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Abstract

Cognitive Radio (CR) is a fully reconfigurable radio that datelligently change its commu-
nication variables in response to network and user demaits. ultimate goal of CR is to allow
the Secondary User (SU) to utilize the available spectrisouece on a non-interfering basis to the
Primary User (PU) by sensing the existence of spectrum hdlégrefore, the detection of PU is
one of the main challenges in the development of the CR téabynoMoreover, compared to con-
ventional wireless communication systems, CR system pusgshallenges to Resource Allocation
(RA) problems because of the Cross-Channel Interferen€g) @m the adjacent channels used by
SU to PU. In the CR context, most past efforts have been spefrthogonal Frequency Division
Multiplexing (OFDM) based CR systems. However, OFDM teghei exhibits some shortcomings
in application due to its significant spectrum leakage.eFiBank based Multi-Carrier (FBMC), as
another promising Multi-Carrier Modulation (MCM) candtdahas been recently proposed for CR
applications. In this dissertation, three important issuedeveloping a FBMC based CR system are
discussed.

The three prime issues can be summarized: we firstly sunesplectrum sensing problems
of OFDM and FBMC signals by using Cyclostationary Signat{€&) detector. Furthermore, we
propose a Polyphase Filter Bank (PFB) based multi-bandrgeaschitecture, and argue for its ad-
vantage; secondly, the comparison of OFDM and FBMC from pezisal efficiency point of view
is discussed; and lastly, our emphasis is placed on thexgitatesource allocation algorithms for
non-cooperative multi-cell CR systems.

The overall proposed algorithms have been verified by sitiomla Numerical results show that
FBMC, as opposed to OFDM, could achieve higher spectrumiefity and attractive benefit in
spectrum sensing. The contributions of this dissertatmretheighten the interest in applying FBMC
in the future CR systems.

Keywords: Cognitive Radio; FBMC; OFDM; Spectrum Sensing; Spectiéiciency Compar-
ison; Resource Allocation;



Réesume

La radio cognitive (CR) est une radio entierement recordigie qui permet de changer in-
teligemment ses parameétres de communication en réparisetivité des autres réseaux radios
et demandes d'utilisateur. L'objectif ultime de la CR estpimettre a I'utilisateur secondaire
(SU) dutiliser la ressource de spectre disponible sarefimter sur I'utilisateur primaire (PU) en
utilisant des trous de spectre. Par conséquent, la d&tedtt PU est I'un des défis principaux
dans le développement de la CR. Par rapport aux systenmgsrimnnels de communication sans
fil, le systtme CR introduit de nouveaux problemes d'atmn de ressource (RA) en raison de
l'interféerence des canaux adjacents utilisés par le Sld &U. Dans le contexte de la CR, la plu-
part des efforts ont été menés sur les systemes de C& Isas’le multiplexage par division de
frequences orthogonales (OFDM). Toutefois, la techniipiBOFDM montre quelques points faibles
dans I'application a cause des remontées significativespéctre. Les modulations multiporteuses
a base de bancs de filtre (FBMC) ont été recemment pegsopour des applications de CR. Dans
cette thése, trois points importants pour le dévelopmerdiin systtme de CR basé sur le FBMC
sont discutés.

Les trois points principaux peuvent étre resumeés amsis examinons premierement les problemes
de détection de spectre des signaux OFDM et FBMC en emgldyatétecteur de signature de cy-
clostationnarité (CS). En outre, nous proposons unetathre de détection multi-bande basée sur
le banc de filtre polyphasé (PFB), et montrons son avan@gexiemement, la comparaison entre
I'OFDM et le FBMC du point de vue de l'efficacité spectralé dscutée; et enfin, nous proposons
un algorithme stratégique d’'allocation de ressource pemisystemes cognitifs multi-cellulaires et
multi-utilisateurs.

Les algorithmes proposés dans cette these ont é&steat’simulation. Les résultats numeériques
prouvent que le FBMC, par opposition a 'OFDM, pourragliger une efficacité spectrale plus élevée
et offre un avantage attrayant dans la détection de speagecontributions de cette thése ont accru
l'intérét d’appliquer FBMC dans les systemes de CR ediar.

Mots-clés radio cognitive; FBMC; OFDM; détection de spectre; conaison de I'efficacité
spectrale; allocation de ressource;



Résune des travaux de these

Motivation

La demande pour des nouveaux services et applications §aaissi que le nombre d'utilisateurs,
sont en constante augmentation. Cependant, cette croéseahfinalement limité par la quantité et
la largeur des bandes de freuences disponibles dans leespadiofréeuence. Des mesures récentes
effectués par plusieurs agences indiquent que les ressodu spectre sous licence ne sont pas pleine-
ment exploités en fonction de I'heure et de 'emplacemé&grgphique. Ces observations suggérent
que l'attribution fixe du spectre donne lieu a la pénuriecsfale, ce qui motive l'introduction des
techniques d'accés dynamique au spectre (DSA). La radjoitiee (CR), inventé par Mitola, a été
réecemment proposé comme une solution prometteuse pdliocaen I'utilisation du spectre par DSA.
L'objectif de la CR est d’améliorer I'efficacité specegbar la superposition d'un systeme de radio
mobile secondaire sur un systeme primaire sans néaeasitane modification du systeme sous li-
cence. Au moment d’écrire cette thése, il n'y a toujours grapproches communes sur la fagcon de
définir et de mettre en ceuvre les systemes utilisant la G&h ue beaucoup d'efforts soient con-
sacre a I'etude de faisabilité de la CR, des méthodes gificaces et fiables doivent &étre développés
en raison des ressources limités du spectre.

Ainsi les systemes de la future CR devraient fournir uneaca plus élevé que les systemes
sous licence par une utilisation efficace des ressourcpsrdides. les modulations multi-porteuses
(MCM) ont attires beaucoup d’attention dans la commuaald$ communication, par opposition
a la modulation simple porteuse en raison de la capacfiré face efficacement aux canaux a
évanouissements sélectifs en freuence et de la fleggilpibur allouer les ressources de chaque sous-
canal sur un base individuelle. Le multiplexage par divisite freuences orthogonales (OFDM)
a été etudié de maniére intensive ces dernieressantfne grande partie de I'attention dans la
littéature actuelle met I'accent sur l'utilisation de FDM, qui est en mesure d’éviter les interféences
inter-symbole (ISI) et interféences inter-canaux (IG1)utilisant un préfixe cyclique prolongé (CP).
I'OFDM a été proposé comme candidat pour les systemda @GR mais en dépit de ces avantages,
'OFDM est tres sensible a l'offset de fréeuence reid(@FQ) et au décalage temporel due a une
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synchronisation imparfaite. En outre, les systemessatili 'OFDM sacrifient une partie du débit de
transmission en raison de l'insertion du CP.

