

(2.35) is de�ned as the problem

min
x

Lpµ,xq � f0pxq �

J̧

j�1

µjfjpxq (2.38)

The dual fun
tion dpµq is de�ned as the optimum obje
tive value of (2.38), i.e.,

dpµq � min
x

Lpµ,xq � Lpµ,xµq (2.39)
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where xµ represents a global optimum for (2.38) when µ is �xed. The dual problem is de�ned

as

max
µ

dpµq (2.40)

s.t.µ © 0 (2.41)

It 
an be easily seen that the dual problem is equivalent to a 
onvex problem, sin
e its feasible

set is 
onvex and dpµq is 
onvex in µ P RJ
.

2.8.2 Su

essive approximation based optimization method

In this se
tion we present the su

essive 
onvex optimization method to solve the general

optimization problem (2.35). Initialized by a given feasible ve
tor x0
, this method solves 
onvex

approximations of (2.35) su

essively. To fa
ilitate des
ription, a supers
ript pn � 1q put to a

variable indi
ates that the variable is produ
ed at the end of the nth iteration hereafter pn ¥ 0q.

At the nth iteration, yn�1 is found as a global optimum for

min
x
fn0 pxq (2.42)

fnj pxq ¤ 0, j � 1, . . . , J (2.43)

where �j, fnj pxq is a 
onvex approximation of fjpxq. The problem (2.43) is a 
onvex approxima-

tion of (2.35) at the nth iteration, thus it 
an be solved by any 
onvex optimization method,

e.g., the dual method. The idea behind SCA method is illustrated in Fig. 2.14.

x

f pxq

0 xrns xrn � 1s

fn0 pxq

f0pxq

Figure 2.14 � Su

essive Convex Approximation

2.8.3 Water�lling

Water�lling is an optimization algorithm whi
h is based on the 
onsequen
e of Pas
al's law on

water : just as water �nds its level even when �lled in one part of a vessel with multiple openings,
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the 
ommuni
ation systems amplify ea
h 
hannel up to the required power level 
ompensating

for the 
hannel impairments. To give a brief explanation of this te
hnique, let us 
onsider a

pra
ti
al optimization problem from information theory. It is about rate maximization for an

OFDM-based 
ommuni
ation system. This problem 
an be de�ned by

max
p

Ļ

k�1

log2ppk � αkq (2.44)

s.t.p © 0 (2.45)

s.t.1Tp � 1 (2.46)

where p � pp1, . . . , pLq and pk denotes the transmitter power allo
ated to the kth 
hannel and

log2ppk � αkq the 
apa
ity rate of the 
hannel with k � 1, . . . , L. To solve this problem, we

determine the Lagrangian

Lpp, λ, νq � �

Ļ

k�1

log2ppk � αkq � λTp� νp1Tp� 1q

Then, we apply the Karush-Kuhn-Tu
ker (KKT) 
onditions to �nd the maximum.

p� © 0

1Tp� � 1

λ� © 0

λ�kp
�

k � 0 pk � 1, . . . , Lq

∇Lpp�, λ�, ν�q �
BL

Bp
� 0

From the KKT, we get

p�k �

�

1

ν�
� αk

�

�

(2.47)

Water�lling has been largely investigated in multiuser systems. In [67℄, a sub
arrier allo
ation

algorithm for a multiple a

ess OFDM system was proposed, based on water�lling algorithm.

The same problem was investigated in [68℄, where the authors proposed an iterative water�lling

algorithm for both OFDM multiple a

ess and broad
ast 
hannels. Besides, water�lling is lar-

gely used in CR systems. However, the 
onventional water�lling algorithm 
annot be dire
tly

employed for power allo
ation in CR systems, due to the additional power 
onstraints in the CR

power allo
ation problem than in the 
lassi
 water�lling problems. For that, novel algorithms

based on iterative water�lling were proposed [69�71℄ to over
ome su
h limitations.
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Chapitre 3

Resour
e allo
ation with perfe
t CSI

3.1 Introdu
tion

Throughout this thesis, the resour
e allo
ation problem for an uplink underlay 
ognitive

system is investigated. In this 
hapter, we �rstly evaluate the performan
e of the system by

applying both SIC and SC at the SU and assuming perfe
t CSI at all nodes. In a se
ond step,

we investigate the same issue in the multiuser 
ase. In this s
enario, the se
ondary users are

subje
t to two main 
onstraints in the presen
e of the primary user : 1) their total power budget

and 2) a maximum power level 
al
ulated a

ording to the interferen
e that they generate to

the primary user. The obje
tive is to maximize the sum rate of both primary and se
ondary

systems, 
onsidering the interferen
e threshold 
onstraint and that the primary re
eiver always

treats interferen
e as noise.

In this 
hapter, we highlight the bene�ts of the proposed adaptive algorithm whi
h en
om-

passes two phases in the single-user 
ase. The �rst step in
ludes the adaptive sele
tion of the

de
oding strategy at the se
ondary re
eiver whi
h is either treating interferen
e as noise or using

SIC or SC. The se
ond step des
ribes the optimal distribution of the available power budget on

the users with di�erent methods. The problem is also treated for the multiuser 
ase, where a sub-


arrier allo
ation pro
edure is added to the former algorithm. Simulation results show that our

proposed s
heme a
hieves higher se
ondary and sum rates 
ompared with existing approa
hes.

The remaining of this 
hapter is organized as follows. We start by explaining the system

model that will be used in both 
hapters 3 and 4. Then, we list the di�erent de
oding strategies

at the SU in Se
tion 3.4. In Se
tion 3.5 and Se
tion 3.6, we detail the 
on
ept and the 
onditions

to apply SIC and SC, respe
tively, at the SU. The a
hievable rates at the primary and se
ondary

users are studied in Se
tion 3.7, while the power allo
ation problem is investigated in Se
tion 3.8.

In Se
tion 3.9, we study the same issues when multiple se
ondary users exist in the se
ondary


ell. Simulation results of the proposed algorithm are given in Se
tion 3.10. Finally we provide
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a summary of the 
ontributions of the 
hapter in Se
tion 3.11.

3.2 State of the art

An overview on CR networking and 
ommuni
ations is given in [72℄, where 
ooperative

sensing was proposed to solve the problem of 
ollision in a spe
trum sensing CR network.

Several papers [14,15,73℄ have dis
ussed the a
hievable rates of su
h a CR system from the view

of information theory. More spe
i�
ally, the a
hievable rates of a 
ognitive system where the

SU has non-
ausal knowledge of the 
odeword of the PU are studied in [14℄. Various en
oding

te
hniques are obtained for di�erent 
ases in [14℄, su
h as rate splitting, dirty paper 
oding,

and partial relaying by the se
ondary system in [15℄. The same model is investigated in [73℄

to study the maximum a
hievable rate under the assumption that the se
ondary transmitter

has side-information about the primary transmission. The authors supposed that the SU has

to satisfy two 
onditions in order to be able to 
oexist with the PU : (i) no interferen
e is

a

epted at the primary system and (ii) the primary re
eiver is unaware of the presen
e of the


ognitive system. In [74℄, the authors investigate the problem of CR networks with energy limited

CR nodes, minimizing the node power 
onsumption to improve the energy e�
ien
y. In [75℄,

a new resour
e allo
ation s
heme is proposed for a multi-
arrier based underlay system. The


o-
hannel interferen
e is 
an
eled opportunisti
ally using multiuser dete
tion and the transmit

power is allo
ated optimally in order to maximize the a
hievable transmit rate. The authors

in [76℄ propose an algorithm to maximize the se
ondary a
hievable rate using an opportunisti


interferen
e 
an
ellation method at the se
ondary re
eiver. In [77℄, Wang et al. propose a power


ontrol s
heme for to maximize the sum rate of multiple a

ess network, under instantaneous

interferen
e power 
onstraint at the primary network. In other works, multiple antennas are

employed in order to perform the spe
trum sharing without any degradation in the signal for

the PU [78�81℄.

In [82,83℄, Asghari et al. investigated the resour
e allo
ation problem, in spe
trum sharing CR

broad
ast 
hannels, by utilizing spe
trum sensing information about the primary's a
tivity at the

se
ondary base station. In [84℄, the authors studied how the se
ondary re
eiver 
ould over
ome

interferen
e from the primary transmitters, depending on the interferen
e level re
eived at the


ognitive re
eiver. The authors in [85℄ redu
ed the self-interferen
e in a generalized frequen
y

division multiplexing based CR system, using SIC. SC was 
ombined to binning in [86℄ to a
hieve


apa
ity for the Gaussian 
ognitive interferen
e 
hannel, in 
ognitive overlay radio system. In [87℄

a new a
hievable rate region for an overlay CR network is derived using blo
k Markov SC,


onditional rate-splitting, 
onditional Gel'fand-Pinkser binning, and 
ooperative relaying. SC

was applied in [88℄ to in
rease the system 
apa
ity of the forward link in a CDMA 
ellular

system.

Adaptive resour
e allo
ation for the OFDM systems has been studied extensively during the

past two de
ades. A 
omprehensive survey 
an be found in [89℄ and referen
es therein. Moreover,

resour
e allo
ation for OFDM-based CR networks has attra
ted mu
h attention re
ently. An

overview of the state-of-the-art resear
h results 
an be found in [90℄. This issue has been studied
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for both single-user and multiuser 
ases. For single-user 
ase, optimal and suboptimal power

allo
ation s
hemes were proposed to maximize the sum 
apa
ity of the CR system under the

interferen
e 
onstraints of the PUs in [6℄. In [91℄, a low-
omplexity optimal power allo
ation

algorithm was derived by exploiting the stru
ture of the 
onsidered optimization problem. A

greedy max-min algorithm was proposed to maximize the throughput of the CR system with a

given power budget in [92℄. In [93℄, the authors aimed to maximize the CR network throughput

under interferen
e limit and total power budget 
onstraints. The optimal power allo
ation to

a
hieve the ergodi
 
apa
ity and the outage 
apa
ity in fading 
hannel was derived in [94℄. In [95℄

the authors maximized the se
ondary a
hievable rate under a new 
riterion referred to as rate

loss 
onstraint. The authors in [96℄ investigated the problem of random sub
arrier allo
ation

in OFDM-based CR networks without any spe
trum sensing information at the SU. The SU's

transmit power was adjusted in order to maintain the interferen
e on the primary re
eiver

under a prede�ned threshold. The downlink resour
e allo
ation problem in a spe
trum sharing

environment is studied in [97℄. A time averaging is introdu
ed to approximate the interferen
e


onstraints for both short and long terms. In [98℄, a heuristi
 s
heme is proposed where the

se
ondary re
eiver either treats the interferen
e as noise, or uses SIC or is swit
hed o�. The

a
hievable rate is studied under the 
onstraint that (i) an interferen
e level is allowable on the

PU and (ii) the primary en
oder-de
oder pair is oblivious to the presen
e of CR.

Resour
e allo
ation for multi-user OFDM-based CR system was investigated in [99�104℄. The

authors in [99℄ made use of sub
arrier allo
ation to improve the performan
e of 
ognitive net-

works by exploiting the so-
alled multiuser interferen
e diversity. They 
onsidered that the SU

with the largest a
hievable re
eiver SNR is sele
ted among all the SUs. In [100℄, a low 
omplexity

algorithm is developed to maximize the sum 
apa
ity of a CR system with proportional rate


onstraints. The proposed algorithm exhibits a tradeo� between 
apa
ity and fairness by jointly


onsidering 
hannel gain and the interferen
e to the PUs. The multi-user diversity in an inter-

weave s
enario was studied in [101℄. In [102℄, two fast resour
e allo
ation algorithms were derived

for both real-time and non real-time servi
es in multi-user OFDM-based CR networks. In [103℄,

the sum 
apa
ity of a multiuser OFDM-based CR system was maximized while satisfying SUs'

proportional rate requirements. The adaptive resour
e allo
ation problem in multiuser OFDM-

based CR networks with imperfe
t spe
trum sensing was investigated in [104℄. The problem was

addressed in two steps : sub
arrier allo
ation and then power allo
ation.

3.3 System model

We 
onsider a CR system model 
omposed of one primary 
ell and one se
ondary 
ell whi
h

may 
ontain several SUs. Transmission is performed in uplink and in OFDM in both 
ells. We

assume that all transmissions are perfe
tly syn
hronous. This system model will be used in this


hapter, as well as in Chapter 4 where only one SU is 
onsidered in the se
ondary 
ell. This

system model 
an be seen as a 
ooperative underlay CR, due to the 
ooperation between the

systems and the allowed interferen
e threshold from the se
ondary transmitter on the primary

re
eiver. The primary system o

upies a li
ensed bandwidth B whi
h is divided into L adja
ent
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and parallel sub
arriers. The se
ondary Base Station (BS) is lo
ated at a distan
e dsec from the

primary BS. The 
onsidered s
enario is basi
ally the 
lassi
 two-user interferen
e 
hannel [33℄

where the SUs need to adapt their de
oding strategies to avoid disturbing the PU. Consequently,

they have to transmit either when the primary system is o� or under an interferen
e 
onstraint

�xed by the PU. Thus, the se
ondary transmitters use 
hannel interweave when the subbands

are 
urrently left va
ant by the primary system, otherwise, they use 
hannel underlay. Perfe
t

CSI knowledge is 
onsidered throughout this 
hapter at ea
h node. We also assume perfe
t

sensing of primary a
tivity. The 
ooperation between the primary and se
ondary systems 
an

be provided by a band manager [105℄.

We start by de�ning the system model parameters for the single-user 
ase. These parameters

will be used throughout this thesis. However, some parameters related to the se
ondary mobile

terminals will be modi�ed for the multiuser 
ase (se
tion 3.9). In the single-user 
ase, index p

refers to the primary system, while index s refers to the se
ondary system. The re
eived primary

and se
ondary signals in ea
h sub
arrier k P t1, . . . , Lu 
an be written as (see Fig. 3.1)

ykp � hkppx
k
p � hkpsx

k
s � zkp

yks � hkspx
k
p � hkssx

k
s � zks

where yki is the 
hannel output and xki is the 
hannel input 
orresponding to data ski with power

P ki for sub
arrier k and user i. Pi,max is the maximum transmit power of transmitter i. hkij , a

zero-mean 
omplex 
ir
ular Gaussian variable, denotes the 
hannel gain between transmitter j

and re
eiver i. The 
hannel gains are assumed to be 
onstant during a transmission time slot.

zki denotes the AWGN at re
eiver i. The noise varian
e nki � n0 is the same on ea
h sub
arrier

k.

xkp

xks

hkpp

hkss

ykp

yks

hksp

hkps

Figure 3.1 � Two user interferen
e 
hannel on sub
arrier k P t1, . . . , Lu

3.4 De
oding strategies at the SU

In the 
onsidered s
enario, only the SU 
an adapt its de
oding strategy. The limitation thre-

shold of the interferen
e 
reated by the se
ondary transmitter is set a

ording to the rate degra-

dation that the PU 
an a

ept with respe
t to its maximum rate Rkp,max �
B
L
log2

�

1�
|hkpp|

2P k
p

n0

	

.

The allowed degradation, ∆, is de�ned as :

p1�∆qRkp,max �
B

L
log2

�

1�
|hkpp|

2P kp

n0 � Ikth

�

where Ikth is the interferen
e threshold.
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In this se
tion, we will present a brief des
ription of the di�erent possible de
oding strategies

at the SU, that will be detailed later in this 
hapter. Three strategies are possible if the se
ondary

is not swit
hed o� :

1. If the primary's power is equal to zero, i.e. P kp � 0, the se
ondary system uses 
hannel

interweave. It transmits on sub
arrier k with no primary interferen
e threshold.

2. Otherwise, i.e. if P kp � 0, the maximum transmit power of the se
ondary user is limited

by the primary interferen
e threshold, and there are two possible de
oding s
enarios at

the se
ondary re
eiver :

(a) If the interferen
e is weak at the se
ondary re
eiver, i.e. if |hksp|
2
¤ |hkss|

2
, the maxi-

mum 
apa
ity region is 
al
ulated by treating interferen
e as noise at both re
eivers,

i.e., sending only private information.

(b) If the interferen
e is strong at the se
ondary re
eiver, i.e. if |hksp|
2
¡ |hkss|

2
, both

messages are de
oded. The 
hannel seen at the se
ondary re
eiver is a MAC, whose

rate 
onstraints, referring to [41℄, are :

Rkp ¤
B

L
log2

�

1�
|hksp|

2P kp

n0

�

(3.1)

Rks ¤
B

L
log2

�

1�
|hkss|

2P ks
n0




(3.2)

Rkp �Rks ¤
B

L
log2

�

1�
|hksp|

2P kp � |h
k
ss|

2P ks

n0

�

(3.3)

To de
ode its own message, the se
ondary re
eiver may use :

i. Complete SIC, de
oding �rst xkp and then xks if the primary user's data rate at

the se
ondary re
eiver is higher than the primary user's data rate at the primary

re
eiver. In this 
ase, the se
ondary re
eiver removes all interferen
e from the PU.

ii. If SIC 
annot be applied, the se
ondary re
eiver may use SC strategy. The 
ondi-

tions under whi
h SC 
an be applied will be detailed in the next se
tion.

iii. Otherwise, the se
ondary transmitter is swit
hed o�.

3.5 Su

essive Interferen
e Can
ellation

As we said in Se
tion 3.4, SIC 
an be applied at the SU, by de
oding �rst the primary's

signal and then removing it in order to de
ode the se
ondary's signal interferen
e-free. This

interferen
e 
an
ellation method 
an be applied at the se
ondary re
eiver if the primary user's

data rate at the se
ondary re
eiver (Rkp,ys) is higher than the PU's data rate at the primary
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re
eiver (Rkp,yp) [106℄. Besides,

Rkp,yp �
B

L
log2

�

1�
|hkpp|

2P kp

|hkps|
2P ks � n0

�

(3.4)

and

Rkp,ys �
B

L
log2

�

1�
|hksp|

2P kp

|hkss|
2P ks � n0

�

(3.5)

Consequently, SIC is only applied if

|hkpp|
2P kp

|hkps|
2P ks � n0

¤

|hksp|
2P kp

|hkss|
2P ks � n0

(3.6)

i.e., if

akP ks ¥ ck (3.7)

where

ak � |hksp|
2
|hkps|

2
� |hkpp|

2
|hkss|

2

ck � n0

�

|hkpp|
2
� |hksp|

2
	

3.6 Superposition Coding

3.6.1 Con
ept of the SC method

In theory, multiuser te
hniques su
h as SC are known to improve throughput in wireless

networks. We aim to introdu
e and apply su
h a te
hnique in a CR 
ontext, in order to a
hieve

full 
apa
ity when several 
onditions are valid.

The se
ondary transmitter has then to transmit xks �
a

p1� αkqx
k,p1q
s �

?

αkx
k,p2q
s , where

0 ¤ αk ¤ 1, su
h that the se
ondary re
eiver re
eives yks � hkspx
k
p � hkssp

a

p1� αkqx
k,p1q
s �

?