Dans cette theése, nous proposons une autre classe de MEMholdulations multiporteuses a
base de bancs de filtre (FBMC), qui ne nécessitent pas de @Brdtent une meilleure robustesse
au décalage de freuence reiduelle en tirant parti dedaebfuite spectrale de son filtre de prototype.
Les modulations FBMC sont également un candidat pour lalmphysique de la radio cognitive.
En outre, les bancs de filtres au niveau du récepteur pe@entitilise comme un outil d'analyse
de CR pour la détection du spectre. L'application des bdeddtres pour la détection de spectre se
révele étre plus approprié que la transformé de Fouaigide (FFT) et la méthode Multi-Taper (MT)
en raison de ses hautes performances et de son faible esigofséuent les FBMC sont un candidat
potentiel pour les systemes de la CR en raison de leurs itagaoffrir une capacité élevé et leurs
bonnes cohabitations avec les systemes de communicatiosia

La diffeence essentielle entre les modulations OFDM et EBIMide dans la propriété de la
fuite spectrale, comme indiqué dans la figure ci-dessumns laquelle leurs réponses en fréeuence
sont preentés. Il peut étre observé que la modulatioD@Bosséde des lobes latéaux importants,
gui impose des contraintes d’orthogonalité stricte poutds les sous-porteuses. Au contraire, la
modulation FBMC a des lobes latéaux négligeables dansrfethe fréuentiel. Avec une fuite spec-
trale trés limité, une analyse spectrale de haute rieoldt de faibles interfeences sur les bandes de
freuences adjacentes peuvent étre atteintes. Réceiyimea eu une prise de conscience croissante

!Le prototype de filtre utilisé pour la comparaison est laicebncu dans le projet PHYDYAS.
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du potentiel de l'utilisation de FBMC dans le domaine de @adimmunications, en particulier avec
I'utilisation du filtre prototype Isotropic Orthogonal Trsform Algorithm (IOTA). La pleine exploita-
tion des modulations FBMC ainsi que leurs combinaisons s&systemes multi-antenne (MIMO)
dans le cadre de la CR, a été étudié dans le projet enfdpé& DYAS.

L'objectif de cette these est de proposer et développsrsgistemes de CR utilisant les modu-
lations FBMC. Bien que certains progres ait été accasnidins ce domaine, beaucoup d'obstacles
doivent &tre surmonte avant qu’un systeme de radio tegneéntierement automatisé puisse étre
realisé. Les modulations FBMC n’ont jusqu’a preenturegi’'une attention limité et n'ont pas été
largement étudiés comme I'OFDM. Par conséuent, un altjectif de cette thése est de diffuser les
connaissances de base de FBMC et de renforcer ainsi Euiteedes bancs de filtres.

Porté de la recherche

La proposition d'utiliser les modulations FBMC dans le dimeade la CR est relativement récente et
beaucoup d’efforts devraient étre consacré a sa misaigrecet de nombreuses questions en suspens
restent a reoudre. Dans cette these, I'accent est migissieurs axes de recherche des systemes de
CR baseé sur les modulations FBMC. Plus précisément dmptd’application de cette these comporte
trois taches principales:

Détection du spectre

Tout d’abord, nous soulignerons I'importance fondamentkd la détection du spectre. Dans le con-
texte de la CR, la détection du spectre est une fonctiddnelisentielle pour détecter les bandes
inoccupés dans le spectre et avec un niveau relativemibie the SNR, puis ajuster dynamiquement
les parametres de fonctionnement de la CR. Ainsi, la tiétedes utilisateurs principaux est I'un des
défis dans le développement de la technologie de la CR,@ricobjectif d’obtenir des méthodes
de détection fiable et efficace. Ici la détection du sigial\ViiE basé sur la signature cyclostationnaire
(CS) est proposeé et étudié. Ensuite, la détection rbaltides exploitant le reeau de filtres polyphasée
(PFB) est analysé et comparé par rapport a la détectied bur une structure FFT.

Comparaison de l'efficaci€ spectral

Pour évaluer les modulations multiporteuses appliquéssgisttmes CR réls, nous devons faire at-
tention au probleme de son efficacité spectrale. Les d@pdic systeme secondaire des systemes a
base de FBMC et OFDM sont examine et compare sur la basesdamario de liaison montante dans
le contexte de la CR.

Vii



Allocation des ressources

Un autre axe de recherche abordé est I'allocation desussso(RA). Les défis de la RA dans un con-
texte de CR sont diffeents de ceux de la RA classique sur dspects: l'interfeence de I'utilisateur
secondaire (SU) sur l'utilisateur principal (PU) doiteétonsidéé, d’'autre part, les trous de fréuences
disponibles sont variables dans le temps, alors que lesithlges de RA conventionnels supposent
que les ressources du spectre disponible sont fixes. Damesrigeck partie de cette these, nous met-
trons I'accent sur les algorithmes de RA pour les systemmeaSRI non-coopéatif et multi-cellulaire.

Cette thése tente de développer un systéeme de radiaivedmsé sur les modulations FBMC par
opposition a | 'OFDM en couvrant plusieurs sujets de redheimportants. Nous donnons un apercu
de la radio cognitive et FBMC dans le premier chapitre. Tgoisstions de recherche: la détection du
spectre, la comparaison de I'efficacité spectrale, I@tmn des ressources, dans les systemes de CR
base sur les modulations FBMC sont étudiés par rapparsgstemes de CR base sur 'TOFDM.

Chapitre 2 - Introduction sur la radio cognitive et les modulations FBMC
Radio cognitive

L'approche de radio cognitive proposé par Mitola est lssphaginale mais ses fonctionnalité sont
encore tre en avance sur les technologies actuelles. EBwence, la plupart des travaux de recherche
se concentre actuellement sur la radio cognitive a basétgettbn du spectre (SSCR) avec moins de
fonctionnalite. 1l convient de souligner que la CR mentiérdans cette thése se réfere ala SSCR.
Une illustration du systeme SSCR est repréenté sur lagfigudessous, ou deux systemes pri-
maires operent respectivement dans deux bandes de ¢esudifféentes f1 et 2, attribués sous li-
cence a ces deux systemes primaires. Plus préciséoresysteme de CR pourrait établir des liens
de communication dans la limite de porté de chaque sysgEmeipal. Un SU mesure tout d’abord
I'environnement du spectre afin de déterminer les banddsedences inoccupés. Une fois qu’'un
trou spectral est détecté, le SU adapte sa puissancésdiém sa bande de fréuence, et sélectionne
sa modulation, etc, de sorte qu'il minimise les interfaneis a vis du PU. L'utilisation du spectre
est diffeente dans les diffeents domaines, donc les emmplants des trous spectraux et leurs durés
varient. L'utilisation du plan temps-freuence-espadepesenté dans la figure suivante. Il est a noter
gue les SUs dans le domaine de fréuence f1 peuvent utididezience f2 tout le temps parce qu'ils
sont hors de porté de communication du systeme primaire ldazone de fréuence f2,\dte versa
pour d’'autres systtmes de CR dans le domaine de fréeuenc&iigi, un systeme idéal de SSCR
permet a ses utilisateurs d’accéder a une bande denfréude facon opportuniste dans le temps et

I'espace, ce qui conduit a une augmentation significateséeafficacité du spectre total. Dés que le

viii
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SU commence la transmission, il devrait &tre en mesurestictdr ou prévoir I'apparition d’'un PU
afin qu'il quitte la bande de ce PU. Fondamentalement, leatiéh et I'adaptation des SUs doit étre
faite indépendamment des PUs afin de permettre au systémainge de maintenir son infrastructure
de communication existante. Ainsi, afin de réaliser le ephcle SSCR, I'analyse spectrale a haute

reolution, mise en forme du spectre agile, et la prédictio spectre fiable sont nécessaire.

FBMC

La discussion dans cette thése se consacre principalemiartilisation des modulations FBMC-
OQAM basés sur la thérie du banc de filtres. Le principe deIEBDOQAM consiste a diviser le débit
de transmission e flux indépendants en utilisa sous-porteuses. Une condition d’orthogonalité
est introduite entre les sous-porteuses pour garantiregusyimboles transmis arrivent au récepteur
sans IS| et ICI. Ceci est réalisé par une transmission degposantes en phase et en quadrature des
symboles avec un décalage d’'une demi-péiode de symbelsydteme FBMC-OQAM se compose
d’un banc de filtres de synthese (SFB) a I'émetteur et amc de filtres d’analyse (AFB) au niveau
du récepteur.

La technique FBMC-OQAM a une complexité de mise en ceuvresurpius élevé que 'OFDM.
Toutefois, dans le projet PHYDYAS il a &té montré que lanptexité de mise en ceuvre de FBMC-
OQAM est encore acceptable. latechnique FBMC-OQAM a lesatéistiques principales suivantes:
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1. Aucun préfixe cycligue n'est nécessaire et de petitesldsm de garde sont suffisantes pour

supprimer les interféences entre canaux;

2. Enraison de ses lobes latéaux faibles, la technique FBN)@AM est beaucoup moains sensible
aux décalages temporels que 'OFDM. En outre, FBMC-OQAMrasins sensible au décalage
de freuence reiduelle et est plus robuste a I'effet Deppl

3. Le méme dispositif peut &tre utilisé simultanémenirda détection des freuences et la réception.
La capacité du spectre d’analyse des bancs de filtres & heniution peut étre exploité pour
les systemes de CR. Les bancs de filtre permettent d’augmené plus grande dynamique
spectrale que la FFT classique. Ainsi, la probabilité désoons indeirables entre les SUs et
PUs est considéablement réduite;

4. FBMC-OQAM divise le canal de transmission du systemereensemble de sous-canaux et
chaque sous-canal chevauche seulement avec ses voisplsdgzoches. Les sous-canaux
peuvent étre regroupé en blocs indépendants, ce quiresakpour la compatibilité et les

techniques d’accés dynamique;

Le blocs de filtrage polyphasé remplace les blocs pourdiiien / suppression préfixe utilisés
dans les terminaux de OFDM. On voit que la FFT est commune adutations OFDM et FBMC-
OQAM, ce qui est un aspect important pour les problemes dgatbilité. Par souci de simplicité,
le terme FBMC sera utilisé au lieu de FBMC-OQAM dans le resteette these.

Chapitre 3 - Détection du spectre

Détecteur de signature cyclostationnaire

Dans le contexte de la CR, la détection du spectre se congmda détection d’occupation et
l'identification. La détection d’'occupation consiste&tetter I'occupation du spectre dans une région
et d'identifier les bandes libres et les bandes occupésétestkur d'énergie peut étre appliqué a cet
effet. L'identification permet de de faire la distinctiontenl’utilisation sous licence par les utilisa-
teurs principaux, l'utilisation opportuniste par les is@teurs de CR, et le bruit. Cette distinction
est cruciale dans un scénario CR avec une forte densitéisditeurs. Un détecteur cyclostation-
naire peut aussi étre appliqué pour traiter le bruit, iésrféences, et d'autres utilisateurs secondaires
diffeemment. Dans la suite, le détecteur cyclostatiomriaasé sur la signature cyclostationnaire pour
les sighaux FBMC est étudié.

La thérie de la corrélation spectrale des signaux cyatmstnaires a été étudié pendant des
décennies. Les formules explicites de la fonction deatation spectrale (SCF) pour difféeents types



de signaux de modulations analogiques et numéiques @tetie déive. Dans cette section, nous
étudions et exploitons les caractéistiques cyclostatiges pour le signal FBMC. La caractéisation
de la corrélation spectrale du signal FBMC peut étreitiepar un systeme péiodique linéaire variant
dans le temps (LPTV). Grace a cette écriture, nous avbtena des formules explicites thériques
de la SCF pour le signal FBMC. Apres une analyse thérigeg signatures cyclostationnaires (CSs)
ont été artificiellement incorporés au signal FBMC et @éitedteur de signature de faible complexité
est preenté pour la détection du signal FBMC. Les r&ultie I'analyse thérique et les simulations
démontrent I'efficacité et la robustesse de ce détecteS par rapport au détecteur d’énergie tra-

ditionnel.

Nous avons malheureusement constaté que le signal FBM@ &résfaible propriété inhéente
cyclostationnaire en raison des faibles lobes lateauxaderiction prototype. La pauvre cyclosta-
tionnarité limite I'application pratique dans le contexde la CR. Méme pour les signaux OFDM
gui contiennent des caractéistiques cyclostationn@nasison de l'insertion de CP, la puissance est
faible par rapport a la puissance du signal et une détediddle de ces cyclostationnarité requiert

une architecture complexe et une longue observation.

Dans cette partie nous étudions le probleme de la détedti signal FBMC en préence d'un canal
additif a bruit blanc gaussien (AWGN) en utilisant les ClSss CSs sont effectivement appliqués pour
surmonter les limitations associés a I'absence destéistiques cyclostationnaires pour la détection
du signal. La détection et I'analyse des CS peuvent atresbbtenues en utilisant des architectures

de récepteur a faible complexité et de courte duré dnlagion.

Comme illustré dans la figure ci-dessous, les CSs sontefaeiht crée par mapper un ensemble

des sous-porteuses sur une deuxieme séie comme suit

Yn,l = Tn+p,l neN

ol y,,, est lel*®™¢ message distribué indépendant et identiquement suf'& sous-porteusey est
I'ensemble des sous-porteuses a mapper ett le nombre de sous-porteuses entre sous-porteuses
mappés. Ainsi, un motif de corrélation est créé et une§$ncorporé dans le signal par la transmis-

sion redondante des symboles.

D’apres la thérie des LPTV, nous pouvons calculer la fdentiw SCF du signal FBMC avec les

Xi
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Geéngeation de CSs par Epétition des symboles
CSs

S?bmc-cs(f) =

202 \~M/2-1 « 2.int .
T En:/_M/g P(f+5—q)P(f-5—7), o= 2 integer # —p;

2 *
2 en P+ §— 2P (f—§-52), a=—4%;

2-integer _p.
0, o # Zinteser o o4 2

ou P(f) est la transformé de Fourier du filtre prototyp¥, est 'ensemble des sous-porteuses a
associerep € P(P = +2i,i =1,2,3,4,---).

L'amplitude du SCF du signal FBMC avec les CSs est preeauts th figure ci-dessous, ou deux
CSs sont incorporés correspondant a deux valeurs difféedep (en choisissanp = 2 etp =
4). Nous pouvons voir que pour le signal FBMC les caractfists cyclostationnaires fortes (CSs)
apparaissent a la freuence cyclique= —2/T; eta = —4/T; (Ty est un symbole de FBMC).

Comme le bruit ne préente pas de cyclostationnaritéetaation de la préence du signal FBMC
est éuivalente a la détection de la préence de cydostetrité dans le signal composite regt) =
s(t) + n(t) sur la freuence prédéterminé cyclique, i) est la contribution du bruit.