αkx
k,p2q
s q � zks . The se
ondary re
eiver performs the de
oding in three steps as illustrated in

Fig. 3.2.

Tp

RsTs

x
k,p1q
sx

k,p2q
s

xkp

Figure 3.2 � Superposition Coding Con
ept
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� Step 1 : x
k,p1q
s is de
oded from yks by treating

?

αkhkssx
k,p2q
s � hkspx

k
p as noise, then

yk
1

� yk � hkss
a

p1� αkqx
k,p1q
s is obtained. The a
hievable rate is equal to :

Rk,p1qs �

B

L
log2

�

1�
p1� αkq|hkss|

2P ks
αk|hkss|

2P ks � |hksp|
2P kp � n0




(3.8)

� Step 2 : xkp is de
oded from yk
1

by treating

?

αkhkssx
k,p2q
s as noise, then yk

2

� yk
1

�hkspx
k
p

is obtained. Thus, we have

Rkp �
B

L
log2

�

1�
|hksp|

2P kp

αk|hkss|
2P ks � n0

�

(3.9)

� Step 3 : x
k,p2q
s is de
oded from yk

2

. Consequently

Rk,p2qs �

B

L
log2

�

1�
αk|hkss|

2P ks
n0




(3.10)

We 
an verify that

Rkp �Rk,p1qs �Rk,p2qs �

B

L
log2

�

1�
|hksp|

2P kp � |hkss|
2P ks

n0

�

(3.11)

whi
h 
orresponds to the sum rate expression of a MAC system, at the se
ondary re
eiver.

B

A

Rkp

Rks
0

B
L
log2

�

1�
|hksp|

2P k
p

n0

	

B
L
log2

�

1�
|hksp|

2P k
p

|hkss|
2P k

s �n0

	

B
L
log2

�

1�
|hkss|

2P k
s

n0

	

Figure 3.3 � Capa
ity Region

SC strategy will be used when SIC is not appli
able, in order to a
hieve the 
apa
ity region's

borders by rea
hing the tilted segment AB in Fig. 3.3. We study the two extreme values of αk,

and we will detail the 
onditions on αk in the next paragraph :
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� If αk � 0,
$

'

'

'

&

'

'

'

%

Rkp �
B
L
log2

�

1�
|hksp|

2P k
p

n0

	

R
k,p1q
s �

B
L
log2

�

1�
|hkss|

2P k
s

|hksp|
2P k

p �n0

	

R
k,p2q
s � 0

(3.12)

This 
ase mat
hes with the point A on the 
apa
ity region, where the se
ondary re
eiver

treats interferen
e as noise.

� If αk � 1,
$

'

'

'

&

'

'

'

%

Rkp �
B
L
log2

�

1�
|hksp|

2P k
p

|hkss|
2P k

s �n0

	

R
k,p1q
s � 0

R
k,p2q
s �

B
L
log2

�

1�
|hkss|

2P k
s

n0

	

(3.13)

In this 
ase, we attain the point B on the 
apa
ity region, where the se
ondary is applying

SIC.

It is worth noting that SC is 
hosen here be
ause we work on the instantaneous 
hannel.

If we 
onsidered the ergodi
 
hannel, segment AB 
ould also be rea
hed by using time sharing

strategy [14℄.

3.6.2 Conditions on α
k

The PU's rate seen by the primary's re
eiver (Rkp,yp) (3.4) is equal to the PU's rate seen by

the se
ondary re
eiver (Rkp,ys) (3.9) :

|hkpp|
2P kp

|hkps|
2P ks � n0

�

|hksp|
2P kp

αk|hkss|
2P ks � n0

(3.14)

From this equality we get

αk �
p|hksp|

2
� |hkpp|

2
qn0 � |hkps|

2
|hksp|

2P ks

|hkpp|
2
|hkss|

2P ks
. (3.15)

αk must be between 0 and 1, so

0  
�

|hksp|
2
� |hkpp|

2
	

n0 � |hkps|
2
|hksp|

2P ks (3.16)

  |hkss|
2
|hkpp|

2P ks

whi
h is equivalent to

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
 

P ks
n0

(3.17)

 

|hkpp|
2
|hkss|

2

|hkps|
2
|hksp|

2

P ks
n0

�

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
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Two 
onditions are �nally obtained :

$

&

%

p

|hkpp|
2
�|hksp|

2
q

|hkps|
2
|hksp|

2  

P k
s

n0

P k
s

n0

�

|hkps|
2
|hksp|

2
� |hkss|

2
|hkpp|

2
�

 

�

|hkpp|
2
� |hksp|

2
�

(3.18)

These 
onditions 
an be rewritten as :

$

&

%

p

|hkpp|
2
�|hksp|

2
q

|hkps|
2
|hksp|

2  

P k
s

n0

P ks a
k
  ck

(3.19)

The �rst inequality is always true if |hkpp|
2
� |hksp|

2
  0. In the opposite 
ase, it be
omes a


onstraint to ensure 0   αk   1.

For the se
ond inequality, we have four possibilities :

� If ck ¡ 0 and ak ¡ 0, then :

P ks  

ck

ak
(3.20)

� If ck ¡ 0 and ak   0, then :

P ks ¡

ck

ak
(3.21)

whi
h is always true be
ause the se
ond term is negative.

� If ck   0 and ak ¡ 0, then :

P ks  

ck

ak
(3.22)

whi
h is always impossible.

� If ck   0 and ak   0, then :

P ks ¡

ck

ak
(3.23)

In brief, we 
an apply our algorithm on
e 
onditions (3.19), given in table 3.1, are valid.
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ck

Positive Negative

ak

Positive

P k
s

n0
¡

|hkpp|
2
�|hksp|

2

|hkps|
2
|hksp|

2

Impossible

P ks  
ck

ak

Negative

P k
s

n0
¡

|hkpp|
2
�|hksp|

2

|hkps|
2
|hksp|

2 P ks ¡
ck

ak

Table 3.1 � Superposition Coding Conditions

3.7 A
hievable rate region for primary and se
ondary systems

The proposed algorithm to determine the best de
oding strategy that should be used at

the SU and then to 
al
ulate the a
hievable rate is iterative. Before des
ribing the algorithm,

we �rst detail the a
hievable primary and se
ondary rates. In the sequel, we denote by n the

iteration at whi
h the expressions are des
ribed.

3.7.1 Primary user

As stated before, the primary re
eiver always 
onsiders interferen
e as noise and thus 
annot

adapt its de
oding strategy as it does in the interferen
e 
hannel. The rate of the primary system

at iteration n is given by :

Rkp,n �
B

L
log2

�

1�
| hkpp |

2 P kp,n

n0� | hkps |
2 P ks,n

�

(3.24)

3.7.2 Se
ondary user

The a
hievable se
ondary rate depends on the 
hosen de
oding strategy at the SU. If

P k
p,pn�1q

� 0, di�erent de
oding strategies for the SU are identi�ed based on the interferen
e

level. The de
oding strategy on ea
h sub
arrier k at the nth iteration is de�ned a

ording to

both primary and se
ondary powers in the previous iteration. These power levels are optimized

using water�lling and Lagrangian methods for PU and SU respe
tively, as it will be detailed

in Se
tion 3.8.2. The di�erent de
oding strategies that 
an be applied at the SU under 
ertain


onditions are :

1. Strategy 1 : If P k
p,pn�1q

� 0, the se
ondary re
eiver de
odes its message interferen
e-free

and the se
ondary rate is de�ned by

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

n0

�

(3.25)
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3.7. ACHIEVABLE RATE REGION FOR PRIMARY AND SECONDARY SYSTEMS

In the sequel, this strategy is 
alled 'interweave'.

2. Strategy 2 : If Pp,pn�1q � 0 and |hksp|
2
  |hkss|

2
, the interferen
e to the SU is weak and

is treated as noise. In this 
ase, the a
hievable se
ondary rate is given by

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

|hksp|
2P kp,n�1 � n0

�

(3.26)

3. Strategy 3 : If Pp,pn�1q � 0 and |hksp|
2
¥ |hkss|

2
, the interferen
e on the SU is strong.

Therefore, if akP ks,n ¥ ck is veri�ed, SIC 
an be applied [106℄. In this 
ase, the a
hievable

se
ondary rate is

Rks,n �
B

L
log2

�

1�
|hkss|

2P ks,n

n0

�

(3.27)

This rate will be referred as Rks,SIC in the rest of the thesis.

4. Strategy 4 : If Pp,pn�1q � 0 and |hksp|
2
¥ |hkss|

2
but (3.7) is not veri�ed, the ability to

apply SC at the SU is tested subje
t to the validation of the set of inequalities in (3.19)

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
 

P ks,n

n0
(3.28)

P ks,na
k
  ck (3.29)

If (3.28) and (3.29) are valid, the se
ondary a
hievable rate is given by

Rks,n �
B

L
log2

�

1�
αk|hkss|

2P ks,n

n0

�

�

B

L
log2

�

1�
p1� αkq|hkss|

2P ks,n

αk|hkss|
2P ks,n � |hksp|

2P kp,n�1 � n0

�

(3.30)

with

αk �
p|hksp|

2
� |hkpp|

2
qn0 � |hkps|

2
|hksp|

2P ks,n

|hkpp|
2
|hkss|

2P ks,n
(3.31)

5. Strategy 5 : If Pp,pn�1q � 0 and |hksp|
2
¥ |hkss|

2
but neither SIC nor SC 
an be applied,

the se
ondary transmitter is turned o�.

These di�erent de
oding strategies lead to four di�erent expressions for the se
ondary rate

de�ned in di�erent domains and des
ribed in (3.32) to (3.35). R
k,int
s,n is the a
hievable rate

when the interferen
e is treated as noise. R
k,SIC
s,n represents both SIC and interweave 
ases and

R
k,SC
s,n the a
hievable rate when SC is applied. R

k,off
s,n denotes the null rate when the se
ondary

transmitter is turned o�.
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Rk,ints,n �

B

L
log2

�

1�
|hkss|

2P ks,n

|hksp|
2P kp,n�1 � n0

�

, k P S2 (3.32)

Rk,SICs,n �

B

L
log2

�

1�
|hkss|

2P ks,n

n0

�

, k P S1 andS3 (3.33)

Rk,SCs,n � R
k,SC
s,n,1 �R

k,SC
s,n,2 , k P S4 (3.34)

Rk,offs,n � 0, k P S5 (3.35)

where

R
k,SC
s,n,1 �

B

L
log2

�

�

�

1�

|hkps|
2
|hksp|

2

|hkpp|
2 P ks,n �

p|hksp|
2
�|hkpp|

2
qn0

|hkpp|
2

n0

�

Æ




and

R
k,SC
s,n,2 �

B

L
log2

�

�

�

1�

�

|hkss|
2
�

|hkps|
2
|hksp|

2

|hkpp|
2

	

P ks,n �
p|hksp|

2
�|hkpp|

2
qn0

|hkpp|
2

|hkps|
2
|hksp|

2

|hkpp|
2 P ks,n �

p|hksp|
2
�|hkpp|

2
qn0

|hkpp|
2 � |hksp|

2P kp,n � n0

�

Æ




$

'

'

'

'

'

'

'

'

'

&

'

'

'

'

'

'

'

'

'

%

S1 � tk P t1, . . . , Lu for 'Interweave'u

S2 � tk P t1, . . . , Luwhen interferen
e is treated as a noiseu

S3 � tk P t1, . . . , Lu for 'SIC'u

S4 � tk P t1, . . . , Lu for 'SC'u

S5 � tk P t1, . . . , Luwhen the se
ondary transmitter is turned o�u

We summarize the algorithm used to sele
t the de
oding strategy at the se
ondary re
eiver

in the 
hart on Fig. 3.4, when P kp,n�1 � 0.

Weak Strong

(3.7)

(3.19)

Int = Noise SIC SC O�

FalseTrue

FalseTrue

FalseTrue

�

�hksp
�

�

2

¤

�

�hkss
�

�

2

Figure 3.4 � De
oding strategies for the se
ondary user on sub
arrier k
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3.7. ACHIEVABLE RATE REGION FOR PRIMARY AND SECONDARY SYSTEMS

3.7.3 In�uen
e of the interferen
e 
onstraint on the a
hievable rate

In this se
tion, we point out the in�uen
e of the interferen
e 
onstraint on the se
ondary

a
hievable rate. For that, we de�ne P
k,I
s,n �

Ik
th

|hkps|

2 as the maximum allowable power within the

SU's sub
arriers, whi
h 
orresponds to the maximum tolerated interferen
e level generated to

the PU. We denote by R
k,I
s,n the rate a
hieved when P ks,n � P

k,I
s,n . Let R

k,SIC
p,n be the maximum

rate of the primary transmitter as seen by the se
ondary re
eiver. It is given by the �rst equation

in (3.12). Several s
enarios are possible :

� If |hksp|
2
¤ |hkss|

2
, we treat the weak interferen
e 
ase, where interferen
e is always 
onsi-

dered as noise.

� If |hksp|
2
¡ |hkss|

2
(strong interferen
e 
ase), we have two 
ases :

1. If R
k,I
s,n ¡ R

k,SIC
s,n , three di�erent 
ases are studied (Fig. 3.5) :

(a) If Rkp,yp,n ¤ Rkp,ys,n, the abs
issa of point B in the 
apa
ity region is rea
hable and

SIC is applied. This 
orresponds to the hat
hed region in Fig. 3.5.

(b) If Rkp,yp,n ¡ Rkp,ys,n but Rkp,yp,n is below the point A, i.e. Rkp,yp,n   R
k,SIC
p,n , the

point B is no more rea
hable and we have to verify if the 
onditions (3.19) are

valid to apply SC and to rea
h the segment AB.

(
) Otherwise, i.e. if Rkp,yp,n ¡ R
k,SIC
p,n we swit
h o� the se
ondary transmitter.

Rk,SIC
p,n

Rk
p,ys,n

Rk,SIC
s,n

B

Rk
p,n

Rk
s,n

0

SIC

SC

x

x

x

Rk,I
s,n

A

Rk
p,yp,n

Rk
p,yp,n

Figure 3.5 � Appli
ation of SIC and SC when R
k,I
s,n ¡ R

k,SIC
s,n

2. Otherwise, if R
k,I
s,n   R

k,SIC
s,n , the a
hievable se
ondary rate is now limited by R

k,I
s,n,

and we study the same 
ases as above, but we are no longer able to rea
h the border

of the 
apa
ity region (Fig. 3.6) :

(a) If Rkp,yp,n ¤ Rkp,ys,n, we are inside the hat
hed slab in Fig. 3.6 and SIC is applied.

The maximum rea
hable reate is always R
k,I
s,n.

(b) If Rkp,yp,n ¡ Rkp,ys,n but Rkp,yp,n   R
k,SIC
p,n , we verify if the 
onditions (3.19) are

valid and we apply SC to ensure a se
ondary rate equal to R
k,I
s,n.

(
) Otherwise, i.e. if Rkp,yp,n ¡ R
k,SIC
p,n we swit
h o� the se
ondary transmitter.
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Rk,SIC
p,n

Rk
p,ys,n

Rk
p,yp,n

Rk
p,yp,n

Rk,SIC
s,n

B

x

x

x

A

Rk
p,n

Rk
s,n

0

SIC

SC

Rk,I
s,n

Figure 3.6 � Appli
ation of SIC and SC when R
k,I
s,n   R

k,SIC
s,n

3.8 Power Control

3.8.1 Equal power allo
ation

The primary user's power is always optimized using water�lling. For the se
ondary user,

performan
e with Equal Power Allo
ation (EPA) and optimization is 
ompared. First of all,

EPA is applied by taking into a

ount P
k,I
s,n . The power allo
ated to ea
h sub
arrier of the

se
ondary user is then equal to the minimum between P
k,EPA
s,n and P

k,I
s,n , where

$

&

%

P
k,I
s,n �

Ik
th

|hkps|
2 ,

P
k,EPA
s,n �

Ps,max

L
.

(3.36)

3.8.2 Power allo
ation optimization

In a se
ond step, an iterative optimization algorithm is proposed in order to optimally allo-


ate the available power. Firstly, the type of interferen
e 
reated by the PU on the se
ondary

re
eiver in ea
h sub
arrier k is obtained based on the 
hannel gain and the initial power equally

allo
ated per sub
arrier for both PU and SU. Then, a

ording to this interferen
e, the appro-

priate de
oding strategy per sub
arrier is identi�ed and the se
ondary rate is 
al
ulated at ea
h

sub
arrier. On
e the de
oding strategies are spe
i�ed for ea
h sub
arrier, the power allo
ation

pro
edure is performed in order to maximize the se
ondary rate. The power allo
ation pro
edure

is summarized in Fig. 3.7.

At the nth iteration, a test is done in order to de�ne the de
oding strategy used at the se
on-

dary re
eiver. The a
hievable rate per sub
arrier is 
al
ulated a

ording to the aforementioned


ases and is used in the power optimization algorithm on the SU. On
e Rks,n is determined for all

sub
arriers, the PU 
an update its power pp,n using water�lling and based on the measured in-

terferen
e from the previous iteration, ps,n�1. Similarly, the se
ondary system updates its power

ps,n using gradient des
ent pro
ess, based on pp,n�1. Our algorithm is summarized in Algorithm

1, where at the nth iteration, pi,n � pP 1
i,n, . . . , P

L
i,nq

T
, with i � tp, su and pn � tpp,n,ps,nu. This
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3.8. POWER CONTROL

pro
ess is repeated until the stopping 
riterion is met. Note that the 
onvergen
e of the power

optimization algorithm is guaranteed even if the primary power 
ontrol is not syn
hronized with

the se
ondary power 
ontrol, as proven in [107℄.

Algorithm 1 Proposed Resour
e Allo
ation Algorithm

1: Input 
hannel gains ;

2: Initialize pp,0, ps,0 and set n � 0 ;

3: Determine the de
oding strategy applied at the se
ondary re
eiver on ea
h sub
arrier k ;

4: Repeat

5: n � n� 1 ;

6: Compute ps,n based on pp,n�1 and the de
oding strategy ;

7: Compute pp,n based on ps,n�1 and the de
oding strategy ;

8: Until stopping 
riterion is rea
hed ;

9: Output the optimized ve
tors pp,n and ps,n.

Now, we investigate the power allo
ation strategy for the SU. The obje
tive is to optimally


hoose the power ve
tor ps,n in order to maximize the se
ondary rate, while keeping the interfe-

ren
e and the power 
onstraints satis�ed. If the interferen
e 
onstraint is not met, the sub
arrier

is swit
hed o�. At the nth iteration, the power optimization problem is written as

max
ps,n

Rs,n (3.37a)

s.t.