Un détecteur de CS peut étre utilisé pour la détectiosignal FBMC. Les caractéistiques cy-
clostationnaires généés par I'association des sorisyBes peuvent étre détectés avec succes en util-
isant une réolution spectrald f (espacement sous-porteuse). Ainsi, le détecteur de CSilde f
complexité peut étre congu en glissant une fenBfravec la largeutV, - A f (Vs est le nombre de
sous-porteuses dans I'ensemble mappé) sur le SCF estarfeéuence cycliqueg

Qo
Ty = maz Z S0 (M)W (m —n)
n
ou §a(0*) est estimé en utilisant un cross-péiodogramme cycligee filtrage temporel.
x

Les courbes ROC sont donnés dans les deux figures ci-degsousine moyenne de 500 sim-
ulations de Monte Carlo et un canal AWGN. La premiere figurerg les réultats expéimentaux a

Xii


0_french/figures/Chapter2_figure7.eps

SCF pour signal FBMC avec deux CSs aux fuences cycliquest = —2/Ty et = —4/Ty

des SNR difféents (@B, -3dB, -6dB, -9dB and -12/B) avec6 sous-porteuses mappés et un temps
d’'observationT” = 1ms (10 symboles FBMC). A titre de comparaison, le détecteur efgie avec
une incertitude de brui/ = 0.12dB est utilisé. On peut voir que les performances de détectio
souhaités peuvent étre atteintes pour le détecteur dav€Sun niveau de SNR faible, et un taux
de détection de00% peut étre atteint lorsque le niveau de SNR est supéiediza Blous pouvons
également observer que le détecteur d'énergie surpkessganiere significative le détecteur de CS
lorsque la puissance du bruit est bien estimé.

Les effets du temps d'observation et de I'ensemble mappé @eéente dans la deuxieme fig-
ure pourSNR = —12dB, ou les courbes ROC montrent que la performance du datedeeCS
s’améliore lorsque le temps d’observation et le nombreals-$orteuses mappés augmentent. En
outre, les performances du détecteur d’énergie poueatites valeurs d'incertitude de bruit sont
preentés et on véifie que le détecteur d’énergie estdensible a I'incertitude de bruit lorque le SNR
est faible. En raison de l'incertitude de bruit, les perfantes du détecteur d’énergie ne s'améliore
pas, méme si nous augmentons le temps d’'observation. Qgoctement est prédit par la limite que
I'on appelle le mur SNR. A savoir, le détecteur d'énergeepeuvent pas distinguer le faible signal
recu du bruit lorsque le SNR est supéieur a un certairanive

Détection multi-bande a base de banc de filtre polyphas

La détection du spectre est une fonctionnalité essénpelur les systemes de CR afin de garantir que
les utilisateurs puissent partager les ressources dusmaec les utilisateurs autorise. Récemment,
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la détection multi-bande de I'activité des utilisatesosis licence a fait I'objet de plusieurs travaux de
recherches.

Dans cette these, nous étudions une architecture detidatenulti-bandes basé sur les bancs
de filtres polyphasé (PFB). Nous avons obtenus thériqoetes expressions de la probabilité de
détection et de fausse alarme des détecteurs base $tif kt ke PFB, en déterminant au préalable un
seuil de détection thérique. Les reultats expéimensamt preente pour véifier notre analyse thérique
et demontrer que la détection basé sur le PFB a une meilfgrformance que la détection basé sur
la FFT.

Le concept de base de la détection multi-bande est d'astangensité spectrale de puissance
(PSD) puis d'appliquer la détection de puissance dansrailte des freuences a partir des PSD es-
timés. Le PFB est proposé comme un outil efficace pourli@esspectrale, sans colit supplémentaire,
puisque chaque utilisateur secondaire pourrait étneéédé PFB. Cela signifie que la structure PFB
utilisé pour les communications offrira une nouvelle ogpoité pour la détection, sans colits supplémentaires
Dans la littéature, les performances de la détectionithalide sont en généal comparés avec un es-
timateur basé sur le péiodogramme (PSE), et les redléals simulation montrent un avantage signi-
ficatif du PFB par rapport aux PSE. Néanmoins, la plupartede@vaux utilise le Prolate Sequence
Window (PSW) comme filtre prototype du PFB. Cependant, ae file peut pas étre réutilisé pour la
communication.

Dans cette section, nous avons considéé pour la dé&tettidti-bandes un PFB basé sur un fil-
tre prototype qui peut étre utilisé pour la transmissi@s lexpressions thériques des probabilite de
détection et de fausse alarme des détecteurs a base detFFEE sont obtenues, respectivement.
Ainsi, les niveaux de seuil approprie pour les diffeeré¢edteurs peuvent étre choisis pour assurer
une comparaison éuitable. Plus précisément, le PFBaitil le filtre du projet PHYDYAS et le filtre
PAW sont étudié et compare avec le PSE, et les reultggsimentaux véifient I'analyse thérique et
revelent que le PFB est un meilleur analyseur de spectdeqaSE.

M subbands (Na: subcarriers)

Occupation du canal primaire

Dans le cadre de la CR, nous considéons un systéeme pridodiesse de FBMC sur une large

bande avedV,;; sous-porteuses. Comme indiqué sur la figure ci-dessuanidebde fréeuences utilisé
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par les PUs est divisé el sous-bandes ave¥, sous-porteuses par sous-bande. Dans un intervalle
ou dans une région gégraphique, certainesdesous-bandes peuvent ne pas &tre occupés par les
PUs et sont donc disponibles pour les SUs. La figure preem@nal de distribution primaire dans un
intervalle de temps pour lequel les sous-bandes occupdespBRUs sont deignés par deg’, alors

que les sous-bandes disponibles pour SUs sont deignéepdi”.

Dans la suite, nous évaluons numéiquement la détectidii-bande d'un point de vue pratique.
En supposant un systeme sous license avec une bande pd3sa0M H ~ contenantV,; = 8192
sous-porteuses ou la bande entiere est égalemenés&per = 128 sous-bandes aveéé, = 64 sous-
porteuses par sous-bande. Il est également supposé caedkest additif a bruit blanc gaussien de
moyenne nulle et la densité de bruit de puissancedB74/Hz. Le taux de charge du systéme
principal est d&0%. La longueur des filtres prototypes PFB est égabe-a4M = 512. La fréuence
centrale esf. = 3.6GH z. Le signal est supposé regu apres demodulation saatadfe de fréuence.
K = 250 groupes de signaux échantillonné aveg échantillons par groupe sont utilise pour simuler
la détection multi-bandes.

Compte tenu d’une probabilité fixe de fausse alafpe= 5%, un seuil thérique peut &tre calculé,
puis ce seuil est utilisé pour calculer la probabilité @eedtion. De méme, la probabilité de fausse
alarme peut &tre calculé pour une probabilité de dietectonneP; = 95%. Les courbes de perfor-
mance de la probabilité de détection et de la probaliltéausse alarme en fonction du niveau SNR
sont tracés dans les figures ci-dessous, respectivements pbuvons observer que la performance
du PFB (PHYDYAS et PSW) preéente une amélioration sigrifrea(gain de performance maximale
de 25%) par rapport au PSE en raison de la faible fuite spectraleFd P est intéessant de con-
stater que les performances du filtre PHYDYAS sont legergnmeilleures que celles du PSW ce
qui peut s’expliquer par le fait que la variance de freueraréable de PSW est le double de celle de
PHYDYAS.

Chapitre 4 - Comparaison de la capacié de 'OFDM / FBMC pour les
sysemes de la CR

Les communications multiporteuses ont été proposésnwmrandidat pour la radio cognitive en
raison de leurs souplesses pour exploiter les bandes ajgscinutilisés. Dans ce chapitre, nous
comparons l'efficacité spectrale d'un reeau de CR ersatili deux types de communications multi-
porteuses: I' OFDM avec un préfixe cyclique et le FBMC. Enmagant que la détection du spectre
est parfaitement mis en ceuvre, I'efficacité spectraleesibandes libres détectés dépend de la mod-
ulation multiporteuse utilisé et de la stratégie d’aditlon de ressources que le systeme secondaire

adopte. Afin de réduire la complexité, nous proposons gordhme d’allocation des ressources
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dans lesquel la répartition des sous-porteuses et laltmt de puissance sont réalisés de maniere
séuentielle.

En pratique, les problemes d’interfeence entre les Plés &Us dans un reeau CR rélle ne dépend
pas des lobes secondaires de la PSD mais de la synchromisaparfaite. Dans cette thése, nous
étudions et comparons tout d’abord les interféeences-aahulaire causés par les décalages temporels
pour les systemes basé sur 'OFDM et le FBMC. Les tablegetieences moyennes des modulations
OFDM et FBMC sont donnés. Ces tables offrent un modelequatde I'interféence inter-cellulaire,
et seront utilisés pour analyser les performance desitdgus d’'allocation des ressources dans ce
chapitre au lieu de la densité spectrale de puissance. @aimvail, nous nous concentrons sur
la comparaison de 'OFDM et FBMC en termes d'efficacité $mde du systeme secondaire, gui
dépend de sa stratégie d’allocation des ressourcesépapte systeme secondaire. Nous proposons
un schéma d’allocation de ressources dans un scénariaisienl montante et en prenant en compte
I'atténuation et en considéant des canaux de Rayleigihjéctif de maximiser la somme des taux est
formulé avec une contrainte de puissance et une contraimtEinterféence inter-cellulaire basé sur
les tables des interféeences.

Sans pertes de généalité, notre procédure d'allotatés ressources est divisé en deux étapes.
Tout d'abord, les SUs sont affecte aux trous du spectrectieten utilisant une métrique de ca-
pacité moyenne (AC-métrique) et I'algorithme hongrdi#\j. Nous montrons que l'algorithme AC-
meétrique permet d’atteindre de meilleures performanaed’glgorithme basé sur des SNR-métriques.
Lorsque les SUs sont affecte a des trous du spectre, |deaeexpartie de la procédure (allocation
de puissance) est reolue par la méthode de projection atliegt (GPM) au lieu d'utiliser des la-
grangiens. Le GPM est un outil mathématique efficace pauprieblemes d’optimisations convexes
ayant des contraintes linéaires et une allocation de @uigsoptimale peut étre obtenue avec une
complexité de calcul limité. Les réultats numéiquesninent que I'efficacité spectrale des systemes
CR base sur la FBMC est proche de celle d'un systeme parfaitt synchronise et bien supéieure a
efficacité spectrale des systemes CR base sur 'TOFDM.

Comme montré dans la figure ci-dessous, un scénario d®hianontante des réeaux de CR
composé d'un systeme primaire avec un PU et un systéenundaice avec un SU est repreenté
graphiquement, oD est la distance entre la station de base primaire (PBS) d¢ati@rs de base
secondaire (SBS), &t, et Ry sont les rayons de systeme primaire et secondaire, réspaent.
Une bande de fréuence composéNje= 48 clusters et = 18 sous-porteuses dans chaque cluster
est autorisé par le systeme primaire.

Lorsque nous transmettons une rafale de symboles compielé&gsendants, l'interféence relative
a une sous-porteuse est égale a la somme des intersepogetoutes les intervalles de temps. Les

interféences inter-cellulaires supéieure$l&—>” pour OFDM et FBMC sont donnés dans la figure
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ci-dessous. On peut observer que le nombre de sous-patguisaduisent des interfeences nuisibles
a l'utilisateur principal de 'OFDM et FBMC est égal‘@” et “1”, respectivement.
La cellule secondaire souhaite maximiser son débit totalleuant de la puissance dans les trous

du spectre pour ses propres utilisateurs, ce problemegpeuormulé comme suit :

K F

mkf
maw C(p ZZZkalogg{l—i-pn;ilk}

m=1k=1 f=1
s.t.

k
by Sk 0 < P, ¥m
k
0 S me S Psub
Eymmn ki ky(r
M SN g O GER O < Ly, Y

ou M est le nombre d'utilisateurs secondairés,est le nombre de trous du spectre,Fetest le
nombre de sous-porteuses dangf& trou du spectreé),’f%f € {0, 1} est la sous-porteuse indicatrice
daffectation, soit%! = 1sila fieme sous-porteuse dansAé&™e trou spectre est alloué a S, pfi{
est la puissance de Std sur laf*" sous-porteuse dans#é™¢ trou du spectreGZ}kf est le gain du
canal de propagation du Std vers le PU sur lg*" sous-porteuse dans A€ trou du spectreg?
est la puissance de bruit,@‘t est l'interféence cellulaire du PU vers le SU suift&™¢ sous-porteuse
dans lek’™¢ trou du spectrePy, et P;,,;, sont respectivement la puissance limite par utilisatela et
puissance limite par sous-porteusg.est la longueur du vecteur d’'interfeendéqses valeurs sont
donné dans la figure d’interféencg;ﬁi(”" est la puissance du Skl sur la gauche (la droite) de la
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n'eme sous-porteuse dans k™ trou du spectreGZ;k“” est le gain du canal de propagation de
SUm a PBS sur la gauche (la droite) de la premiére sous-perterisiaire a coté d’*™e trou du
spectre, efly, deigne le seuil d'interféence fixé par le PU sur la premi@ous-porteuse primaire a
coté du SU.

En pratique, le gain du canal entre les SU et®}) ne peut pas étre estimé de fagon précise et la
guantité d'interféence apporté du SU au PU est calauléashase de la connaissance du canal estimé.
Nous supposons qu'une estimation approximative du gairadalde SU vers PU peut étre obtenue
par le SU pendant la phase de détection. Lerreur d’esibmaist déterminé par la probabilité de
coupure prescrit des systemes primaires. Basé sur urdgaianal estimé, les reultats de simulation
obtenus montrent que le gain de performance augmente estreystemes FBMC et OFDM par
rapport au cas de connaissance parfaite des gains de canaux.