Ļ

k�1

P ks,n ¤ Ps,max (3.37b)

s.t. P ks,n ¥ 0� k P t1, . . . , Lu (3.37
)

s.t. |hkps|
2P ks,n ¤ Ikth � k R S1 (3.37d)

s.t. (3.7),� k P S3 (3.37e)

s.t. (3.19),� k P S4 (3.37f)

where Rs,n �
°

kPS2
R
k,int
s,n �

°

kPS1XS3
R
k,SIC
s,n �

°

kPS4
R
k,SC
s,n

Sin
e the optimization problem is separable, it 
an be e�
iently solved using the Lagrange

dual de
omposition method by de
omposing the original problem into three subproblems, de-

pending on the de
oding strategies applied at the SU.

The Lagrangian of problem (3.37) taking into a

ount 
onstraints (3.37b) and (3.37
) 
an

be written as

L

�

P ks,n, λ
	

� �Rs,n � λ

�

Ļ

k�1

P ks,n � Ps,max

�

�

Ļ

k�1

νkP ks,n (3.38)

with λ, νk ¥ 0 being Lagrange multipliers. Note that νk is a sla
k variable and thus it 
an be

eliminated [64℄. Let D be the set spe
i�ed by the remaining 
onstraints in (3.37d), (3.37e) and

(3.37f). Consequently, problem (3.37) 
an be given by subproblems Cint, CSIC and CSC de�ned
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Initializepp,ps,n � 0

k � 0

P
k
p � 0

|h
k
sp|

2
¤|h

k
ss|

2

R
k,SIC
s,n R

k,int
s,n R

k,SIC
s,n R

k,SC
s,n R

k,off
s,n

(3.7)

(3.19)

k � L� 1

n � N � 1End

Update pp,n using Water�lling based on psu
rks

,n�1

Update ps,n using dual de
omposition based on pp,n�1

k

�

k

�

1

n
�

n

�

1

True False

True False

True False

True False

True False

True

False

Figure 3.7 � Power Allo
ation Pro
edure

over S2, S3 and S4 respe
tively as

Cint : max
tP k

s,nukPS2

¸

kPS2

Rints,n � µs,n
¸

kPS2

P ks,n (3.39a)

|hkps|
2P ks,n ¤ Ikth,�k P S2

CSIC : max
tP k

s,nukPS3

¸

kPS3

RSICs,n � µs,n
¸

kPS3

P ks,n (3.39b)

|hkps|
2P ks,n ¤ Ikth,�k P S3

akP ks,n ¥ ck,�k P S3

CSC : max
tP k

s,nukPS4

¸

kPS4

RSCs,n � µs,n
¸

kPS4

P ks,n (3.39
)

|hkps|
2P ks,n ¤ Ikth,�k P S4

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
 

P ks,n

n0
,�k P S4

akP ks,n   ck �k P S4

where the subtra
ted term in the obje
tive fun
tion represents the total power 
onstraint whi
h

is 
ommon to all subproblems. Therefore the Lagrange dual fun
tion asso
iated with (3.39) 
an

be de�ned as

gpλq � max
ps,n

L

�

P ks,n, λ
	

� λ

�

Ļ

k�1

P ks,n � Ps,max

�

(3.40)

44



3.8. POWER CONTROL

where ps,n is 
onstant. It 
an be veri�ed that problem Cint and problem CSIC are 
onvex. On

the other hand, R
k,SC
s,n , and espe
ially R

k,SC
s,n,2 is not 
onvex in P ks,n. It 
an then be approximated

using the �rst order Taylor approximation at a feasible point

�P ks,n, in order to turn it into a


onvex optimization problem. The approximated fun
tion of this term 
an be given by

RSCs,n,2 � R
k,SC
s,n,2 p

�P ks,nq �Bk
np
�P ks,nq

�

P ks,n �
�P ks,n

	

with

Bk
n �

BR
k,SC
s,n,2

BP ks,n

Besides, we demonstrate that the obje
tive fun
tion is stri
tly in
reasing in ps,n. Then, the

problem 
an be transformed into an equality-
onstrained problem, and the stopping 
ondition

be
omes

Ļ

k�1

P ks,n � Ps,max (3.41)

Thus, an analyti
al solution of all subproblems 
an be obtained with the Karush-Kuhn-Tu
ker


onditions [64℄. In the following, we only detail the solution of subproblem CSC . For that, let us

de�ne the un
onstrained subproblem

ĈSC : max
tP k

s,nukPS4

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n

with Lagrangian

L̂

�

P ks,n, µs,n

	

� �

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n

Let f̂ be the partial derivative of L̂ with respe
t to P ks,n.

f̂
�

P ks,n, µs,n

	

� �

|hkps|
2

|hkps|
2P ks,n � n0

�Bk
n

�

�P ks,n

	

� µs,n � 0

Thus, the solution of subproblem ĈSC 
an be given by

P̂ ks,n �
1

µs,n �Bk
n

�

�P ks,n

	

�

n0

|hkps|
2

whi
h 
an be expressed by

P̂ ks,n �
1

µ̂s,n
�

n0

|hkps|
2
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where

µ̂s,n �
�

µs,n �Bk
n

�

�P ks,n

		

Taking into 
onsideration the 
onstraints of subproblem CSC , its general solution P
k,SC
s,n has to

be positive and

n0

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
  P k,SCs,n   min

"

ck

ak
,
Ik
th

|hkps|
2

*

whi
h depends on the sign of ak and ck. (See Table 3.1).

The solution of problem (3.39) is dire
tly provided by water�lling for both subproblems Cint

and CSIC and by modi�ed water�lling for subproblem CSC . It is given in Table 3.2, provided

that the values of

�

P
k,SC
s,n are updated using the sequential algorithm 2. So far we have got L pλq

for a given λ. Then, we 
an get the dual problem whi
h aims to minimize L pλq

min
λ
g pλq (3.42)

s.t.λ ¥ 0

This problem 
an be solved by using sub-gradient method [108℄.

The presented solution 
an be a general solution for the power optimization problem in an

uplink underlay CR system, studied in [106℄ and [109℄. The problem 
oe�
ients are presented

in Table 3.3.

Algorithm 2 Sequential Convex Approximation Algorithm to solve CSC
1: Input A solution a

ura
y ω ¡ 0, m � 0 and a feasible point

�ps,0 for problem CSC ;

2: Repeat

3: m � m� 1

4: Compute

BR
k,SC
s,m

BP k
s,m

p

�P ks,mq ;

5: Cal
ulate P ks,m �k P S4 using table I ;

6: Until Stopping 
riterion is rea
hed ;

7: Output ps,m.

46



3.8. POWER CONTROL

Table 3.2 � Optimized values of P ks,n

Conditions De
oding P ks,n

strategies

P k
p,pn�1q

� 0

any value for

ak and ck

Interweave

�

1
µs,n

�

1

bk
s,pn�1q

�

�

P k
p,pn�1q

� 0
 

ak � 0; ck � 0
(

Int = Noise min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak   0; ck ¡ 0
(

SIC 0

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2

+

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak ¡ 0; ck   0
(

SIC min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

SC 0

P k
p,pn�1q

� 0
 

ak   0; ck   0
(

SIC min

#

ck

ak
;

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

|

hkps|
2

+

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2 ; c
k

ak

+

;
Ik
th

|

hkps|
2

+

P k
p,pn�1q

� 0
 

ak ¡ 0; ck ¡ 0
(

SIC

if

ck

ak
¤

Ik
th

|

hkps|
2

otherwise

min

#

max

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

; c
k

ak

+

;
Ik
th

|

hkps|
2

+

0

SC min

#

max

#

�

1
ˆµs,n
�

1

bk
s,pn�1q

�

�

;
n0p|h

k
pp|

2
�|hksp|

2
q

|hksp|
2
|hkps|

2

+

; c
k

ak
;

Ik
th

|

hkps|
2

+
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Table 3.3 � Optimization 
oe�
ients for problem (3.39)

Cases bk
s,pn�1q

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¤

�

�hkss
�

�

2

|

hkss|
2

n0�|hksp|
2
P k
p,pn�1q

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2
|

hkss|
2

n0

P k
p,pn�1q

� 0
|

hkss|
2

n0

Cases ak

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¥

�

�hkss
�

�

2

�

�hksp
�

�

2 �
�hkps

�

�

2
�

�

�hkpp
�

�

2 �
�hkss

�

�

2

all other 
ases 0

Cases ck

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¥

�

�hkss
�

�

2 n0

�

�

�hkpp
�

�

2
�

�

�hksp
�

�

2
	

all other 
ases 0

3.9 Multiuser 
ase

In this se
tion, we suppose that Nu SUs exist in the se
ondary 
ell. The algorithm proposed

for the single-user 
ase is now adapted to the multiuser 
ase. Before investing the power allo
ation

problem, we 
onsider the sub
arrier allo
ation algorithm. The resour
e allo
ation problem is

then 
omposed of two steps. First, the SU with the maximum a
hievable rate is a
tivated within

sub
arrier k, and then the power allo
ation problem is fa
ed. In the following, let su
rks

denotes

the SU a
tivated at sub
arrier k, Psu
rks

its power and Rsu
rks

its a
hievable rate. The 
hannel

model is then des
ribed by

ykp � hkppx
k
p � hkpsu

rks
xksu

rks
� zkp

yks � hkspx
k
p � hkssu

rks
xksu

rks
� zks

3.9.1 Des
ription of the algorithm

At the nth iteration, a test is done in order to de�ne the de
oding strategy used at the

se
ondary re
eiver. The a
hievable rate per sub
arrier is 
al
ulated a

ording to the aforemen-

tioned 
ases and is used to sele
t one of the SUs within sub
arrier k and then to optimize the

power allo
ation for the a
tive SU. On
e Rksu
rks
,n is determined for all sub
arriers, the PU 
an

update its power Pp,n using water�lling and based on the measured interferen
e from the pre-

vious iteration, psu
rks
,n�1. Similarly, the se
ondary system updates its power psu

rks
,n using dual

de
omposition pro
ess, based on pp,n�1. This alternative pro
ess is repeated until the stopping
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riterion is rea
hed.

Our proposed algorithm is exe
uted alternatingly between the primary and the se
ondary

systems. More spe
i�
ally, given a starting power allo
ation pp,0 and ps,0, the SUs apply a per

sub
arrier de
oding strategy whi
h depends on the primary and SUs power allo
ation obtained

from the iteration n�1. Based on the applied de
oding strategy, an a
hievable rate is 
omputed

for ea
h SU on ea
h sub
arrier. Finally, the SU with the highest rate is a
tivated within sub
arrier

k and the SU power optimization problem is solved.

A summary of our proposed s
heme is given in Algorithm 3, where at the nth iteration,

pi,n � pP 1
i,n, . . . , P

L
i,nq

T
, with i � tp, su

rks

u and pn P tpp,n,psu
rks

,nu.

Algorithm 3 Proposed Resour
e Allo
ation Algorithm for Multiuser Case

1: Input 
hannel gains ;

2: Initialize pp,0, ps,0 and set n � 0 ;

3: Determine the de
oding strategy applied at the se
ondary re
eiver on ea
h sub
arrier k ;

4: Compute the estimated a
hievable rate for all the users on ea
h sub
arrier k ;

5: A
tivate the SU u
rks with the highest estimated rate at sub
arrier k ;

6: Repeat

7: n � n� 1 ;

8: Compute psu
rks

,n based on pp,n�1 and the de
oding strategy ;

9: Compute pp,n based on psu
rks

,n�1 and the de
oding strategy ;

10: Until stopping 
riterion is rea
hed ;

11: Output the optimized ve
tors pp,n and psu
rks

,n.

3.9.2 Sub
arrier Allo
ation

We evaluate within ea
h sub
arrier the data rate that 
an be a
hieved in all the links between

SUs and the se
ondary BS by assuming EPA and by redistributing the powers of ina
tive

sub
arriers. The data rate R̂ku
rks

is obtained depending on the de
oding strategy applied in the

sub
arrier and by taking into a

ount the power limitation due to the interferen
e threshold.

This estimated rate is de�ned in equations (3.32) to (3.35), where equal power allo
ation is also

set in ea
h sub
arrier of the PU.

The average se
ondary rate per sub
arrier and based on the de
oding strategy for di�erent

distan
es dsec between primary and se
ondary BSs is given in Fig. 3.8 when only one user is


onsidered. The x-axis represents the di�erent de
oding strategies for the SU : '1' represents the

interweave 
ase and '5' the 
ase when the se
ondary transmitter is swit
hed o� while the other

indexes represent the underlay 
ase, with '2', '3' and '4' indi
ate treating interferen
e as noise,

SIC and SC strategies respe
tively. Fig. 3.8 shows that in underlay 
ases, the highest average

data rate is obtained with SC, while the lowest is a
hieved when the interferen
e is treated as

noise.

We propose the following sub
arrier allo
ation algorithm. To initialize, the power per sub-


arrier on ea
h se
ondary link is set as the minimum between Pu
rks

,max{lu
rks

and Ikth{|h
k
psu

rks

|

2
,
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Figure 3.8 � Average se
ondary rate per sub
arrier based on the de
oding strategy

where lu
rks

is the estimated number of sub
arriers allo
ated to user u
rks, and it is set to L{Nu.

At ea
h sub
arrier, the users with a SC de
oding strategy are �rstly sear
hed, and then among

them, the one with the highest estimated rate is sele
ted. Afterward, the method is repeated

in a similar manner for the SIC 
ase, then for the strategy where the interferen
e is treated as

noise. The algorithm is repeated for all sub
arriers and users and is represented in Fig. 3.9.

3.9.3 Power allo
ation optimization

On ea
h sub
arrier, only one of the SUs is a
tive. On
e sub
arriers have been allo
ated, the

de
oding algorithm proposed for the single-se
ondary user 
ase 
an be extended to the multiuser


ase repla
ing the index s for the se
ondary terminals by su
rks

. The power allo
ation algorithm

for the PU remains un
hanged. The de
oding strategy and power allo
ation are run for ea
h SU

independently.

The optimization problem for ea
h user u
rks at the n

th
iteration 
an be expressed by :

max
tpu

rks

,nu

Rs,n (3.43a)

s.t.

¸

kPSu
rks

P ksu
rks

,n ¤ Psu
rks

,max (3.43b)

s.t. P ksu
rks

,n ¥ 0,�k P Su
rks

(3.43
)

s.t. |hkpsu
rks

|

2P ksu
rks

,n ¤ Ikth,�k R S1 (3.43d)

s.t. akP ksu
rks

¥ ck,�k P Su
rks

in SIC 
ase (3.43e)

s.t.

�

|hkpp|
2
� |hksp|

2
�

|hkpsu
rks

|

2
|hksp|

2
 

P ksu
rks

n0
,� k P Su

rks

in SC 
ase (3.43f)

s.t. P ksu
rks

ak   ck,� k P Su
rks

in SC 
ase (3.43g)

where Rs,n �
°

kPS2
R
k,int
s,n �

°

kPS1XS3
R
k,SIC
s,n �

°

kPS4
R
k,SC
s,n and Su

rks

is the set of sub
arriers
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k � 0

u � 0
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Figure 3.9 � Sub
arrier Allo
ation Algorithm
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allo
ated to user u
rks.

The solution of this problem is given in Tables 3.2 and 3.3, by adapting the indexes to the

multiuser 
ase.

3.10 Simulation results

3.10.1 Performan
e evaluation for the single-user 
ase

With perfe
t CSI, the 
omplex 
hannel gains hkij take into a

ount path loss, log-normal

shadowing and Rayleigh fading. We suppose here that all sub
arriers are subje
t to independent

Rayleigh fading. The path loss model is COST 231 extension to Hata model at 800 MHz in

dense urban environment, LdBpdq � 125.08 � 35.22 � log10pdq, and the shadowing standard

deviation is equal to 6 dB. Both primary and se
ondary 
ells have omnidire
tional antennas

with the same radius dp � ds � 1 km. The allowed data rate de
rease due to interferen
e on the

primary system is ∆ � 0.1, whi
h means that 90% of the interferen
e-free rate is guaranteed.

The stopping 
riterion of Algorithm 1 is either

|Rs,n�Rs,n�1|

|Rs,n�1|
  10�4

or n = 10 iterations and for

Algorithm 2 is either

|

°

k R
k,SC
s,m |�|

°

k R
k,SC
s,m�1|

|

°

k R
k,SC
s,m�1|

  10�4
or m � 10. It is important to note that for

the power allo
ation algorithm, a 
onvergen
e at 2% on the se
ondary rate is rea
hed after 6

iterations.

Performan
e evaluation for one se
ondary user

Statisti
s

In order to get an insight on the distribution of the di�erent studied 
ases in terms of users

positions, we 
onsider three di�erent s
enarios. In the �rst and se
ond s
enarios, the primary

BS is 
onsidered as the 
enter of referen
e for the users 
oordinates with xBSp � yBSp � 0 km,

and the se
ondary BS is �xed at (1 km, 0 km).

In the �rst s
enario, the position of the primary transmitter is �xed with xp � 0.6 km and

yp � 0 km and the se
ondary transmitter is allowed to move along its own 
ell. The statisti
s of

the possible de
oding strategies given in terms of the per
entage of applying ea
h of them are

represented in Fig. 3.10.

The weak interferen
e 
ase, where the interferen
e is treated as noise, depends ex
lusively

on |hksp|
2
and |hkss|

2
. With a large number of runs, represented by sub�gure 'Int', this 
ase is

only a�e
ted by the path loss, and 
onsequently by the distan
e between the SU and its BS. On

the other hand, sub�gures 'SC' and 'SIC' prove that these two methods are 
omplementary and

that the appli
ation of SC in the algorithm will improve the system rates. The SU is swit
hed

o� when neither SIC nor SC 
an be applied and also whenever the interferen
e 
onstraints are

not satis�ed. This 
ase is inversely proportional to |hkps|
2
as shown in sub�gure 'OFF'.

In the se
ond s
enario, the position of the se
ondary transmitter is �xed at xs � 1.4 km

and ys � 0 km and the primary transmitter is allowed to move along its own 
ell. The statisti
s

of all 
ases are represented in Fig. 3.11. We 
an see that the interferen
e is treated as noise
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Figure 3.10 � Statisti
s of the de
oding strategies for xp � 0.6 km and yp � 0 km

when it is weak, i.e., whenever the distan
e between the PU and the se
ondary BS is greater

than the distan
e between the se
ondary mobile and its BS, whi
h is equal to 0.4 km in our


ase. Otherwise, the strong interferen
e 
ase is a
tivated and several methods 
an be applied

depending on the 
onditions studied previously. Sin
e |hkss|
2
is �xed, all 
ases depend on |hksp|

2
.
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Figure 3.11 � Statisti
s of the de
oding strategies for xs � 1.4 km and ys � 0 km

In the last s
enario, the in�uen
e of both primary and se
ondary lo
ations are evaluated.

Both primary and se
ondary users are allowed to move along the x-axis. Both users are 
hosen

to move between the two BSs. Statisti
s are given in terms of dp and ds, the distan
e between

ea
h BS and its mobile. (See Fig. 3.12).