Les reultats expéimentaux du cas parfaitement synck&qiS) sont donné a titre de comparai-
son. En outre, la performance du cas avec parfaite connaissies gains de canal est également
étudié. Les capacite moyennes pour des interfeendt&Eenlies (coefficient de perte de capacité
A = 0.02 ~ 0.2) avec une probabilité de coupufg,; = 0.06, une puissance maximale d’utilisateur
Py, = 36mWatt, et une distancdd = 0.2km sont donnés dans la premiere figure ci-dessous.
Comme prévu, la performance du FBMC surpasse toujours del’lOFDM, qui montre une diminu-
tion rapide de la capacité lorsque une moindre perte decitépst requise par le PU, alors FBMC est
legerement affecté par les difféeents niveaux d'irderfce. Dans le méme temps, nous pouvons Vvoir

un grand écart de capacité entre le cas avec le canal de&lgalret le cas avec un gain de canal estimé
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pour le systeme CR basé sur 'OFDM, alors qu'il existe uifféence de capacité legere en appliquant
le systeme CR basé sur FBMC. Cela s’explique par le failejnpembre de sous-porteuses de OFDM
et FBMC qui induisent des interfeences nuisibles aux PUlesB” et “1”, respectivement. Quand
une faible probabilité de coupure est nécessaire, plts@us-porteuses adjacentes a PU doivent étre
deactivés ou sous-utilisés pour 'OFDM ce qui dégradeenséuence la capacité. Finalement, on
peut noter que la performance du FBMC est proche de cellesiB$al.a deuxieme figure montre la
moyenne des capacite par rapport aux difféeents probabié coupure. La capacité moyenne (avec
un gain de canal estimé) a base de OFDM s’effondre quanthibie probabilité de coupure est deiré
alors que le systeme CR basé sur le FBMC est beaucoup mdirsable aux probabilite de coupure.

Chapitre 5 - Allocation des ressources non-codatifs des Systmes de
CR bast sur FBMC

Dans le chapitre précédent, la question de l'allocaties kkssources dans le contexte d'une seule
cellule de CR a été étudié. Afin d'étudier plus avanteeuestion, ce chapitre traite de probleme
d’allocation des ressources en préence de multipleslegltie CR a base de FBMC avec plusieurs
SUs par cellule et ou les utilisateurs de CR dans des celilii®entes partagent les mémes ressources
du spectre afin d’'accroitre I'efficacité spectrale. Parsément, les utilisateurs utilisant la méme
bande de freuences vont s’interféer entre eux c’estadlie I'interfeence inter-cellule existera en-
tre les cellules difféentes. Dans ce travail nous propesonalgorithme d’'allocation de ressource
non-coopéatif qui cherche a maximiser la somme desgl@hitformation de chaque cellule avec une
contrainte sur la puissance de chaque utilisateur de meadistribué. La thérie des jeux (GT) est un
outil mathématique utile pour analyser les processusedesidn interactive et peut étre utilisé pour
étudier les problemes d’'allocation de ressources digts. Puisque la formulation de la maximisation
des débits des utilisateurs multiples dans chaque celiilen probleme d’optimisation non-concave,
la technique d’accé multiple(MAC) est proposé. Avec le GAe probléme devient un probléme
d’optimisation concave. Lorsqu’il n'y a qu’un utilisatedans chaque cellule de CR, I'algorithme de
remplissage itéatif (IWFA) peut étre une bonne solutionrpe jeu multi-cellule distribué. Toute-
fois, I'algorithme IWFA n’est plus adapté lorsqu'’il y a gieurs utilisateurs dans une cellule, car la
guestion de l'affectation des sous-porteuses pour mtilisateurs de chaque cellule doit étre aussi
traité. Par conséuent, l'algorithme proposé dans tteapst une généalisation de I'algorithme IWFA
pour I'allocation des ressources distribués dans plusieellules avec de multiples utilisateurs dans
chaque cellule.

Ce chapitre se concentre sur I'algorithme d’allocation @essources non-coopéatif entre mul-

tiples cellules secondaires indépendantes. Dans celtrapas étudions cette question en utilisant
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les outils de la thérie des jeux. Plus précisément, naapgsons un algorithme d’allocation de
ressources non-coopéatif pour les liaisons en voie mtnemutilisant la thérie des jeux et la tech-
niqgue MAC entre plusieurs cellules a base de FBMC avec piettiutilisateurs par cellule. La station
de base secondaire dans chaque cellule CR, en essayaiiisepte débit de ses propres utilisa-
teurs, est un joueur. La maximisation du débit total d'infation dans une cellule est considég, sous
des contraintes de puissance de chaque utilisateur CRe @rta propriété de la technique MAC, le
probleme de maximisation de débit peut étre formulé menun probléeme d’optimisation concave.
Comme il est compliqué d’'obtenir une solution analytiqgoermla répartition de puissance de multi-
utilisateurs, I'algorithme de Lagrange (LA) et la méthalgeprojection du gradient (GPM) sont utilisé
pour reoudre ce probleme d'optimisation concave. L'ethme proposé basé sur la GT et la tech-
nigue MAC permet d’effectuer itéativement I'affectatidies sous-canal et allocation de puissance
pour les multi-utilisateur. Il peut &tre considéé comume extension de I'algorithme IWFA qui est
classiqguement appliqué pour l'allocation de puissar&atiite dans le cas mono-utilisateur.

Les reultats de simulations montrent que I'algorithmepps® basé sur la thérie des jeux per-
met de partager un ou plusieurs sous-canaux entre de resltifilisateurs permet d’obtenir un
débit d'information plus élevé et une meilleure conezree des reultats (convergence vers I'éuilibre
de Nash (NE) avec un petit nombre d'itéations) que I'adeissique par multiplexage freuentiel
(FDMA). Comme la mise en ceuvre de I'accé MAC nécessite ongptexité matéielle supplémentaire,
nous avons proposé un algorithme MAC-FDMA ou nous tramsfms le réultat de I'allocation des
ressources obtenu en MAC en une solution FDMA. Par rapplartsalution traditionnelle FDMA,
cette transformation MAC en FDMA permet d’obtenir de meitles performances en particulier
lorsque la dimension du systeme est élevé.

A

A (R12+Rz1)

Ri2

Ri1 B (R11+Rz22)

>

0 R22

La région de capacié de MAC pour deux utilisateurs

Afin de transformer le probleme d’optimisation traditi@hen un probleme d’optimisation con-
cave, nous utilisons I'accé MAC, ce qui signifie que de mplds utilisateurs de CR dans la méme
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cellule peuvent occuper une ou plusieurs bandes de fréaenoorsqu’il est possible d'utiliser la
technique MAC pour la transmission des donnés dans uaragstia région de capacité est supéieure
a celle obtenue par les acces TDMA ou FDMA. La limite ddoagle capacité de I'acce MAC pour
M = 2 utilisateurs avec des puissancgs,f.) est donné par
p1G1 + szz]

No

ou G est le gain de canal, &, est la puissance du bruit ambiant.

Ry + Ry <logo[1 +

Dans le contexte de la thérie des jeux, les stations de lemsmdaires sont les joueurs, qui
réagissent et luttent entre-elles pour les ressourcesncmes.
En reume, soig = {N, {Pn }nen, {un}neN}} la structure des jeux non-coopéatifs, D=
{1,2,--- , N} est 'ensemble des indices des joueurs (SBS)= [p7, 72, ..., piM, pit, pi2,
., pM] € RMF estl'espace de stratégie de puissance@ti® joueur (M estle nombre d'utilisateur
dans une cellule & est le nombre de bande libre),.gt est la fonction d'utilité du*™€ joueur.