When dp   ds, the interferen
e is weak and is treated as noise at the se
ondary re
eiver. In

the opposite side, SIC or SC 
an be used. The SU is turned o� whenever these methods 
annot

be applied or the interferen
e threshold is not satis�ed.
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Figure 3.12 � Statisti
s of the de
oding strategies for mobiles moving on X-axis between the

BSs

Rates improvement and 
omparison with several methods

The impa
t of the proposed algorithm on both sum, primary and se
ondary rates is shown

in Fig. 3.13 and Fig. 3.14. By 
omparing the proposed method with the algorithm in [106℄ for

the single user s
enario where only SIC is applied in the strong interferen
e 
ase, denoted by

'SIC', the proposed method shows an improvement due to the appli
ation of SC. Applying only

the SC method (results referred to as 'SIC & SC'), an improvement that lies between 0.7 and

1.2% is obtained on the sum rate of the system, while the se
ondary rate in
reases between 5

and 17.3%. On the other hand, the sum rate in
reases between 1.6 and 2.1% while the se
ondary

rate in
reases between 11.5 and 25.4% when only power 
ontrol is added to 'SIC'. These results

are marked by 'SIC and power 
ontrol' in the legend of both �gures.

The improvement provided by the power optimization in presen
e of SC strategy is high-

lighted. When both SC and dual de
omposition are applied, the proposed algorithm denoted

by 'SIC & SC & power 
ontrol', the sum and se
ondary rates are 
ompared with 'SIC'. The

improvement is then between 2.3 and 3% on the sum rate, while it is between 16.9 and 43.5%

on the se
ondary rate. In all these 
ases, there is a negligible degradation on the PU rate whi
h

never ex
eeds 0.7%. This degradation is due to the in
reased power level allo
ated to the SU

with our algorithm.

The proposed algorithm is also 
ompared with three other s
hemes :

� The 
ase where the se
ondary system is always swit
hed o� (denoted by 'RP' for 'Re-

feren
e on Primary'). In this 
ase, water�lling is applied on the primary user and the


omplexity is 
al
ulated as OpL log2 Lq [110℄.

� The 
lassi
al power allo
ation s
heme where the se
ondary system 
an transmit on the

whole bandwidth of a 
ognitive underlay/interweave system by 
onsidering the primary

system's interferen
e as noise in all sub
arriers. This algorithm is denoted by 'FB' for

'Full Band' and its 
omplexity is 2 �N �OpL log2 Lq, with N is the number of iterations.

� An algorithm where the se
ondary system 
an only transmit in the sub
arriers with weak
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ompared with various methods
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interferen
e (|hksp|
2
¤ |hkss|

2
) by 
onsidering the primary system's interferen
e as noise in

these sub
arriers. This algorithm is denoted by 'PB' for 'Partial Band' and its 
omplexity

is 3{2 �N �OpL log2 Lq.

Both sum and primary rates are shown in Fig. 3.13. The adaptive de
oding strategy with

the proposed power 
ontrol s
heme a
hieves the highest sum rate. Compared with 'RP', the

a
hievable sum rate gain in
reases with dsec from 0.9 to 14.27%. Moreover, the data rate gain

obtained by 
omparing the proposed method with 'FB' and 'PB' is respe
tively 4.3 - 5.02% and

1.22 - 3.38%.

The proposed method presents the lowest primary rate but the degradation 
omparing to

'FB' does not ex
eed 0.8%, where this gain rea
hes 4% when 
omparing with 'PB', while the

a
hieved gain on the se
ondary rate is about 40%, as shown in Fig. 3.14.

Performan
e evaluation with several se
ondary users

In this se
tion, the performan
e of the proposed algorithm is evaluated with various numbers

of users in the se
ondary 
ell. We note that the stopping 
riterion for Algorithm 3 is either

|Rsu
rks

,n�Rsu
rks

,n�1|

|Rsu
rks

,n�1|
  10�4

or n � 10 iterations. This alternative pro
ess is repeated N times. In

a �rst s
enario, we suppose that only two SUs are present in the se
ondary 
ell. The in�uen
e

of this multiuser diversity is presented in Fig. 3.15. The obtained gain for the sum rate, thanks

to the multiuser aspe
t, has in
reased from 5.5 - 12% in a s
enario whi
h does not apply SC, to

9.4 - 14% in our 
ontribution.
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SIC & SC & power control 1 user

SIC 1 user

SIC & SC & power control 2 users

SIC 2 users

Figure 3.15 � Sum rates with two se
ondary users

The evolution of the se
ondary rates with respe
t to the number of users in the se
ondary 
ell

by 
onsidering the di�erent s
enarios (with and without SC, with and without power 
ontrol) is

drawn in Fig. 3.16, with dsec= 0.6 km. The simulations show that the growth of the se
ondary

rate in
reases from 9 - 14% when only SIC is applied, to 21 - 31% when SIC, SC and power


ontrol are applied.

Finally, the proposed algorithm is 
ompared with exhaustive sear
h, where the SU with

the maximum estimated rate is allo
ated to ea
h sub
arrier, without sele
ting the users based
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on their de
oding strategies. The a
hievable rates with the proposed algorithm are 4% less

than those of the exhaustive sear
h whi
h represents an upper bound for the se
ondary rates.

Consequently, we 
an 
on
lude that our heuristi
 sub
arrier allo
ation algorithm whi
h is less


omplex than the exhaustive sear
h, still quite e�e
tive.
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Figure 3.16 � Se
ondary rates depending on the number of users, for dsec= 0.6 km

3.11 Con
lusion

In this 
hapter, we proposed a resour
e allo
ation algorithm for a 
ognitive radio system in

both single-user and multiuser s
enarios. For the former s
enario, an adaptive de
oding algo-

rithm based on both su

essive interferen
e 
an
ellation and superposition 
oding strategy is

proposed in order to maximize the se
ondary a
hievable rate. The power allo
ation problem is

then investigated in order to optimally allo
ate the power over the di�erent sub
arriers, taking

into a

ount the interferen
e limit 
onstraint and the power budget for ea
h user. A general

solution is proposed using water�lling and dual de
omposition methods. For the latter s
enario,

the proposed algorithm involves two steps. Firstly, a multiuser de
oding algorithm is proposed

based on the single-user 
ase, in order to 
ompute the a
hievable rates of di�erent users. After an

orthogonal sub
arrier allo
ation, where the user with the maximum a
hievable rate is a
tivated

within ea
h sub
arrier, the se
ondary rate maximization problem is formulated as a nonlinear

problem and an iterative algorithm similar to the single-user 
ase is proposed. A general solution

for the power optimization problem in an uplink underlay 
ognitive system is proposed. Both

theoreti
al analysis and simulation results have shown that the proposed algorithm a
hieves

higher sum rate than 
lassi
al algorithms, for both single-user and multiuser 
ases, providing

high-enough data rates for the se
ondary system at the expense of a very low degradation of

the primary system's rate. In the next 
hapter, the same problem for the studied system model

is investigated under the assumption that only statisti
al 
hannel state information about the

primary's 
hannels is available at the se
ondary user.
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Chapitre 4

Resour
e allo
ation algorithm with

statisti
al CSI

4.1 Introdu
tion

In the previous 
hapter, we investigated the resour
e allo
ation problem for both single-user

and multiuser OFDM-based CR system, assuming that perfe
t 
hannel knowledge is available

at all system nodes with the help of a band manager. However, obtaining full knowledge about

the 
hannel gains at the SU is very di�
ult to implement in pra
ti
e. In this 
hapter, we

investigate the dynami
 resour
e allo
ation problem in a single-user underlay CR system with

the assumption that only statisti
al CSI on both primary links is available at the SU.

The remaining of this 
hapter is organized as follows. The studied system model is des
ribed

in Se
tion 4.3. In Se
tion 4.4, the outage probabilities of ea
h 
onstraint in the power allo
ation

problem are detailed and the new optimization problem is presented. The �rst order Taylor

approximation is applied on non-
onvex 
onstraints and non-
on
ave obje
tive fun
tions in

Se
tion 4.5. The said problem with approximated 
onstraints and obje
tive fun
tions is solved by

using dual de
omposition and bise
tion methods in Se
tions 4.6 and 4.7, respe
tively. In Se
tion

4.8, the SCA algorithm is des
ribed in order to give the general solution of the investigated

problem. Finally, simulation results are given in Se
tion 4.9 and a 
on
lusion of the 
hapter is

provided in Se
tion 4.10.

4.2 State of the art

In pra
ti
e, perfe
t 
hannel knowledge is di�
ult to obtain. The impa
t of imperfe
t CSI

on 
apa
ity region was investigated in [111�116℄ with un
ertainty, quantization or estimation

errors. In [111℄, the authors 
onsidered a 
ognitive underlay s
enario assuming that the se
ondary
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re
eiver has only partial information of the link between its transmitter and the primary re
eiver.

This paper studied di�erent 
apa
ity regions 
onsidering average or peak interferen
e 
onstraints

at the primary re
eiver and introdu
ed the 
on
ept of interferen
e-outage allowed by the primary

re
eiver. The same problem was 
onsidered in [112℄ with average re
eived power 
onstraint

at the primary re
eiver in a dis
rete-time blo
k-fading 
hannel with imperfe
t CSI. In [113℄,

Suraweera et al., investigated the impa
t of imperfe
t CSI of the SU-PU link on the SU mean


apa
ity, 
onsidering the e�e
t of CSI quantization with a �nite number of quantization levels.

The ergodi
 
apa
ity maximization problem with quantized information about CSI available

at the SU through a limited feedba
k link was studied in [114℄, while optimum power strategy

and ergodi
 
apa
ity were derived under outage 
onstraints in [115℄. The impa
t of noisy CSI on

spe
tral e�
ien
y of multiuser multi-
arrier CRs was 
onsidered in [116℄, where novel interferen
e

management s
hemes were derived based on di�erent average-
ase and worst-
ase models of


hannel estimation error. In all previously 
ited works, imperfe
t CSI was 
onsidered only on

the 
ross-link between the se
ondary transmitter and the primary re
eiver. Furthermore, other

works 
onsidered the e�e
t of statisti
al CSI rather than instantaneous 
hannel estimation errors

[117,118℄. In [117℄, Smith et al. study the impa
t of limited 
hannel knowledge on the CR system


apa
ity by 
omparing the e�e
t of a statisti
al CSI and an erroneous instantaneous CSI of the

primary 
hannel gains. In [118℄, the authors investigated the e�e
t of statisti
al CSI on all the


hannels for the primary and se
ondary links on the SU 
apa
ity without addressing the power

allo
ation problem.

4.3 Channel Model

In this 
hapter, the same system model as in Chapter 3 is studied, assuming that only

statisti
al knowledge on the primary 
hannels is available at the SU. Without loss of generality,

only one SU with index s is 
onsidered in the se
ondary 
ell. We re
all that the re
eived primary

and se
ondary signals in ea
h sub
arrier k P t1, . . . , Lu 
an be written as

ykp � hkppx
k
p � hkpsx

k
s � zkp (4.1)

yks � hkspx
k
p � hkssx

k
s � zks (4.2)

Sin
e hkij � CN p0, λkijq with pi, jq P tp, su2, |hkij|
2
is exponentially distributed and its probability

density fun
tion is expressed by

1

λkij
exp

�

x

λk
ij
. We now assume that only λkpp and λ

k
ps are known at

the se
ondary re
eiver. Under this assumption, the 
onvexity of the power optimization problem

is studied in the following se
tion. Di�erent outage terms are investigated. The �rst one, whi
h

is 
alled "interferen
e outage probability" is related to the interferen
e 
onstraint de�ned in eq.

(3.37d). The se
ond outage probability results from the SIC 
onstraint presented by inequality

(3.14). Finally, three outage probabilities result from the appli
ation of SC at the SU : Two

outage probabilities related to SC 
onstraints in (3.19) and one outage rate probability on the

se
ondary rate when SC is applied sin
e it depends on |hkpp|
2
and |hkps|

2
. Most of these outage

probability 
onstraints are not 
onvex, 
onsequently, the optimization problem is a non-
onvex
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problem. In Se
tion 4.6, a sequential approximation algorithm is proposed to solve the problem.

4.4 Determination of the outage probabilities

In the previous 
hapter, we investigated the power optimization problem presented in (4.3)

assuming that perfe
t 
hannel knowledge is available at the di�erent nodes of the system. In this


hapter, we investigate the same problem for the single-user 
ase with statisti
al CSI. For that,

we �rst detail the outage probability that results from ea
h of the problem 
onstraints and then

we pro
eed to the dual de
omposition and 
onvex approximation methods to solve the problem.

For simpli
ity, we drop the iteration index n in this se
tion and we reintrodu
e it in the next

se
tion where the optimization problem is investigated.

max
ps

Rs (4.3a)

s.t.

Ļ

k�1

P ks ¤ Ps,max (4.3b)

s.t. P ks ¥ 0� k P t1, . . . , Lu (4.3
)

s.t. |hkps|
2P ks ¤ Ikth � k R S1 (4.3d)

s.t. akP ks ¥ ck,� k P S3 (4.3e)

s.t.

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
 

P ks
n0
,� k P S4 (4.3f)

s.t. P ks a
k
  ck,� k P S4 (4.3g)

where Rs �
°

kPS2
R
k,int
s �

°

kPS1XS3
R
k,SIC
s �

°

kPS4
R
k,SC
s

4.4.1 Interferen
e 
onstraint with statisti
al CSI

The outage probability on 
onstraint (4.3d) is

Pr

!

|hkps|
2P ks ¡ Ikth

)

¤ θk (4.4)

where θk is the authorized interferen
e outage. Sin
e |hkps|
2
is exponentially distributed, with

varian
e λkps, this probability 
an be 
al
ulated by

»

8

Ik
th

Pk
s

1

λkps
exp

�

x

λkps dx ¤ θk

Therefore, the interferen
e outage 
onstraint 
an be written as

exp
�

Ik
th

Pk
s λkps

¤ θk (4.5)
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whi
h is equivalent to

P ks ¤

Ikth
λkps log

�

1
θk

�

(4.6)

4.4.2 SIC 
onstraint with statisti
al CSI

The SIC 
onstraint in (4.3e) was �rst obtained from the inequality

|hkpp|
2P kp

|hkps|
2P ks � n0

¤

|hksp|
2P kp

|hkss|
2P ks � n0

(4.7)

Then, the outage probability on 
onstraint (4.3e) 
an be 
al
ulated as

Pr

#

|hkpp|
2

n0 � |hkps|
2P ks

¡

|hksp|
2

n0 � |hkss|
2P ks

+

¤ ǫk (4.8)

Sin
e |hkpp|
2
is exponentially distributed, with varian
e λkpp, this probability 
an be 
al
ulated

by

E

$

&

%

»

8

|hksp|
2
p

n0�|h
k
ps|

2Pk
s q

n0�|h
k
ss|

2Pk
s

1

λkpp
exp

�

x

λkpp dx

,

.

-

¤ ǫk

whi
h is equivalent to

E

$

&

%

exp
�

|hksp|
2
p

n0�|h
k
ps|

2Pk
s q

λkpppn0�|h
k
ss|

2Pk
s q

,

.

-

¤ ǫk

Sin
e |hkps|
2
is exponentially distributed, with varian
e λkps, the outage probability on (4.3e)


an be 
al
ulated by

exp
�

|hksp|
2n0

λkpppn0�|h
k
ss|

2Pk
s q

»

8

0

1

λkps
exp

�

�

|hksp|
2Pk

s

λkpppn0�|h
k
ss|

2Pk
s q

�

1

λkps

�

y

dy ¤ ǫk

whi
h is given by

exp
�

|hksp|
2n0

λkpppn0�|h
k
ss|

2Pk
s q

1

1�
λkps|h

k
sp|

2P k
s

λkpppn0�|hkss|
2P k

s q

¤ ǫk

Consequently, the outage probability on 
onstraint (4.3e) 
an be given by

exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¤ ǫk (4.9)
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where

νk �
|hksp|

2

n0 � |hkss|
2P ks

(4.10)

4.4.3 SC 
onstraints with statisti
al CSI

If only statisti
al CSI about |hkpp|
2
and |hkps|

2
is available at the SU, outage 
an o

ur on

either se
ondary rate or SC 
onstraints. Thus, three outage probabilities 
an be 
al
ulated :

1. Rate outage on R
k,SC
s and more spe
i�
ally the outage probability on αk whi
h is the

only fa
tor in R
k,SC
s,n depending on |hkpp|

2
and |hkps|

2
.

2. Outage probability on 
onstraint (4.3f).

3. Outage probability on 
onstraint (4.3g).

Outage probability on αk

To avoid the di�
ulty resulting by 
al
ulating the outage rate probability on the SU rate

when SC is applied, and sin
e only αk depends on |hkpp|
2
and |hkps|

2
, we aim to 
al
ulate the

outage probability on αk and not on the se
ondary rate. We re
all the equation used to 
al
ulate

αk with perfe
t CSI (3.14)

|hkpp|
2

|hkps|
2P ks � n0

�

|hksp|
2

αk|hkss|
2P ks � n0

(4.11)

whi
h 
an be equivalently written as

|hkpp|
2

|hksp|
2
�

|hkps|
2P ks � n0

αk|hkss|
2P ks � n0

With statisti
al CSI, 
onstraint (4.11) be
omes

Pr

#

|hkpp|
2

|hksp|
2
�

|hkps|
2P ks � n0

αk|hkss|
2P ks � n0

+

� 1 (4.12)

whi
h is equivalent to Pr tX � Y u � 1 where

X �

|hkpp|
2

|hksp|
2

Y �

|hkps|
2P ks � n0

αk|hkss|
2P ks � n0

Basi
ally for two random variables

Pr tX � Y u �

»

tPS

fX,Y pX � t, Y � tq dt (4.13)
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where fX,Y pX � t, Y � tq is the joint probability distribution fun
tion of X and Y . By indepen-

den
e, and sin
e X and Y are both exponentially distributed, it follows that the joint probability

density fun
tion of X and Y is

fX,Y pX � t, Y � tq �
1

λXλY
e
�

�

1
λX
�

1
λX

	

t
(4.14)

hen
e

Pr tX � Y u �

»

8

0

1

λXλY
e
�

�

1
λX
�

1
λX

	

t
dt (4.15)

�

1

λX � λY
(4.16)

with

λX � E

#

|hkpp|
2

|hksp|
2

+

�

λkpp

|hksp|
2

and

λY � E

#

|hkps|
2P ks � n0

αk|hkss|
2P ks � n0

+

�

λkpsP
k
s � n0

αk|hkss|
2P ks � n0

Consequently, 
onstraint (4.12) 
an be written as

λkpp

|hksp|
2
�

λkpsP
k
s � n0

αk|hkss|
2P ks � n0

� 1 (4.17)

whi
h is equivalent to

αk �
|hksp|

2λkpsP
k
s � λkppn0

|hkss|
2P ks

�

|hksp|
2
� λkpp

�

(4.18)

Outage probability on equation (4.3f)

The outage probability on (4.3f) is 
al
ulated as

Pr

#

�

|hkpp|
2
� |hksp|

2
�

|hkps|
2
|hksp|

2
¥

P ks
n0

+

¤ δk (4.19)

whi
h is equivalent to

Pr

#

|hkpp|
2
¥

|hkps|
2
|hksp|

2P ks

n0
� |hksp|

2

+

¤ δk

Sin
e |hkpp|
2
is exponentially distributed, with varian
e λkpp, this probability 
an be 
al
ulated
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by

E

�

»

8

|hkps|

2
|hksp|

2Pk
s

n0
�|hksp|

2

1

λkpp
exp

�

1

λkpp
x
dx

�

¤ δk

whi
h is given by

E

�

�exp
�

1

λkpp

�

|hkps|

2
|hksp|

2Pk
s

n0
�|hksp|

2




�

�

¤ δk (4.20)

Sin
e |hkps|
2
is exponentially distributed, with varian
e λkps, the outage probability on (4.20)

be
omes

exp
�

|hksp|

2

λkpp

»

8

0

1

λkps
exp

�

�

|hksp|

2Pk
s

λkppn0
�

1

λkps




y
dy ¤ δk

The outage probability on (4.3f) is then given by

exp
�

|hksp|

2

λkpp
1

1�
|hksp|

2P k
s λ

k
ps

λkppn0

¤ δk (4.21)

Outage probability on equation (4.3g)

The outage probability on 
onstraint (4.3g) is 
al
ulated as

Pr

#

|hkpp|
2P kp

n0 � |hkps|
2P ks

¤

|hksp|
2P kp

n0 � |hkss|
2P ks

+

¤ γk (4.22)

whi
h 
an be equivalently formulated as

1� Pr

#

|hkpp|
2P kp

n0 � |hkps|
2P ks

¡

|hksp|
2P kp

n0 � |hkss|
2P ks

+

¤ γk (4.23)

The outage probability on (4.3g) 
an be then dedu
ed from (4.9) and it is equal to

exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¥ 1� γk (4.24)
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4.4.4 Synthesis

Consequently, the power allo
ation problem given in (4.3) with statisti
al CSI and outage

limits ǫk, θk, δk and γk 
an be formulated as

max
ps

Rs (4.25a)

s.t.

Ļ

k�1

P ks ¤ Ps,max (4.25b)

s.t. P ks ¥ 0,�k P t1, . . . , Lu (4.25
)

s.t. exp
�

Ik
th

Pk
s λkps

¤ θk,�k R S1 (4.25d)

s.t. exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¤ ǫk,�k P S3 (4.25e)

s.t. exp
�

|hksp|

2

λkpp
1

1�
|hksp|

2P k
s λ

k
ps

λkppn0

¤ δk,�k P S4 (4.25f)

s.t. exp
�

νkn0

λkpp
1

1�
λkps
λkpp

νkP ks

¥ 1� γk,�k P S4 (4.25g)

where

νk �
|hksp|

2

n0 � |hkss|
2P ks

(4.26)

and Rs �
°

kPS2
R
k,int
s �

°

kPS1XS3
R
k,SIC
s �

°

kPS4
R
k,SC
s .

It 
an be seen that 
onstraints (4.25e), (4.25f) and (4.25g) are not 
onvex. In addition, the

rate R
k,SC
s is not 
on
ave in P ks . This results in non
onvex optimization problem. So, in order

to obtain a 
onvex optimization problem, the �rst order Taylor approximation 
an be applied

on these fun
tions at a feasible point

�P ks .

4.5 First Taylor approximation

In this se
tion, the �rst order Taylor approximation is applied on non-
onvex 
onstraints

as well as on non-
on
ave obje
tive fun
tions in problem (4.25). In the next two se
tions, both

dual de
omposition and bise
tion methods are adapted to solve the optimization problem.

4.5.1 Applying Taylor approximation on (4.25e)

The outage probability on the SIC 
onstraint (4.25e) is equivalent to

n0|h
k
sp|

2

λkpppn0 � |hkss|
2P ks q

� log

�

1�
λkps|h

k
sp|

2P ks

λkpppn0 � |hkss|
2P ks q

�

¥ logp
1

ǫk
q (4.27)
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The �rst ratio in (4.27) 
an be written as follows

n0|h
k
sp|

2

λkpppn0 � |hkss|
2P ks q

�

|hksp|
2

λkpp

1

1�
|hkss|

2P k
s

n0

Using Taylor approximation at feasible point

�P ks , this term 
an be expressed by

|hksp|
2

λkpp

1

1�
|hkss|

2P k
s

n0

�

|hksp|
2

λkpp

�

�

�

1

1�
|hkss|

2

n0

�P ks

�

|hkss|
2

n0

�

1�
|hkss|

2

n0

�P ks

	2
pP ks �

�P ks q

�

Æ




The se
ond part of (4.27) 
an be approximated with �rst order Taylor approximation at

feasible point

�P ks as

log

�

1�
λkps|h

k
sp|

2P ks

λkpppn0 � |hkss|
2P ks q

�

� log

�

1�
λkps|h

k
sp|

2�P ks

λkpppn0 � |hkss|
2�P ks q

�

�

λkppλ
k
ps|h

k
sp|

2n0
�

λkpppn0 � |hkss|
2�P ks q

	�

λkpppn0 � |hkss|
2�P ks q � λkps|h

k
sp|

2�P ks

	

�

P ks �
�P ks

	

The SIC outage probability is then formulated as

|hksp|
2

λkpp

�

�

�

1

1�
|hkss|

2

n0

�P ks

�

|hkss|
2

n0

�

1�
|hkss|

2

n0

�P ks

	2
pP ks,n �

�P ks q

�

Æ




� log

�

1�
λkps|h

k
sp|

2�P ks

λkpppn0 � |hkss|
2�P ks q

�

�

λkppλ
k
ps|h

k
sp|

2n0
�

λkpppn0 � |hkss|
2�P ks q

	�

λkpppn0 � |hkss|
2�P ks q � λkps|h

k
sp|

2�P ks

	

�

P ks �
�P ks

	

¥ logp
1

ǫk
q (4.28)

whi
h 
an be written as

EkP ks ¥ F k (4.29)

where

Ek �
λkppλ

k
ps|h

k
sp|

2n0
�

λkpppn0 � |hkss|
2�P ks q

	�

λkpppn0 � |hkss|
2�P ks q � λkps|h

k
sp|

2�P ks

	

�

|hksp|
2

λkpp

|hkss|
2

n0

�

1�
|hkss|

2

n0

�P ks

	2

(4.30)
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and

F k � logp
1

ǫk
q �

|hksp|
2

λkpp

�

�

�

1

1�
|hkss|

2

n0

�P ks

�

|hkss|
2�P ks

n0

�

1�
|hkss|

2

n0

�P ks

	2

�

Æ




� log

�

1�
λkps|h

k
sp|

2�P ks

λkpppn0 � |hkss|
2�P ks q

�

(4.31)

�

λkppλ
k
ps|h

k
sp|

2n0
�P ks

�

λkpppn0 � |hkss|
2�P ks q

	�

λkpppn0 � |hkss|
2�P ks q � λkps|h

k
sp|

2�P ks

	

(4.32)

4.5.2 Applying Taylor approximation on (4.25g)

The outage probability on the SC 
onstraint in (4.25g) is equivalent to

n0|h
k
sp|

2

λkpppn0 � |hkss|
2P ks q

� log

�

1�
λkps|h

k
sp|

2P ks

λkpppn0 � |hkss|
2P ks q

�

¤ logp
1

1� γk
q (4.33)

By similarity with (4.29), 
onstraint (4.25g) 
an be written as

EkP ks ¤ Jk (4.34)

where

Jk � logp
1

1� γk
q �

|hksp|
2

λkpp

�

�

�

1

1�
|hkss|

2

n0

�P ks

�

|hkss|
2�P ks

n0

�

1�
|hkss|

2

n0

�P ks

	2

�

Æ




� log

�

1�
λkps|h

k
sp|

2�P ks

λkpppn0 � |hkss|
2�P ks q

�

(4.35)

�

λkppλ
k
ps|h

k
sp|

2n0
�P ks

�

λkpppn0 � |hkss|
2�P ks q

	�

λkpppn0 � |hkss|
2�P ks q � λkps|h

k
sp|

2�P ks

	

(4.36)

4.5.3 Applying Taylor approximation on (4.25f)

The outage probability on the SC 
onstraint in (4.25f) is equivalent to

log

�

1�
|hksp|

2λkpsP
k
s

λkppn0

�

¡ log

�

1

δk




�

|hksp|
2

λkpp
(4.37)

Applying �rst order Taylor approximation on log
�

1�
|hksp|

2λkpsP
k
s

n0

	

, we obtain

log

�

1�
|hksp|

2λkpsP
k
s

λkppn0

�

� log

�

1�
|hksp|

2λkps
�P ks

λkppn0

�

�

|hksp|
2λkps

|hksp|
2λkps

�P ks � λkppn0

�

P ks �
�P ks

	

Consequently, (4.25f) is equivalent to

GkP ks ¡ Hk
(4.38)
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where

Gk �
|hksp|

2λkps

|hksp|
2λkps

�P ks � λkppn0

and

Hk
� log

�

1

ρk




�

|hksp|
2

λkpp
�

|hksp|
2λkps

�P ks

|hksp|
2λkps

�P ks � λkppn0
� log

�

1�
|hksp|

2λkps
�P ks

λkppn0

�

4.5.4 Applying Taylor approximation on R
k,SC
s

We re
all the expression of the se
ondary a
hievable rate when SC is applied, whi
h was

given in eq. (3.30)

Rk,SCs � R
k,SC
s,1 �R

k,SC
s,2 (4.39)

where

R
k,SC
s,1 �

B

L
log2

�

1�
|hksp|

2λkpsP
k
s � λkppn0

n0
�

|hksp|
2
� λkpp

�

�

(4.40)

and

R
k,SC
s,2 �

B

L
log2

�

1�

��

|hksp|
2
� λkpp

�

|hkss|
2
� |hksp|

2λkps
�

P ks � λkppn0

|hksp|
2λkpsP

k
s � λkppn0 �

�

|hksp|
2
� λkpp

� �

|hksp|
2P kp � n0

�

�

(4.41)

We 
an verify that R
k,SC
s,1 is 
on
ave in P ks while R

k,SC
s,2 is not. Thus, it 
an then be ap-

proximated using the �rst order Taylor approximation at a feasible point

�P ks . The approximated

fun
tion of (4.41) 
an be given by

R
k,SC
s,2 � R

k,SC
s,2 p

�P ks q �Bk
p

�P ks q
�

P ks �
�P ks

	

with

Bk
�

BR
k,SC
s,2

BP ks

4.6 Solving the optimization problem by de
omposition

As we have pro
eeded in Se
tion 3.8 of the previous 
hapter, the investigated optimization

problem 
an be e�
iently solved using the Lagrange dual de
omposition method, sin
e it is se-

parable, by de
omposing the original problem into three subproblems depending on the de
oding

strategies applied at the SU. In this se
tion, we �rstly present the de
omposed optimization pro-

blem and then we 
al
ulate the �rst order Taylor approximation of ea
h non-
onvex 
onstraint.

Finally, we propose a general solution of the investigated problem using dual de
omposition. As
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mentioned in the previous se
tion, our algorithm is iterative and index n is reintrodu
ed in this

se
tion to denote the iteration.

First of all, we write the Lagrangian of problem (4.25) taking into a

ount 
onstraints (4.25b)

and (4.25
) as

L

�

P ks,n, λ
	

� �Rs,n � λ

�

Ļ

k�1

P ks,n � Ps,max

�

�

Ļ

k�1

µkP ks,n (4.42)

with λ, µk ¥ 0 being Lagrange multipliers. µk 
an be dropped sin
e it is a sla
k variable. Let

D be the set spe
i�ed by the remaining 
onstraints in (4.25d), (4.25e), (4.25f) and (4.25g).

Consequently, problem (4.25) 
an be given by three subproblems Cint, CSIC and CSC de�ned

over S2, S3 and S4 respe
tively as

Cint : max
tP k

s,nukPS2

¸

kPS2

Rk,ints,n � µs,n
¸

kPS2

P ks,n (4.43a)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S2

CSIC : max
tP k

s,nukPS3

¸

kPS3

Rk,SICs,n � µs,n
¸

kPS3

P ks,n (4.43b)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S3

EkP ks,n ¥ F k,�k P S3

CSC : max
tP k

s,nukPS4

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n (4.43
)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S4

GkP ks,n ¡ Hk,�k P S4

EkP ks,n ¤ Jk,�k P S4

where the subtra
ted term in the obje
tive fun
tion represents the total power 
onstraint whi
h

is 
ommon to all subproblems. Problem (4.43) reformulates the aforementioned problem intro-

du
ing the results obtained in the previous se
tion. In this se
tion we pro
eed to the resolution of

three subproblems in order to �nd a general solution for problem (4.43). Note that the Lagrange

dual fun
tion asso
iated with (4.43) 
an be de�ned as

gpλq � max
ps,n

L

�

P ks,n, λ
	

� λ

�

Ļ

k�1

P ks,n � Ps,max

�

(4.44)

where ps,n is 
onstant.
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The subproblem when interferen
e is treated as noise 
an be formulated as Cint :

max
tP k

s,nukPS2

¸

kPS2

Rk,ints,n � µs,n
¸

kPS2

P ks,n (4.45)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S2

P ks,n ¥ 0,�k P S2

To solve subproblem Cint, let us de�ne the un
onstrained subproblem

Ĉint : max
tP k

s,nukPS2

¸

kPS2

Rk,ints,n � µs,n
¸

kPS2

P ks,n

with Lagrangian

L̂int

�

P ks,n, µs,n

	

� �

¸

kPS2

Rk,ints,n � µs,n
¸

kPS2

P ks,n

Let f̂int be the partial derivative of L̂int with respe
t to P ks,n.

f̂
�

P ks,n, µs,n

	

� �

|hkss|
2

|hksp|
2P kp,n�1 � n0

� µs,n � 0

Thus, the solution of subproblem Ĉint 
an be given by

P̂ k,ints,n �

�

1

µs,n
�

|hksp|
2P kp,n�1 � n0

|hkss|
2

�

�

Taking into 
onsideration the 
onstraint of subproblem Cint, its general solution P
k,int
s,n has to

be

P k,ints,n � min

#

P̂ k,ints,n ,
Ikth

λkps logp
1
θk
q

+

When SIC is applied, the optimization subproblem is formulated as CSIC :

max
tP k

s,nukPS3

¸

kPS3

Rk,SICs,n � µs,n
¸

kPS3

P ks,n (4.46)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S3

EkP ks,n ¥ F k,�k P S3

P ks,n ¥ 0
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To solve subproblem CSIC , let us de�ne the un
onstrained subproblem

ĈSIC : max
tP k

s,nukPS3

¸

kPS3

Rk,SICs,n � µs,n
¸

kPS3

P ks,n

with Lagrangian

L̂SIC

�

P ks,n, µs,n

	

� �

¸

kPS3

Rk,SICs,n � µs,n
¸

kPS3

P ks,n

Let f̂SIC be the partial derivative of L̂SIC with respe
t to P ks,n.

f̂SIC

�

P ks,n, µs,n

	

� �

|hkss|
2

|hkss|
2P ks,n � n0

� µs,n � 0

Thus, the solution of subproblem ĈSIC 
an be given by

P̂ k,SICs,n �

�

1

µs,n
�

n0

|hkss|
2

�

�

Taking into 
onsideration the 
onstraint of subproblem CSIC , its general solution P
k,SIC
s,n has to

meet the 
onditions in Table 4.1

Ek

Positive Negative

F k
Positive

P
k,SIC
s,n ¡

Ek

F k

Impossible

Negative No 
onstraint P
k,SIC
s,n  

Ek

F k

Table 4.1 � SIC Conditions

When SC is applied, the optimization subproblem is CSC :

max
tP k

s,nukPS4

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n (4.47)

P ks,n ¤
Ikth

λkps logp
1
θk
q

,�k P S4

GkP ks,n ¡ Hk,�k P S4

EkP ks,n ¤ Jk,�k P S4

P ks,n ¥ 0
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To solve subproblem CSC , let us de�ne the un
onstrained subproblem

ĈSC : max
tP k

s,nukPS4

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n

with Lagrangian

L̂SC

�

P ks,n, µs,n

	

� �

¸

kPS4

Rk,SCs,n � µs,n
¸

kPS4

P ks,n

Let f̂SC be the partial derivative of L̂SC with respe
t to P ks,n.

f̂SC

�

P ks,n, µs,n

	

� �

λkps

λkpsP
k
s,n � n0

�Bk
n

�

�P ks,n

	

� µs,n � 0

Thus, the solution of subproblem ĈSC 
an be given by

P̂ k,SCs,n �

1

µs,n �Bk
n

�

�P ks,n

	

�

n0

λkps

whi
h 
an be written as

P̂ k,SCs,n �

1

µ̂s,n
�

n0

λkps

with

µ̂s,n � µs,n �B
k
n

�

�P ks,n

	

Taking into 
onsideration the 
onstraint of subproblem CSC , its general solution P
k,SC
s,n has to

meet the 
onditions in Tables 4.2 and 4.3

Ek

Positive Negative

Jk
Positive

P
k,SC
s,n ¤

Jk

Ek

No 
onstraint

Negative Impossible P
k,SC
s,n ¥

Jk

Ek

Table 4.2 � Conditions from 
onstraint (4.25f)

Consequently, the general solution of problem (4.25) 
an be given by Table 4.4
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Gk

Positive Negative

Hk
Positive

P
k,SC
s,n ¡

Hk

Gk

Impossible

Negative No 
onstraint P
k,SC
s,n  

Hk

Gk

Table 4.3 � Conditions from 
onstraint (4.25g)

Table 4.4 � Optimized values of P ks,n

Conditions De
oding P ks,n

strategies

P k
p,pn�1q

� 0 Interweave

�

1
µs,n

�

1

bk
s,pn�1q

�

�

P k
p,pn�1q

� 0 Int = Noise min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

P k
p,pn�1q

� 0
 

Ek   0;F k ¡ 0
(

SIC 0

P k
p,pn�1q

� 0
 

Ek ¡ 0;F k   0
(

SIC min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

P k
p,pn�1q

� 0
 

Ek   0;F k   0
(

SIC min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; F
k

Ek

+

P k
p,pn�1q

� 0
 

Ek ¡ 0;F k ¡ 0
(

SIC

if

F k

Ek ¤
Ik
th

λkps logp
1

θk
q

otherwise

max

#

min

#

�

1
µs,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

; E
k

F k

+

0

P k
p,pn�1q

� 0
 

Gk   0;Hk
¡ 0

(

or

 