Secondary cell Lf*::::::::::::::::::‘ 77777
T \ » Strategy: user power !

Approche de la thérie des jeux: joueur, stragie et fonction d'utilité

Le jeu non-coopéatif est mis en ceuvre de maniere séillentdet algorithme séuentiel est illustré
dans la figure ci-dessous. Le reultat du jeu proposé imalhtV joueurs devrait permettre d’'atteindre
un éuilibre de Nash (NE).

Afin d’évaluer la thérie des jeux proposé basé sur BaleliAC (MAC-GT), un jeu basé sur I'acce
FDMA (FDMA-GT) est également mis en ceuvre afin que chaqu@mstde base secondaire exhaus-
tive recherche la stratégie optimale qui maximise le td@&biformation dans un ordre séuentiel. Pour
un grand nombre d'utilisateurs par cellule CR, un probléfeecalcul apparait pour I'algorithme
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FDMA-GT, car au cours de chaque processus d'itéation, mewens essayer tous les candidats
possibles afin d’obtenir la solution FDMA optimale. Cetteherche exhaustive rend I'algorithme
FDMA-GT impossible a implémenter et d’autres heuristigoivent étre recherchés pour reoudre
ce probleme en particulier pour les grandes dimensionsisBa chapitre, grace a I'algorithme de
MAC-GT, nous proposons un algorithme de transformation MAIMA. Cet algorithme est décrit

dans la table ci-dessous.

Etant donné une cellule avéd utilisateurs et~ bandes libres{ = M),
nous transformons la matriced x F' de MACP en une matrice FDMA’
selon les étapes suivantes:
étape 1 Initialisation: P’= zeros(M, F), et de définir deux ensembles
M=1{1,2,... M}, F ={1,2,...,F};
étape2 for i=1:M
Calculer
[m/, f'] = argmazme n ez P(m, f)
répartir ensuite la sous-porteugea I'utilisateurm’, et éliminer
I'utilisateur m’ et la sous-porteusg’ des ensembles” and.#, a savoir
P(m’, )= P;
M=AN\{m'}, T =F\{f'};
end

Dans la premiere étude, nous considéons que le nombrardies est toujours égal au nombre
d'utilisateurs par celluleX/ = F). Nous effectuons plusieurs simulations afin de corrobtaer
reultats thériques. Tout d’abord, les reultats de satiaih avecs utilisateurs par cellule de CR sont
preenté. La somme des débits du systéme en fonctiondistimceD entre les stations de base est
comparé pour les algorithmes FDMA-GT et MAC-GD0 topologies indépendantes et réalisations
de canaux sont simulés. Nous pouvons voir que l'algoritii#®C-GT a toujours de meilleures
performances que I' algorithme FDMA-GT. En outre, il esésgsant de constater que I'algorithme
MAC-FDMA surpasse la recherche exhaustive FDMA-GT.

Les taux de convergence associe pour le FDMA-GT et le MACsGit également preenteé dans
les figures ci-dessous. Nous observons que plusieurfoitéadont nécessaires lorsque la distance
D devient faible. I'algorithme FDMA-GT converge un peu plutewque le MAC-GT, mais il existe
certains cas de non convergence), dont le taux augmentdeamembre d’utilisateurs. Inversement,
I'algorithme MAC-GT permet de garantir que le jeu non-ceatif converge vers un éuilibre de Nash
((N E Nash equilibrium) avec peu d'itéations.
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Chapitre 6 - Conclusion

La radio cognitive jouera un rdle clé dans le domaine demrnsonications sans-fil en raison de
'augmentation des besoins en service et par conséqueatcauche physique bien adaptée a la
CR est nécessaire. L'objectif de cette thése est de dieendapport des modulations multiporteuses
a base de bancs de filtres FBMC pour les futurs systemes deg@isont plus efficaces et flexibles
gue les systemes de CR basés sur les modulations mugdiiges classiques OFDM. Récemment,
un grand nombre de recherches a concentré son attentidhGEDM pour les systemes de CR,
mais peu d’études dans la littérature ont considerEBIC, en particulier associées a la modulation
OQAM. Ainsi, un autre objectif de cette these est de diffues connaissances de base des FBMC et
de motiver les chercheurs afin de renforcer la rechercheesiwBMC.

En tant que candidat potentiel pour les systémes de coneation de prochaine génération,
le FBMC conserve non seulement les caractéristiques dedM comme par exemple un débit
éleve, une robustesse aux évanouissements par trajiples, une mise en forme spectrale flex-
ible, etc, mais améliore aussi les points faibles de I'OFB¥éice a ses capacités intrinseques. Tout
d’abord, le FBMC permet de maximiser I'efficacité spe@rdiun systeme de CR en éliminant le CP.
Deuxiemement, le FBMC exploite les faibles lobes secapdaile son filtre prototype ce qui conduit
a une plus grande robustesse au décalage résiduell@aleefrce et une meilleure suppression de
I'ISI et de I'ICI par rapport a 'TOFDM. Pour le FBMC, aucuneude de garde supplémentaire n'est
nécessaire pour garantir la qualité des services demgssous licence. Enfin, il a été montré que les
bancs de filtre peuvent étre utilises comme un analysespéetre précis sans ajout de complexité.
Dans cette thése, nous avons montré que les bancs de'lti@yde au niveau du récepteur peuvent
atteindre une meilleure résolution spectrale que lestisokl basées sur la transformée de Fourier
classique. En outre, par rapport a I'OFDM, les modulatiBBMC peuvent permettre une gestion
de frequence tres souple grace a une granularité dans-porteuse et peuvent garantir une mise en
forme du signal émis pour occuper les trous du spectre atarsérer les utilisateurs autorisés.

En résumé, les modulations FBMC offrent une résolutipactrale plus élevée ainsi qu’une
meilleure efficacité et exigent seulement une petite amgmtien de la complexité de calcul par
rapport a | 'OFDM. Toutes ces propriétés importantes meslulations FBMC en font un candidat
prometteur pour la couche physique de CR pour I'acceés dignarau spectre.
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CHAPTER1

Introduction

1.1 Motivation

The demand for new wireless services and applications, hasvthe number of wireless users, are
progressively increasing. However, this growth is ultieharestricted by the amount of available ra-
dio frequency spectrum. Recent measurements by severatiagg1}-[4] indicate that the licensed
spectrum resources have not been fully exploited deperminthe time and the geographic loca-
tion. These observations suggest that the fixed spectraeasitbn approach has given rise to spectral
scarcity, which motivates the introduction of some Dyna@pectrum Access (DSA) techniques.
Cognitive Radio (CR), which is coined by Mitola [5], has ratlg been proposed as a promising so-
lution to improve spectrum utilization via DSA. The goal b&tCR is to enhance spectral efficiency
by overlaying a secondary mobile radio system on an exigiimgary one without requiring any
change to the actual licensed system. At the time of thisngritthere is still no common way on
how to define and implement CR systems. Although a lot of £fédbeing spent on investigating the
feasibility and effectivity of CR, more efficient and rellabmethods should be developed due to the
limited and costly spectrum resources.