Ek ¡ 0;Jk   0
(

SC 0

P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
¡ 0

(

and

 

Ek ¡ 0;Jk ¡ 0
(

SC max

#

min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; J
k

Ek

+

; H
k

Gk

+

P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
¡ 0

(

and

 

Ek   0;Jk ¡ 0
(

SC max

#

min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

; H
k

Gk

+
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P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
¡ 0

(

and

 

Ek   0;Jk   0
(

SC max

#

min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

; H
k

Gk ;
Jk

Ek

+

P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
  0

(

and

 

Ek ¡ 0;Jk ¡ 0
(

SC min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; J
k

Ek

+

P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
  0

(

and

 

Ek   0;Jk ¡ 0
(

SC min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

P k
p,pn�1q

� 0
 

Gk ¡ 0;Hk
  0

(

and

 

Ek   0;Jk   0
(

SC max

#

min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

+

; J
k

Ek

+

P k
p,pn�1q

� 0
 

Gk   0;Hk
  0

(

and

 

Ek ¡ 0;Jk ¡ 0
(

SC min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; J
k

Ek ;
Hk

Gk

+

P k
p,pn�1q

� 0
 

Gk   0;Hk
  0

(

and

 

Ek   0;Jk ¡ 0
(

SC min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; H
k

Gk

+

P k
p,pn�1q

� 0
 

Gk   0;Hk
  0

(

and

 

Ek   0;Jk   0
(

SC max

#

min

#

�

1
µ̂s,n

�

1

bk
s,pn�1q

�

�

;
Ik
th

λkps logp
1

θk
q

; H
k

Gk

+

; J
k

Ek

+

Table 4.5 � Values of 
oe�
ient bk
s,pn�1q

in Table 4.4

Cases bk
s,pn�1q

P k
p,pn�1q

� 0
|

hkss|
2

n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¤

�

�hkss
�

�

2

|

hkss|
2

|

hksp|
2
P k
p,pn�1q

�n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2

(SIC)

|

hkss|
2

n0

P k
p,pn�1q

� 0

and

�

�hksp
�

�

2
¡

�

�hkss
�

�

2

(SC)

λkps
n0

Consequently, we have got g pλq for a given λ. Then, we 
an solve the dual problem whi
h
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aims to minimize g pλq

min
λ
g pλq (4.48)

s.t.λ ¥ 0

4.7 Solving the optimization problem by bise
tion

Another method to solve problem (4.25) is to use the bise
tion method. The Lagrangian of

problem (4.25) is

LpP ks,n, η
k, ϑk, κk, ξk,∆q � �R̃s,n �

Ļ

k�1

ηk

�

P ks �
Ikth

λkps logp
1
θk
q

�

�∆

�

Ļ

k�1

P ks � Ps,max

�

�

Ļ

k�1

ρkϑk
�

F k � F kP ks,n

�

�

Ļ

k�1

ιkκk
�

P ks,n

�

Ek �Gk
	

�Hk
� Jk

�

(4.49)

where ηk, ϑk, κk, ξk, and ∆ are the Lagrange multipliers, ρk � 1 if k P S3 and zero otherwise,

and ιk � 1 if k P S4 and zero otherwise. R̃s,n denotes the se
ondary a
hievable rate at iteration

n, 
al
ulated with the new value of αk given in eq.

Let f be the partial derivative of L with respe
t to P ks .

f pP ks,n, η
k, ϑk, κk, ξk, πk,∆q � �

B

L

qks,n

1� qks,nP
k
s,n

� ηk �∆

� ρkϑk

�

�

�

|hksp|
2
|hkss|

2

λkppn0

�

1�
|hkss|

2

n0

�P ks,n

	2
�

λkppλ
k
ps|h

k
sp|

2n0

pλkppq
2
pn0 � |hkss|

2P ks,nq
2

�

Æ




� ιkκk

�

n0λ
k
pp|h

k
sp|

2
|hkss|

2

λkpp
2 �

n0 � |hkss|
2P ks,n

�2
�

λkpp|h
k
ss|

2

λkpp
�

|hkss|
2P ks,n � n0

�

�

λkps|h
k
sp|

2
� λkpp|h

k
ss|

2

�

λkps|h
k
sp|

2
� λkpp|h

k
ss|

2
�

�P ks,n � λkppn0

�

� ιkξk
|hksp|

2λkps

|hksp|
2λkpsP

k
s,n � n0

(4.50)

with

qks,n �

$

'

'

'

&

'

'

'

%

|hkss|
2

n0
if k P S1 Y S3

|hkss|
2

|hksp|
2P k

p,n�1�n0
if k P S2

0 otherwise

(4.51)

We 
an prove that

Bf
BP k

s,n
¡ 0. The fun
tion f is then stri
tly varying in P ks,n and we 
an �nd the

solution of f pP ks,nq using the bise
tion approa
h [64℄.
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4.8 Sequential 
onvex approximation algorithm

Previously, we proposed an approximation method to transform the optimization problem

in (4.25) into a 
onvex problem. To improve the restri
tive approximation, we propose a se-

quential algorithm where the optimization problem (4.25) is approximated using the optimal

solution obtained at the previous iteration using either dual de
omposition or bise
tion me-

thod. The proposed algorithm is summarized in Algorithm 4, where at the mth
iteration,

ps,m � pP 1
s,m, . . . , P

L
s,mq

T
.

Algorithm 4 Sequential Convex Approximation Algorithm

1: Input θk, ǫk, δk, γk ¡0, m = 0, and a feasible point
�ps,0 for problem (4.25) ;

2: Repeat

3: m � m� 1

4: Solve (4.25) using bise
tion method to obtain ps,m ;

5: Set
�ps,m � ps,m ;

6: Until

|

°

k R
k
s,m|�|

°

k R
k
s,m�1|

|

°

k R
k
s,m�1|

  σ ;

7: Output ps,m.

On
e ps is 
omputed for a given pp using bise
tion method, an iterative pro
ess is applied to

swit
h between the primary and se
ondary users in order to optimally allo
ate both of them

taking into a

ount the total power 
onstraint of ea
h user and the interferen
e limit allowed

on the primary re
eiver. Let N be the maximum number of iterations needed by the sequential

algorithm to 
onverge and M the maximum number of iterations for the bise
tion method with


omplexity OpMq. Thus, the 
omplexity of Algorithm 4 is OpNLMq. On the other hand, the


omplexity of water�lling whi
h is applied on the primary user is 
al
ulated as OpL log2 Lq.

4.9 Simulation results with statisti
al CSI

The performan
e of the proposed algorithm with statisti
al CSI is assessed using Monte-

Carlo simulations, where the mobiles positions follow a uniform distribution. We use the same

parameters as in 
hapter 3. All outage limits θk, ǫk, δk and γk are equal to 0.01.

First of all, we evaluate the performan
e of our proposed algorithm by 
omparing it with

the 
lassi
al power allo
ation s
heme where the se
ondary system 
an transmit on the whole

bandwidth of a 
ognitive underlay system by 
onsidering the primary system's interferen
e as

noise in all sub
arriers. In this 
ase, only interferen
e outage is 
onsidered. This algorithm is

denoted by 'FB' for 'Full Band'. Simulation results in �gures 4.1 and 4.2 demonstrate that our

algorithm outperforms 'FB' for small distan
es between the BSs.

In �gure 4.1, we also 
ompare the se
ondary a
hievable rate using statisti
al CSI with the

a
hievable rate when full CSI is available at the se
ondary transmitter. While in �gure 4.2, sum

rates are 
ompared in both full and statisti
al CSI s
enarios. Due to the la
k of perfe
t CSI

on the primary 
hannels, rigorous outage limits are imposed on the outage probabilities whi
h

77



CHAPITRE 4. RESOURCE ALLOCATION ALGORITHM WITH STATISTICAL CSI

leads to stri
t 
onstraints and thus results in a degradation of the se
ondary rate and thus in

the sum rate.
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Figure 4.1 � Se
ondary rates with statisti
al CSI
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Figure 4.2 � Sum rates with statisti
al CSI

To study the in�uen
e of outage limits on the se
ondary a
hievable rate, we present in Figure

4.3 the performan
e in terms of a
hievable rate versus ǫk and θk for a �xed dsec= 0.4 km. The

dashed line represents the se
ondary a
hievable rate at this distan
e with full CSI. The �rst


urve labeled as ǫk is obtained for a �xed θk=1% while varying ǫk. The se
ond 
urve represents

the variation of the se
ondary rate versus θk for ǫk �xed at 1%. Figure 4.3 establishes that the

se
ondary a
hievable rate with statisti
al CSI approa
hes from the se
ondary a
hievable rate

with full CSI when ǫk and θk in
rease. We 
an also observe that the SIC outage limit has a

greater e�e
t on the se
ondary rate degradation than the interferen
e outage limit.
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Figure 4.3 � A
hievable se
ondary rate depending on the outage limits at dsec = 0.4 km

4.10 Con
lusion

In this 
hapter, we proposed a resour
e allo
ation algorithm for a single-user CR system

where only statisti
al CSI about primary links is available at the SU. In a �rst step, the outage

probabilities for di�erent optimization problem 
onstraints are 
al
ulated. A non-
onvex opti-

mization problem is obtained. Then, the �rst Taylor approximation is applied on non 
onvex


onstraints and non 
on
ave obje
tive fun
tions in order to turn the optimization problem into

a 
onvex problem. The approximated problem is the investigated using both dual de
omposi-

tion and SCA methods. Simulation results showed that the proposed algorithm is e�
ient and

robust. In the next 
hapter, the studied system model will be extended to a CR relay network,

where the se
ondary BS 
an serve as a relay node in order to maximize the primary's rate.
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Chapitre 5

CR system with Relay at the

se
ondary BS

5.1 Introdu
tion

In the previous two 
hapters, we proposed an adaptive de
oding algorithm at the SU aiming

at maximizing the se
ondary a
hievable rate. However, this latter represents a small portion of

the total system rate. Consequently, we propose a new relay-assisted CR system model where

the se
ondary BS serves as a Full-Duplex (FD) relay node in order to boost the primary trans-

mission and thus to maximize the primary rate. In this 
hapter, we �rstly give an overview of

di�erent possible relay s
hemes and proto
ols. Then, we fo
us on FD relay s
heme and detail the

a
hievable rate expressions in single-
arrier for both Amplify-and-Forward (AF) and De
ode-

and-Forward (DF) relaying proto
ols. Finally, we investigate the multi-
arrier 
ase for the FD

DF relay node.

The remaining of this 
hapter is organized as follows. In Se
tion 5.2, we depi
t the s
enarios

and solutions proposed in the literature for relay-assisted systems. Moreover, in Se
tion 5.3, we

des
ribe the possible system model with AF and DF. In Se
tion 5.4 we determine the a
hievable

rates at both primary and se
ondary users when AF proto
ol is 
onsidered at the relay node. The

same approa
h is presented in Se
tion 5.5 for DF relaying proto
ol. In Se
tion 5.6, we des
ribe

the power optimization problem at both primary and se
ondary users in the multi-
arrier 
ase.

Finally, in order to draw a 
lear baseline referen
e for the performan
e of the simulation model,

we 
ondu
t some basi
 simulations and show the results in Se
tion 5.7.
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5.2 State of the art

There are many s
enarios for the interferen
e 
hannel with relay, with or without 
ognitive

nodes. In [119℄, the authors investigate an interferen
e relay 
hannel, where the relay is viewed as

a 
ognitive transmitter helping two independent sour
e-destination pairs. The obtained results

are mainly appli
able when the underlying interferen
e 
hannel has weak interferen
e for whi
h

only private information should be transmitted. The authors assume that the sour
es do not


ooperate, then it is not possible to remove all the interferen
e at the destinations. For that,

the results of this paper point out the bene�ts of beamforming, interferen
e 
an
ellation and

generalized dirty paper 
oding at the relay to improve the a
hievable rates pairs. The same

s
enario was studied in [120℄, where ea
h transmitter has a

ess to only its respe
tive message.

The authors present a new a
hievable region for the G-IFC with a 
ognitive relay, whi
h is a

generalization of the region given in [119℄, assuming that there is a 
ognitive relay node whi
h has

non-
ausal a

ess to the messages of both the transmitters. This relay node serves only to assist

the two transmitters in 
ommuni
ating their messages to their respe
tive re
eivers. Dirty paper


oding was used in this paper instead of time sharing between the users as was done in [119℄.

In [121℄, the authors introdu
e two types of relaying : forward the desired message to the intended

destination, or forward the unwanted message by a relay so that the re
eiver 
an de
ode this

message and eliminate interferen
e, and then improve its own rate. Afterward, they evaluate the

gains from forwarding unwanted messages, 
alling this s
enario the 'Interferen
e Forwarding'.

In the same way, the authors in [122℄ detail two s
enarios of relaying, 
alled signal relaying

when the desired message is forwarded, and interferen
e forwarding in the other 
ase. The paper

presents also the in-band relay re
eption/transmission where the relay re
eives and transmits

simultaneously in the same band where the sour
es 
ommuni
ate with the destinations, and

the out-of-band relay re
eption/in-band relay transmission, where the relay re
eives the sour
e

signals over links that are orthogonal to ea
h other and to the underlying interferen
e 
hannel.

The authors fo
us on the �rst transmission model, pointing out the bene�ts of both s
enarios

of relaying. In [123℄, the authors evaluates the bene�ts of the FD mode, and shows that it


an a
hieve better performan
e in terms of 
apa
ity and outperform Half-Duplex (HD) mode,

even in the presen
e of self-interferen
e. The authors 
onsider two-way relay 
hannels where

two sour
e nodes 
ommuni
ate with ea
h other through the aid of a relay node, using an AF

proto
ol over di�erent time slots. In [124℄, the resour
e allo
ation problem is investigated for

CR networks with relay stations where the se
ondary re
eiver 
an either re
eive data dire
tly

from the transmitter or through the help of the CR relay stations. Proportional fair s
heduling

is 
onsidered and di�erent s
enarios are studied depending on the transmit power. The authors

in [125℄ 
onsider both FD and HD Gaussian relay 
hannels, by assuming that the noises at

the relay and destination are arbitrarily 
orrelated. The 
apa
ity upper bound as well as the

a
hievable rates are derived for DF, AF and CF. In [126℄, the downlink resour
e allo
ation in

an Long-Term Evolution (LTE)-Advan
ed 
ellular system with DF relay nodes is investigated.

The FD relaying mode is 
onsidered and an optimal sub
arrier and power allo
ation s
heme is

proposed. In [127℄, upper and lower bounds on the ergodi
 and outage 
apa
ities are studied for
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a variety of wireless 
hannel models.

Several papers 
onsider the multi-
arrier transmission with relays. In [128℄, the authors study

an OFDM transmission with HD DF relay and investigate the problem of power allo
ation under

both some and individual power 
onstraints. In [109℄, the power allo
ation problem is formulated

in order to maximize the sum-rate of CR users on Gaussian MAC assuming an outage 
onstraint

at the PU. Joint sub
arrier pairing is 
onsidered in [129, 130℄.

In [131℄, the authors study the 
ooperative 
ommuni
ation in a CR network by 
onsidering

the relay assignment and 
hannel allo
ation in order to maximize the transmission rate. In

[132℄, the outage performan
e of a single-
arrier FD relay 
hannel is studied 
onsidering a FD

proto
ol and taking the relay self-interferen
e into a

ount. An optimization method for an

AF relay-assisted CR network with HD mode is developed in [100℄ in order to maximize the

system 
apa
ity. Several 
onstraints are 
onsidered as power budgets of the CR nodes and the

interferen
e limitations at the PU. In [133℄, the outage probability of a relay-assisted underlay

system is evaluated. The single-
arrier s
enario is 
onsidered with di�erent amounts of CSI.

5.3 System model

We 
onsider a new uplink CR system model 
omposed of one primary 
ell and one se
ondary


ell, where the se
ondary BS is assumed to be working as a relay as it is represented in Fig. 5.1.

A similar system model is proposed in [134,135℄ for the single-
arrier 
ase, where the se
ondary

transmitter a
ts as a relay node. However, neither SIC nor SC are applied at the SU. The same

parameters of the system model des
ribed in Chapter 3 are used in this 
hapter. We denote by

hr the 
omplex 
hannel 
oe�
ient between the relay and the primary re
eiver and by Pr the

relay transmitted power. We assume that both primary and se
ondary user, su
h as relay, have

the same amount of power and that the noise varian
e at ea
h node nki � n0 is the same on ea
h

sub
arrier k. In a �rst step, we investigate the problem in the single-
arrier 
ase and then we

pro
ess to the multi-
arrier 
ase resolving both sub
arriers and power optimization problem.

The studied system model is given by Fig. 5.1 and its 
hannel model is des
ribed in Fig.

5.2 where yi is the 
hannel output and xi is the 
hannel input for user i. We assume that the

se
ondary BS is able to work as a FD relay node, where the re
eived signal 
an be ampli�ed

or de
oded and then relayed at the same time, with a negligible time delay. Thus, the primary

re
eiver re
eives the initial signals and the signals relayed by the se
ondary BS at the same time

as it is des
ribed in Se
tion 2.7. In this 
ase, the system model in sub
arrier k when yks relays

is modeled as

ykp � hkppx
k
p � h

k
psx

k
s � h

k
rx

k
r � z

k
p (5.1)

yks � hkspx
k
p � h

k
ssx

k
s � z

k
s (5.2)

where xkr is the relay transmitted signal whi
h depends on the relaying proto
ol (AF or DF)

and will be de�ned later.
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Figure 5.1 � Studied S
enario
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Figure 5.2 � CR Relay Channel Model
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5.4 AF relaying proto
ol a
hievable rates

In this se
tion, the se
ondary re
eiver is assumed to be working as an AF relay node. We

detail both primary and se
ondary a
hievable rates applying this relaying proto
ol. For the sake

of simpli
ity, we limit our study to two possible de
oding strategies at the se
ondary re
eiver :

treating the interferen
e of the primary transmitter as noise or applying SIC by de
oding the

primary signal. This work 
an however be extended to the general dynami
 de
oding algorithm

proposed in Chapter 3.

5.4.1 Primary a
hievable rate

The primary re
eived signal is written as

ykp � hkppx
k
p � hkpsx

k
s � hkrx

k
r � zkp (5.3)

where xkr denotes the relayed signal and it is equal to xkr � βkAF y
k
s , where β

k
AF denotes the

ampli�er gain within sub
arrier k de�ned by

βkAF �

d

P kr
|hksp|

2P kp � |h
k
ss|

2P ks � n0
(5.4)

Thus, the primary re
eived signal 
an be written as

ykp �
�

hkpp � βkAFh
k
rh

k
sp

	

xkp �
�

hkps � βkAFh
k
rh

k
ss

	

xks � βkAFh
k
rz
k
r � zkp (5.5)

Consequently, the primary rate in this s
enario is 
al
ulated as

Rk,AFp �

B

L
log2

�

1�
|hkpp � βkAFh

k
rh

k
sp|

2P kp

|hkps � βkAFh
k
rh

k
ss|

2P ks � βkAF |h
k
r |

2n0 � n0

�

(5.6)

The se
ondary re
eiver is supposed to be relaying whenever R
k,AF
p ¡ Rkpyp , with R

k
pyp

de�ned in

eq. (3.4). If this 
onditions is not met, P kr is set to zero.

5.4.2 Se
ondary a
hievable rate

On the other hand, the se
ondary user 
an either treat the interferen
e from the primary

user as noise or apply SIC. In the latter 
ase, a double test has to be done. Firstly, we verify if

the se
ondary re
eiver is relaying or not. And then we pro
eed to the SIC 
ondition detailed in

Se
tion 3.5. Consequently, four 
ases are studied :

1. If R
k,AF
p ¡ Rkpyp , i.e. if the se
ondary re
eiver relays, we have two possible 
ases.

(a) If Rkpyp ¤ Rkpys , i.e. if R
k,AF
p ¤ Rkpys , SIC 
an be applied. The 
ondition to apply SIC


an be written as

|hkpp � βkAFh
k
rh

k
sp|

2P kp

|hkps � βkAFh
k
rh

k
ss|

2P ks � βkAF |h
k
r |

2n0 � n0
¤

|hksp|
2P kp

|hkss|
2P ks � n0

(5.7)
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In this 
ase, the se
ondary a
hievable rate 
an be written as

Rks �
B

L
log2

�

1�
|hkss|

2P ks
n0




(5.8)

(b) Otherwise, i.e. if Rkpyp ¡ Rkpys , the se
ondary re
eiver treats all interferen
e it re
eives

as noise. Consequently, the se
ondary a
hievable rate 
an be expressed by

Rks �
B

L
log2

�

1�
|hkss|

2P ks
|hksp|

2P kp � n0




(5.9)

2. If R
k,AF
p ¤ Rkpyp , i.e. the se
ondary re
eiver does not relay, two 
ases are possible.

(a) If Rkpyp ¤ Rkpys , i.e. if R
k
p ¤ Rkpys , SIC 
an be applied. The 
ondition to apply SIC 
an

be written as

|hkpp|
2P kp

|hkps|
2P ks n0

¤

|hksp|
2P kp

|hkss|
2P ks � n0

(5.10)

In this 
ase, the se
ondary a
hievable rate is

Rks �
B

L
log2

�

1�
|hkss|

2P ks
n0




(5.11)

(b) Otherwise, i.e. if Rkpyp ¡ Rkpys , the se
ondary re
eiver treats all interferen
e it re
eives

as noise. Consequently, the se
ondary a
hievable rate 
an be expressed by

Rks �
B

L
log2

�

1�
|hkss|

2P ks
|hksp|

2P kp � n0




(5.12)

5.5 DF relaying proto
ol a
hievable rates

When the se
ondary re
eiver is applying the DF relaying proto
ol, the primary rate is given

by [136℄

Rk,DFp � max
0¤γ¤1

min

#

B

L
log2

�

1�
p1� γq|hksp|

2P kp

|hkss|
2P ks � n0

�

, (5.13)

B

L
log2

�

�1�
|hkpp|

2P kp � |hkr |
2P kr � 2

b

γ|hkpp|
2P kp |h

k
r |

2P kr

|hkps|
2P ks � n0

�




,

.

-

where γ is the 
orrelation 
oe�
ient between the sour
e and relay inputs. In the following, we

assume that γ is null. This will be justi�ed by simulations in Se
tion 5.7.2. Thus, the primary

a
hievable rate after DF relaying 
an be written as

Rk,DFp � min

#

B

L
log2

�

1�
|hksp|

2P kp

|hkss|
2P ks � n0

�

,
B

L
log2

�

1�
|hkpp|

2P kp � |hkr |
2P kr

|hkps|
2P ks � n0

�+

(5.14)
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As in the AF 
ase, the se
ondary re
eiver relays only when R
k,DF
p ¡ Rkp,yp, i.e.

min

#

B

L
log2

�

1�
|hksp|

2P kp

|hkss|
2P ks � n0

�

,
B

L
log2

�

1�
|hkpp|

2P kp � |hkr |
2P kr

|hkps|
2P ks � n0

�+

¡

B

L
log2

�

1�
|hkpp|

2P kp

|hkps|
2P ks � n0

�

(5.15)

Then, if

|hksp|
2P kp

|hkss|
2P ks � n0

� min

#

|hksp|
2P kp

|hkss|
2P ks � n0

,
|hkpp|

2P kp � |hkr |
2P kr

|hkps|
2P ks � n0

+

(5.16)

the se
ondary re
eiver relays whenever

|hksp|
2

|hkss|
2P ks � n0

¡

|hkpp|
2

|hkps|
2P ks � n0

(5.17)

whi
h means that the SIC 
ondition given in (5.7) is always met in this 
ase.

Otherwise, i.e. if

|hkpp|
2P kp � |hkr |

2P kr

|hkps|
2P ks � n0

� min

#

|hksp|
2P kp

|hkss|
2P ks � n0

,
|hkpp|

2P kp � |hkr |
2P kr

|hkps|
2P ks � n0

+

(5.18)

the se
ondary re
eiver relays whenever

|hkpp|
2P kp � |hkr |

2P kr

|hkps|
2P ks � n0

¡

|hkpp|
2P kp

|hkps|
2P ks � n0

(5.19)

whi
h is always true if P kr ¡ 0. From eq. (5.18) and (5.19), the SIC 
ondition (5.7) always holds

if the se
ondary re
eiver relays. Consequently, the se
ondary a
hievable rate when the se
ondary

re
eiver a
ts as a DF relay node is given by eq. (5.11).

5.6 Power allo
ation pro
edure for multi-
arrier DF relaying pro-

to
ol

In this se
tion, we present two power allo
ation methods for the multi-
arrier 
ase : EPA

and Lagrange Multiplier methods.

5.6.1 Equal power allo
ation

We �rst assume that the power is equally allo
ated within sub
arriers with P ki �

Pi,max

L
,

where i � tp, ru. For the SU, the interferen
e threshold allowed at the primary re
eiver is taken

into a

ount and the per-
arrier power is equal to P ks � mint
Ps,max

L
,

Ik
th

|hkps|

2 u.
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5.6.2 Power optimization

In this se
tion, we aim to optimally allo
ate the transmit powers at primary and se
ondary

transmitters as well as relay node within di�erent sub
arriers. Our algorithm is iterative and it

is des
ribed at the nth iteration as follows : Firstly, both primary transmitter and relay node

optimize their transmit power ve
tors pp,n and pr,n, respe
tively based on ps,n�1. The relay

transmit power is optimized jointly with the primary transmit power sin
e relaying is used in

order to improve the primary rate. Similarly, the se
ondary system updates its power ps,n, based

on pp,n�1 and pr,n�1.

Primary user

If the se
ondary re
eiver relays under DF relaying proto
ol in the FD mode, the power

optimization problem for the PU 
an be written at the nth iteration as

max
pp,n,pr,n

Ļ

k�1

Rk,DFp,n

s.t.

Ļ

k�1

P kp,n �

Ļ

k�1

P kr,n � P
total

s.t.P kp,n ¥ 0�k

s.t.P kr,n ¥ 0�k (5.20)

where P
total

denotes the total maximum power to be optimized at both primary transmitter

and relay node. P
total

� Pp,max�Pr,max, with Pr,max the maximum transmit power at the relay

node. Moreover, the primary a
hievable rate with DF at iteration n is given by

Rk,DFp,n � min

#

B

L
log2

�

1�
|hksp|

2P kp,n

|hkss|
2P ks,n�1 � n0

�

,
B

L
log2

�

1�
|hkpp|

2P kp,n � |hkr |
2P kr,n

|hkps|
2P ks,n�1 � n0

�+

To solve this max-min optimization problem, let us de�ne

�Rkn � min
�

R
k,DF
p,n,1 , R

k,DF
p,n,2

	

. The

optimization problem 
an be written as

max
pp,n,pr,n,�Rn

Ļ

k�1

�Rkn (5.21a)

s.t.

Ļ

k�1

P kp,n �

Ļ

k�1

P kr,n � P
total

(5.21b)

s.t.

�Rkn ¤ R
k,DF
p,n,1 � k P t1, . . . , Lu (5.21
)

s.t.

�Rkn ¤ R
k,DF
p,n,2 � k P t1, . . . , Lu (5.21d)

where

�Rn �

�

�R1
n, . . . ,

�RLn

	

,R
k,DF
p,n,1 � log2

�

1�Akn�1P
k
p,n

�

,R
k,DF
p,n,2 � log2

�

1�Bk
n�1P

k
p,n � Ckn�1P

k
r,n

�

,
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and

Akn�1 �
|hksp|

2

|hkss|
2P ks,n�1 � n0

Bk
n�1 �

|hkpp|
2

|hkps|
2P ks,n�1 � n0

Ckn�1 �
|hkr |

2

|hkps|
2P ks,n�1 � n0

The Lagrangian of problem (4.3) 
an be written as

L

�

P kp,n, P
k
r,n,

�Rkn, λ, δ
k, µk

	

� �

Ļ

k�1

�Rkn � λ

�

Ļ

k�1

P kp,n �

Ļ

k�1

P kr,n � P
total

�

�

Ļ

k�1

δk
�

�Rkn �R
k,DF
p,n,1

	

(5.22)

�

Ļ

k�1

µk
�

�Rkn �R
k,DF
p,n,2

	

where λ, δk, µk ¥ 0 denote the Lagrange multipliers.

We 
al
ulate the partial derivative of the Lagrangian with respe
t to P kp,n, P
k
r,n and

�Rkn,

respe
tively.

BL

BP kp,n
� λ� δk

Akn�1

1�Akn�1P
k
p,n

� µk
Bk
n�1

1�Bk
n�1P

k
p,n �Ckn�1P

k
r,n

� 0 (5.23)

BL

BP kr,n
� λ� µk

Ckn�1

1�Bk
n�1P

k
p,n � Ckn�1P

k
r,n

� 0 (5.24)

BL

B

�Rkn
� �1� δk � µk � 0 (5.25)

From these equations we get the analyti
al expressions of P kp,n and P kr,n in terms of the

Lagrange multipliers. The primary transmit power is given by

P kp,n �

�

Akn�1C
k
n�1p1� µkq

λpCkn�1 �Bk
n�1q

�

�

(5.26)

and the relay power whi
h is equal to

P kr,n �

�

µk

λ
�

1�Bk
n�1P

k
p,n

Ckn�1

�

�

(5.27)


an be written as

P kr,n �

�

µk

λ
�

1

Ckn�1
�

Akn�1B
k
n�1p1� µkq

λpCkn�1 �Bk
n�1q

�

�

(5.28)
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The values of the Lagrange multipliers are found using the bise
tion method.

Se
ondary user

As it was said before, the se
ondary re
eiver always apply SIC when it a
ts as a DF relay

node. Consequently, the power optimization problem for the SU 
an be given by

max
ps,n

Ļ

k�1

log2

�

1�
|hkss|

2P ks,n

n0

�

(5.29a)

s.t.

Ļ

k�1

P ks,n � Ps,max (5.29b)

s.t. P ks,n ¥ 0� k P t1, . . . , Lu (5.29
)

|hkps|
2P ks,n ¤ Ikth � k P t1, . . . , Lu (5.29d)

This problem 
an be solved using the Lagrangian method and the se
ondary power 
an be

given by 3.2

P ks,n � min

#

�

1

νk
�

n0

|hkss|
2

�

�

,
Ikth
|hkps|

2

+

(5.30)

where νk represents the Lagrange multiplier.

5.7 Simulation results

The performan
e of the proposed algorithm is assessed using Monte-Carlo simulations for

di�erent s
hemes. The same parameters as in previous 
hapters are used. We assume that the

total transmit power at ea
h node Pp,max � Ps,max � Pr,max � 21 dBm and that the maximum


onstraint power for problem is equal to P
total

� 24 dBm. First of all, we 
onsider the single-


arrier 
ase, i.e. L � 1. In this 
ase, di�erent s
enarios are studied.

5.7.1 AF in the single-
arrier s
enario

In this s
enario, the positions of mobiles and BSs are 
hosen randomly and the system rates

are studied a

ording to dsec, the distan
e between the primary and se
ondary BSs. Simulations

results given in Figures 5.3, 5.4 and 5.5 highlight the improvement provided by the relay on the

primary and total rates. The 
urve denoted by 'without relay' means that the se
ondary re
eiver

is not allowed to relay and that it treats the interferen
e of the primary as noise. Furthermore,

'SIC' indi
ates that SIC is applied at the se
ondary re
eiver and 'SIC & AF' means that the

se
ondary re
eiver applies SIC and relays at the same time. Finally, we denote by 'AF' the 
ases

where only relaying is a
tive while SIC 
annot be applied at the se
ondary re
eiver.

We 
an noti
e that the per
entage of applying SIC de
reases when the se
ondary re
eiver is

relaying, sin
e the 
ondition to apply SIC is not always met due to the 
onstraint we impose at

the relay (R
k,AF
p ¡ Rkpyp ). This results in a small degradation of the se
ondary rate.
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Figure 5.3 � Primary rate with AF relaying proto
ol in terms of dsec

In Fig. 5.3, the primary rate without relay is 
ompared to the primary rate when AF relaying

proto
ol is used. An improvement of [5%, 19%℄ is shown, and it in
reases when the dsec de
reases.
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Figure 5.4 � Se
ondary rate with AF relaying proto
ol in terms of dsec

In Fig. 5.4, we 
ompare the se
ondary a
hievable rate for di�erent s
enarios. Without ap-

plying SIC, relaying has no impa
t on the se
ondary a
hievable rate, however simulations show

that the probability of applying SIC at the se
ondary de
reases when the se
ondary re
eiver

relays be
ause 
ondition (5.7) is harder to ful�ll than 
ondition (5.10).

In Fig. 5.5, the total system rates are 
ompared. Without applying SIC at the se
ondary

re
eiver, an improvement that lies between 4.48% and 18.9% is obtained on the total rate. When

SIC is applied, the total system rate in
reases between 3.75% and 16.9%.
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Figure 5.5 � Sum rate with AF relaying proto
ol in terms of dsec

5.7.2 DF in the single-
arrier s
enario

As it was said in Se
tion 5.5, the primary rate when DF is applied is given in (5.14) and it

depends on fa
tor γ. The performan
e of the system model for �xed positions and depending

on the value of γ is given in Figures 5.7, 5.8 and 5.9 for primary, se
ondary and sum rates

respe
tively. The parameters of simulations are as follows : dsec � 0.2 km, dBSpMp � 0.5 km

and dBSsMs � 0.7 km. The studied s
enario is illustrated in Fig. 5.6.

xkp

xks
yksykp

Figure 5.6 � Se
ond s
enario with �xed positions

Simulation results show that the optimal value of γ is zero when the relay is 
lose to the

primary transmitter and it is equal to 0.1 otherwise. We denote by 'SIC' the a
hievable rate

where the se
ondary re
eiver de
odes the primary rate but does not relay it (be
ause it is less

important than the rate a
hieved without relaying). Furthermore, 'DF' denotes the 
ase where

the se
ondary re
eiver relays. In this 
ase it always applies SIC. Finally, as for AF, the label
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'without relay' means that the se
ondary re
eiver does not relay and it treats the primary signal

as noise. Consequently, we suppose that γ is null. Under this assumption, primary, se
ondary

and sum rates are given in Figures 5.10, 5.11 and 5.12 respe
tively, to highlight the improvement

of the a
hievable rate thanks to DF relaying.
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Figure 5.7 � Primary rate with DF in terms of γ
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Figure 5.8 � Se
ondary rate with DF in terms of γ

Figure 5.10 shows that the primary rate in
reases between 2.3% and 14.8% for dsec � 1 km

and dsec � 0 km respe
tively, whi
h means that the improvement of the primary rate in
reases

when the BSs are 
lose to ea
h others. In Figure 5.11, it is shown that unlike AF proto
ol,

there is no degradation on the se
ondary a
hievable rate when the se
ondary re
eiver relays.

Consequently, an improvement between 4.8% and 17.8% is obtained at the sum rate when both

DF relaying and SIC are applied.
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Figure 5.9 � Sum rate with DF in terms of γ

0 0.2 0.4 0.6 0.8 1
6.4

6.5

6.6

6.7

6.8

6.9

7

7.1

7.2

7.3

7.4

d
sec

 (km)

P
ri
m

a
ry

 r
a
te

 (
b
it
s
/s

/H
z
)

 

 

Without relay

DF

Figure 5.10 � Primary rate with DF relaying proto
ol in terms of dsec

94



5.7. SIMULATION RESULTS

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

ds (km)

S
e

c
o

n
d

a
ry

 r
a

te
 (

b
it
s
/s

/H
z
)

 

 

Without relay

SIC

DF

Figure 5.11 � Se
ondary rate with DF relaying proto
ol in terms of dsec
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Figure 5.12 � Sum rate with DF relaying proto
ol in terms of dsec
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5.7.3 Comparison between AF and DF

To 
ompare the performan
e of AF and DF proto
ols, two s
enarios are 
onsidered. In the

�rst s
enario the mobiles positions are 
hosen randomly. The rates are plotted in Figures 5.13,

5.14 and 5.15 for primary, se
ondary and sum rates respe
tively, depending on the distan
e

between the BSs.
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Figure 5.13 � Comparison between primary rates with AF and DF for random dsec
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Figure 5.14 � Comparison between se
ondary rates with AF and DF for random dsec

Simulation results show that AF proto
ol provides a larger gain for the primary rate, than DF

relaying proto
ol. Consequently, despite the degradation of the se
ondary rate by AF 
omparing

to the rate obtained when SIC is applied, the AF relaying proto
ol presents better results for

the total sum rate as it is shown in Fig. 5.15.

In the se
ond s
enario the primary mobile is �xed at dBSpMp � 0.4 km and the se
ondary

mobile at dBSsMs � 0.7 km. In Fig. 5.16, we noti
e that DF relaying 
an be better than AF
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Figure 5.15 � Comparison between sum rates with AF and DF for random dsec

for the primary rate, with dsec between 0.1 and 0.2 km. Otherwise, AF always presents better

improvements on the primary rate.
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Figure 5.16 � Primary rate in terms of dsec for spe
ial s
enario

In Fig. 5.17, it is shown that 
on
erning the se
ondary rate, DF outperforms AF with

a gain between 11% and 66%. However, both relaying proto
ols have the same in�uen
e on

the se
ondary a
hievable rate, and attain their maximum at dsec � 0.4 km. Consequently,


on
erning the sum rate, DF outperforms AF for dsec between 0 and 0.27 km, while AF presents

better performan
e for dsec between 0.27 and 0.7 km. Both relaying proto
ols have the same

improvement on sum rate for dsec ¡ 0.7 km.
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Figure 5.17 � Se
ondary rate in terms of dsec for spe
ial s
enario
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Figure 5.18 � Sum rate in terms of dsec for spe
ial s
enario
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5.7.4 DF in the multi-
arrier s
enario

We now 
onsider L � 64 sub
arriers for ea
h primary and se
ondary systems. We use the

same parameters as in the single-user 
ase. The performan
e of the DF relay node in the multi-


arrier s
enario is evaluated depending on dsec. Simulation results given in Fig. 5.19 and Fig.

5.20 show that the proposed model insures better a
hievable rates in the multi-
arrier 
ase as

well as in the single-
arrier 
ase. We note that the improvement of both primary and sum rates

is better when the se
ondary BS is 
loser to the primary BS, i.e. when dsec is small. In this


ase, the primary a
hievable rate is improved of 13.5 % while the total system rate in
reases of

11.9% 
omparing to the s
enario without relaying. Relaying does not have any in�uen
e on the

se
ondary rate sin
e relaying is used whenever SIC takes pla
e. As a 
onsequen
e, the proposed

algorithm enhan
es both primary and se
ondary rates.
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Figure 5.19 � Primary rate vs dsec with DF relaying in the multi-
arrier s
enario
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Figure 5.20 � Sum rate vs dsec with DF relaying in the multi-
arrier s
enario
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5.8 Con
lusion

In this 
hapter, we proposed a new relay-assisted CR system model, where the se
ondary

BS 
an serve as a relay node. We assumed that this node relays whenever the re
eived signal

after relaying is better than the re
eived signal without relay. We investigated the single-
arrier

s
enario for both AF and DF relaying proto
ols 
onsidering FD relay mode. Di�erent possible

s
hemes were studied and the de
oding algorithm at the se
ondary re
eiver was detailed. Moreo-

ver, we investigated the resour
e allo
ation problem in the multi-
arrier 
ase for the DF relaying

proto
ol. Both AF and DF relaying proto
ols were 
ompared via simulations and for di�erent

s
enarios. Simulation results have shown that the proposed model presents a major improvement

of the total system rate.
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5.9 Con
lusion

This thesis has studied the resour
e allo
ation in an underlay OFDM 
ognitive radio system.

Our obje
tive was to maximize the system a
hievable rates at both primary and se
ondary

systems. A dynami
 resour
e allo
ation algorithm as well as a new model based on a relay-node

at the se
ondary re
eiver have been proposed. First, we have presented a dynami
 de
oding

algorithm at the SU when only on se
ondary mobile terminal is available in the se
ondary 
ell.

By this algorithm, the SU was able to either treat the interferen
e of the primary transmitter as

noise, or use SIC or SC. We have investigated the resour
e allo
ation problem in both perfe
t

and statisti
al CSI and a general solution for the uplink underlay OFDM based CR system was

obtained for both s
enarios.

In the �rst s
enario insured by a band manager, all 
hannel gains were supposed to be

known at all nodes. The power optimization problem has been studied taking into a

ount the

maximum power budget at the primary and the se
ondary transmitter as well as the maximum

allowable interferen
e at the primary re
eiver. Both dual de
omposition and SCA methods were

applied. Simulation results have shown that the proposed algorithm a
hieves higher sum rate

than 
lassi
al algorithms, providing high-enough data rates for the se
ondary system at the

expense of a very low degradation of the primary system's rate. In addition, we have des
ribed

via statisti
al study the distribution of the di�erent studied s
enarios a

ording to the users

positions.

In the se
ond s
enario, we have assumed that only statisti
al knowledge about the primary

links were available at the SU. For that, we have 
al
ulated the outage probabilities for the

optimization problem and then we have studied the optimization problem in a similar way as

in the full CSI s
enario. Simulation results have demonstrated that the proposed algorithm is

e�
ient and robust despite the la
k of 
hannel knowledge.

In the full CSI 
ase, we have 
onsidered the multiuser transmission where multiple se
ondary

mobile terminals 
an 
oexist in the se
ondary 
ell. We have proposed a multiuser resour
e

allo
ation algorithm by assuming that only one se
ondary transmitter 
an be a
tive within

ea
h sub
arrier. This algorithm was 
omposed of two steps : the sub
arrier allo
ation whi
h was

based on the single-user s
heme results, and the power allo
ation whi
h was investigated on
e all

sub
arriers were allo
ated. Simulation results have revealed that the growth of the rates using

the de
oding strategy algorithm is greater in the multiuser 
ase than in the single-user 
ase
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thanks to multiuser diversity. In addition, the a
hievable rates with the proposed algorithm are

4% less than those of the exhaustive sear
h whi
h is more 
omplex than the heuristi
 proposed

method.

Finally, in order to maximize the primary a
hievable rate, a new model based on a relay

node at the se
ondary BS was proposed. More spe
i�
ally, we have assumed that the se
ondary

re
eiver 
an a
t as a FD relay node in order to help the primary transmission. Firstly, we have


onsidered both AF and DF relaying proto
ols in the single-
arrier 
ase, assuming an EPA

and taking into a

ount the interferen
e threshold at the primary re
eiver. Moreover, we have

examined the multi-
arrier s
enario for the DF relaying proto
ol. Simulation results have shown

an important growth of the primary a
hievable rate 
omparing to s
enarios without relaying.

5.10 Perspe
tives

In this thesis, we have studied the resour
e allo
ation in OFDM based CR system in order to

maximize the system a
hievable rates. The proposed algorithms and model 
an be 
omplemented

by additional studies related to the investigated problem. Some open areas and potential resear
h

dire
tions based on this work that might be interesting to pursue in the future are listed below.

� Multiple relays : In Se
tion 3.9, we have 
onsidered the multiuser 
ase assuming that mul-

tiple se
ondary mobile terminals 
an 
oexist in the se
ondary 
ell. However, the s
enario

where multiple se
ondary 
ells exist is also possible. This s
enario 
an be extended to the

relay model proposed in Chapter 5 by 
onsidering all se
ondary BSs as relay nodes and

the relay sele
tion problem 
an be investigated. The multiple relay sele
tion s
heme is

widely dis
ussed in the literature [137�141℄. In this thesis, we assumed perfe
t feasibility

of FD relaying. Self-interferen
e should however be 
onsidered in the studied model, and

its in�uen
e on performan
e results should be evaluated.

� Multiple-Input Multiple-Output (MIMO) CR : Re
ent development in MIMO antenna

te
hniques opens up a new dimension, namely spa
e, for 
o-
hannel users to 
oexist wi-

thout 
ausing severe interferen
e to ea
h other [142℄. Adopting MIMO power allo
ation

within a CR framework was widely studied in [8,143�147℄ for both theoreti
al and pra
-

ti
al issues. In the general CR s
enario, multiple antennas 
an be used to provide the

se
ondary transmitter more degrees of freedom in spa
e in addition to time and frequen
y

so as to balan
e between in
reasing its own transmit rate and mitigating interferen
e at

the primary re
eiver. In our s
enario, beamforming may be used by the se
ondary trans-

mitter to mitigate interferen
e at the primary re
eiver, while the se
ondary re
eiver may

on the 
ontrary aim at obtaining a high level of interferen
e in order to use SIC or SC

and thus in
rease its data rate.

� Di�erent s
enarios : The proposed dynami
 de
oding strategy algorithm 
an be gene-

ralized to several s
enarios su
h as the 
lassi
 interferen
e 
hannel, without taking into


onsideration the 
ognitive 
onstraints. Moreover, sin
e SIC and SC are widely studied

for di�erent 
hannel models, as heterogeneous 
ellular networks [148�150℄, Devi
e-to-

Devi
e (D2D) 
ommuni
ations [151�154℄, the proposed algorithm 
an be also applied in
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one of these s
enarios in order to a
hieve higher data rates.

� Spe
trum sensing : In this thesis, we have 
onsidered a perfe
t sensing of the primary's

a
tivity at the SU. However, this assumption is not pra
ti
al and the se
ondary spe
trum

sensing system must be able to e�e
tively dete
t any transmission from the primary

system before transmitting its own signal. Many works have fo
used on the spe
trum

sensing issue for the CR networks [155�158℄. Additionally, 
ooperative spe
trum sensing

has re
ently been dis
ussed in CR networks [159, 160℄.

� Finite blo
klength 
odes : in this thesis, we have assume optimal 
hannel 
oding i.e.

in�nite length size of 
odewords. However, di�erent studies have evaluated the a
hievable

rates in the �nite blo
klength regime. It will be interesting to extend the obtained results

to the 
ase of the �nite blo
klength regime. From a pra
ti
al point of view, some error


orre
ting 
odes su
h as polar 
odes 
an be implemented to a
hieve performan
e 
lose to

these di�erent bounds [161℄.
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Annexe A

Typi
al and jointly typi
al sequen
es

A.1 Typi
al sequen
es

The typi
al set is a set of sequen
es whose probability is 
lose to two raised to the negative

power of the entropy of their sour
e distribution. The notion of typi
ality is only 
on
erned with

the probability of a sequen
e and not the a
tual sequen
e itself.

Let XN
� pX1,X2, . . . ,XN q be an ensemble of N i.i.d. random variables, with N su�
iently

large. Let AX be the alphabet of the ensemble X, and xN a given realization of N independent

variables x. Consequently

Pr
�

XN
� xN

�

� 2�HpXqN
(A.1)

whi
h 
an be written as

�

1

N
log2 Pr

�

XN
� xN

�

� �

1

N

Ņ

i�1

log2 Pr pXi � xiq Ñ HpXq (A.2)

where HpXq represents the entropy of X. That this set has total probability 
lose to one is a


onsequen
e of the Asymptoti
 Equipartition Property (AEP) whi
h is a kind of law of large

numbers.

We de�ne the typi
al elements of AN
X to be those elements that have probability 
lose to

2�NHpXq

. We introdu
e a parameter ǫ that de�nes how 
lose the probability has to be to 2�NHpXq

for an element to be 'typi
al'. The typi
al set Tǫ is then de�ned as :

Tǫ �

"

xN P AN
X :

�

�

�

�

1

N
log2 Pr

�

XN
� xN

�

�HpXq

�

�

�

�

  ǫ

*

(A.3)
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We 
an prove that whatever value of ǫ we 
hoose, the typi
al set 
ontains almost all the

probability as N in
reases, i.e.

Pr
�

xN P Tǫ
�

ÝÑ

NÑ8
1 (A.4)

and that the number of typi
al sets |Tǫ| has an upper-bound

|Tǫ| ¤ 2NpHpXq�ǫq (A.5)

In summary, for a sequen
e XN
with N su�
iently large, the out
ome xN � px1, x2, . . . , xN q

is almost 
ertain to belong to Tǫ having only 2NHpXq members, ea
h having probability 
lose to

2�NHpXq.

A.1.1 Typi
al sequen
e properties

1.

PrtxN P AN
Xu ¥ 1� ǫ (A.6)

2.

p1� ǫq2npHpXq�ǫq ¤
�

�AN
X

�

�

¤ 2npHpXq�ǫq (A.7)

3.

xN P AN
X ñ

�

�

�

�

�

1

N
log2 PrpX

N
� xN q �HpXq

�

�

�

�

  ǫ (A.8)

4.

�

�

�

�

1

N
N pxiq � Prpxiq

�

�

�

�

  ǫ ‖ XN ‖ (A.9)

where N pxiq indi
ates the number of o

urren
es of xi in XN
and ‖ XN ‖ the 
ardinality

of XN
. This property is 
alled strong typi
ality.

A.2 Jointly typi
al sequen
es

The set of all jointly-typi
al sequen
e pairs of length N 
an be de�ned by :

Jǫ �

"

xN P AN
X :

�

�

�

�

1

N
log2 Pr

�

XN
� xN

�

�HpXq

�

�

�

�

  ǫ (A.10)

�

�

�

�

1

N
log2 Pr

�

YN
� yN

�

�HpY q

�

�

�

�

  ǫ (A.11)

�

�

�

�

1

N
log2 Pr

�

pXN ,YN
q � pxN ,yN q

�

�HpX,Y q

�

�

�

�

  ǫ

*

(A.12)

106



A.3. GENERAL PROPERTIES

where pxN ,yN q is a sequen
e of N i.i.d. random variables with jointly probability

Pr
�

XN
� xN ,YN

� yN
�

�

N
¹

i�1

Pr pXi � xi, Yi � yiq (A.13)

A.2.1 Jointly typi
al sequen
e properties

1.

Pr
�

pxN ,yN q P Jǫ
�

ÝÑ

NÑ8

1 (A.14)

2.

|Jǫ| ¤ 2NpHpX,Y q�ǫq (A.15)

3. If x1 � XN
and y1 � Y N

, i.e. x1 and y1 are independent samples with the same marginal

distribution as P px,yq, then

Pr
�

px1,y1q P Jǫ
�

¤ 2�NpIpX;Y q�3ǫq
(A.16)

where IpX;Y q represents the mutual information of X and Y .

Consequently, there exist 2NpHpX,Y qq jointly typi
al sequen
es ea
h having probability 
lose

to 2�NpIpX;Y qq
.

A.3 General properties

Let tX,Y,Xru be a �nite 
olle
tion of dis
rete random variables with joint distribution

Pr px,y,xrq. Let N be the number of independent subsets S of these random variables, whi
h

means that

Pr pS � sq �

N
¹

i�1

Pr pSi � siq

� Pr ppX,Y,Xrq � px,y,xrqq

�

N
¹

i�1

Prpxi, yi, xriq

(A.17)

By the law of large numbers, for a given subset S of random variables

�

1

N
log2 Pr pS1, S2, . . . , Snq � �

Ņ

i�1

log2 PrpSiq Ñ HpSq (A.18)

with probability one. We de�ne Aǫ as the set of all jointly ǫ-typi
al sequen
es, and AǫpSq denote

the restri
tion of Aǫ to the 
oordinates 
orresponding to S.
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One 
an prove that if px,yq P AǫpX,Y q, then

2�NpHpX|Y q�ǫq
¤ Prpx|yq ¤ 2�NpHpX|Y q�ǫq

(A.19)

This property follows from (A.12) and Prpx|yq � Prpx,yq{Prpyq.

A.4 Conditionally independent sequen
es

Let the dis
rete random variables X,Y,Xr have joint distribution Prpx,y,xrq. Let X
1,Y1

be 
onditionally independent given Xr, with marginals

Prpx|xrq �
¸

y

Pr px,y,xrq {Prpxrq

Prpy|xrq �
¸

x

Pr px,y,xrq {Prpxrq
(A.20)

Let pX,Y,Xrq �
±N
i�1 Pr pxi, yi, xriq, and pX

1,Y1,Xrq �
±N
i�1 Pr pxi|xriqPr pyi|xriqPr pxriq.

For px,y,xrq P AǫpX,Y,Xrq, we have

2�NpHpX|Xrq�HpY |Xrq�HpXrq�6ǫq
¤ Prpx|xrqPrpy|xrqPrpxrq ¤ 2�NpHpX|Xrq�HpY |Xrq�HpXrq�6ǫq

(A.21)

from (A.19), and

2�NpHpX,Y,Xrq�ǫq
¤ Prpx,y,xrq ¤ 2�NpHpX,Y,Xrq�ǫq

(A.22)

from (A.12).

Note that

HpX|Xrq �HpY |Xrq �HpXrq �HpX,Y,Xrq � HpX|Xrq �HpY |Xrq �HpX,Y |Xrq

� IpX;Y |Xrq

(A.23)

Consequently,

Prpx,y,xrq2
�NpIpX;Y |Xrq�7ǫq

¤ Prpx|xrqPrpy|xrqPrpxrq ¤ Prpx,y,xrq2
�NpIpX;Y |Xrq�7ǫq

(A.24)

Now summing the terms in the pre
eding equation over Aǫ,

p1� ǫq2�NpIpX;Y |Xrq�7ǫq
¤

¸

Aǫ

2�NpIpX;Y |Xrq�7ǫqPrpx,y,xrq

¤

¸

Aǫ

Prpx|xrqPrpy|xrqPrpxrq

� Pr
 �

X1,Y1,Xr

�

P AǫpX,Y,Xrq
(

¤ 2�NpIpX;Y |Xrq�7ǫq
¸

Aǫ

Prpx,y,xrq

¤ 2�NpIpX;Y |Xrq�7ǫq

(A.25)
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By 
on
lusion,

p1� ǫq2�NpIpX;Y |Xrq�7ǫq
¤ Pr

 �

X1,Y1,Xr

�

P AǫpX,Y,Xrq
(

¤ 2�NpIpX;Y |Xrq�7ǫq
(A.26)
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Marwa CHAMI

Optimization in 
ognitive radio systems

with su

essive interferen
e 
an
ellation

and relaying

Abstra
t :

In this thesis, we investigate the resour
e allo
ation problem for an uplink multi-user underlay Cognitive

Radio system where the SU is allowed to 
oexist with the PU under the interferen
e threshold 
onstraint.

First, we evaluate the performan
e of the single-user s
enario, assuming perfe
t CSI at the SU. We

propose an adaptive de
oding algorithm where the SU 
an either treat the interferen
e as noise or

perform SIC or SC. We investigate the power allo
ation problem under some 
onstraints. Se
ondly, the

se
ondary multi-user s
enario is investigated. Power and sub
arrier allo
ation problems are detailed.

Then, we study the single-user s
enario where only statisti
al CSI is available at the SU. We detail the

outage probabilities expressions and solve the non-
onvex optimization problem. Finally, we propose

a new system model where the se
ondary re
eiver a
ts as a Full-Duplex relay node to maximize the

primary rate. The proposed s
enario is studied for AF and DF relaying proto
ols.

Keywords :

Cognitive radio, Optimization, OFDM, CSI, Relay, Full-Diplex

Résumé :

Dans 
ette thèse, nous étudions le problème d'allo
ation de ressour
es pour un système de radio 
ognitive

où le SU est autorisé à 
oexister ave
 le PU sous la 
ontrainte de seuil d'interféren
e. Tout d'abord,

nous évaluons la performan
e du s
énario à un seul utilisateur, ave
 une CSI parfaite à SU. Nous

proposons un algorithme adaptatif où le SU peut traiter l'interféren
e 
omme du bruit ou appliquer SIC

ou SC. Nous étudions le problème d'allo
ation de puissan
e sous 
ertaines 
ontraintes. Puis, le s
énario

multi-utilisateurs se
ondaires est étudié. Les problèmes d'allo
ation de puissan
e et de sous-porteuse

sont détaillés. Ensuite, nous supposons que seule la CSI statistique est disponible à SU. Nous détaillons

les expressions de probabilité d'interruption et résolvons le problème d'optimisation non 
onvexe. En�n,

nous proposons un nouveau modèle où le ré
epteur se
ondaire agit 
omme un n÷ud de relais Full-Duplex.

Le s
énario proposé est étudié pour les proto
oles AF et DF.

Mots 
lés :

Radio Cognitive, Optimisation, OFDM, CSI, Relais, Full-Diplex
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