Hence, for the sake of commercial and technological impr®am, future CR systems should
provide higher capacity and meanwhile lower impairmentiderised system by means of an effi-
cient utilization of the available resources. Multi-CarrModulations (MCMs) have attracted a lot
of attention ranging from wireline to wireless communioas as opposed to single-carrier modu-
lation because of the capability to efficiently cope withgiiency selective fading channels and the
flexibility to allocate the resources of each subchannelromdividual basis. Conventional Orthog-
onal Frequency Division Multiplexing (OFDM), as a physid4CM scheme, has been investigated
quite intensively in recent years. Much of attention in tihesgnt literature emphasizes on the use of
OFDM, which is able to avoid both Inter-Symbol Interferer{t®l) and Inter-Channel Interference
(ICI) making use of an extended Cyclic Prefix (CP). In [6], Q#Das been suggested as a candidate
for CR systems. Nevertheless, in spite of these advant@fd3M is very sensitive to residual Carrier
Frequency Offset (CFO) and to timing offset due to imperssgtchronization. In addition, OFDM
systems sacrifice data transmission rate because of thidonsef CP.
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Figure 1.1: Comparison of frequency responses of OFDM and FBMC

In this dissertation, we propose another MCM scheme: Htetk based Multi-Carrier (FBMC)
[7]1~[13], which does not require CP extension and shows highaustoess to residual frequency
offset than CP-OFDM by taking advantage of the low specti@tége of its modulation prototype fil-
ter. FBMC has been already considered as a physical laydidzda for CR systems [14]. Moreover,
filter banks at the receiver can be used as an analyticalfdORi for spectrum sensing. In [15][16],
application of filter banks to spectrum sensing is provedetonore suitable than Fast Fourier Trans-
form (FFT) and Thomson’s Multi-Taper (MT) method becausédohigh performance and low cost.
Consequently, FBMC is envisaged to be a potential candidatiiture CR systems because of its
capability to provide high capacity and low impairment tgdey system.

The essential difference between OFDM and FBMC lies in tieetspl leakage property, as shown
in Fig. 1.1, in which! their frequency responses are drawn in a comparable wagn Ibe observed
that OFDM exhibits significant frequency side-lobe, whiatpbses strict orthogonality constraint
for all the sub-carriers. On the contrary, FBMC has a negliégside-lobe in the frequency domain.
With insignificant spectral leakage, high resolution speuatanalysis and low interference to adjacent
frequency bands can be achieved. Recently, there has baeoraasing awareness of the potential
of using FBMC in the radio communications area, in partictie Isotropic Orthogonal Transform
Algorithm (IOTA) technique [17][18]. The full exploitatio of FBMC techniques as well as their
combination with Multiple-Input Multiple-Output (MIMO)ri the context of CR, has been considered
and developed in the European project PHYDYAS [19].

1The prototype filter used for comparison is the one desigyeBdiianger in [9].
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1.2 Research Scope

The objective of this dissertation is to propose and devEBMC based CR systems. Although
some progress has been made in this area, a lot of obstacktdenavercome before a fully auto-
mated CR system can be realized. As mentioned in [15], FBMCsbdar received limited attention
and not been extensively studied like OFDM. Therefore, lagrogoal of this dissertation is to dis-
seminate the basic knowledge of FBMC and thereby to reiafthe filter bank literature.

1.2 Research Scope

Since FBMC is a somewhat new concept in CR domain, a greatodedfiort should be devoted to
implement it and many open issues remain to be resolved. idrdibsertation, emphasis is placed
on several research issues of FBMC based CR systems. Salgifilbe scope of this dissertation

involves three main tasks:

e Spectrum Sensingfirst of all, we shall stress the fundamental importancepetfrum sensing.
In CR context, spectrum sensing is an essential enablingtifurality to detect unoccupied
spectrum holes as reliably and efficiently as possible iatikely low SNR level, and then
dynamically adjust the radio operating parameters acaeghgi Thus, the detection of primary
users is one of the main challenges in the development of Ba¢e€hnology, and more and
more attention has been paid to obtain various reliable k@t spectrum sensing methods.
Herein the detection of FBMC signal based upon Cyclostatipisignature (CS) is proposed
and investigated. Additionally, multi-band sensing boitt Polyphase Filter Bank (PFB) is
analyzed and compared to FFT based sensing structure.

e Spectral Efficiency Comparisanit has been believed that in order to evaluate a type of MCM
scheme applied to real CR systems, we have to pay attentitwe fwroblem of its spectral effi-
ciency. The secondary system capacities of FBMC and OFDEbER systems are examined

and compared based on an uplink CR scenario.

e Resource Allocation an additional research issue to be tackled is the Resoultoeafion
(RA). The challenges of RA in CR context differing from contienal RA algorithms lie in two
aspects: the Cross-Channel Interference (CCI) from Sexgtdser (SU) to Primary User (PU)
should be considered; secondly, the available spectruesalve the property of time-varying,
whereas conventional RA algorithms assume that the alaitgdectrum resource is fixed. In
the last part of this dissertation, we emphasize on the Rérillgns for non-cooperative multi-

cell CR systems.
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1.3 Literature Review

Little research has been conducted in applying FBMC to CRiajons. In the sequel, the existing
literature corresponding to spectrum sensing, spectiialaxfcy comparison, and resource allocation

is presented, respectively.

Spectrum Sensing

A cyclostationary process is an appropriate probabilistizlel for the signal that undergoes periodic
transformation, such as sampling, modulating, multipigxiand coding operations, provided that
the signal is appropriately modeled as a stationary prdoefge undergoing the periodic transfor-
mation [20]. Increasing demands on communication systefoqmeance indicate the importance of
recognizing the cyclostationary character of communtaignals. The growing role of the cyclo-
stationarity is illustrated by abundant works in the detecarea and other signal processing areas.
Spectral correlation is an important characteristic priypef wide sense cyclostationarity, and a
Spectral Correlation Function (SCF) is a generalizatiothefPower Spectral Density (PSD) func-
tion. Recently, the SCF has been largely exploited for sigetection, estimation, extraction and
classification mainly because different types of modulaigdals have highly distinct SCFs and the
fact stationary noise and interference exhibit no spectredelation property. Furthermore, the SCF
contains phase and frequency information related to timpamameters in modulated signals.

In [20][21], explicit formulas of the Cyclic Autocorrelath Function (CAF) and SCF for vari-
ous types of single carrier modulated signals are derivéa: cyclostationary properties of OFDM
have been analyzed in [22][23], and the formulas of CAF an& 8COFDM signal are derived by a
mathematic deduce process in [22], whereas the author8]mpfavide a straightforward derivation
of CAF and SCF for OFDM signal by a matrix-based stochastithotewithout involving compli-
cated theory. As for FBMC signals, the second-order cyatasiary properties of FBMC signal are
exploited in [24][25] for blind joint CFO and symbol timing&mation.

Spectrum sensing on a single frequency band has a relatiehljiterature. However, the litera-
ture of multi-band sensing which monitors multiple freqexebands simultaneously is very limited.
The basic concept of multi-band sensing is to firstly estitia¢ PSD and then power detection (which
is simple and can locate spectrum occupancy informatiockfiis applied in the frequency domain
based on the observed power spectrum. In [26], a widebaresthge sensing technique: a coarse
and a fine spectrum sensing architecture is proposed. Tlvessehsing stages collaborate with each
other to enhance the accuracy of spectrum sensing perfeen&m[27], three widely used spectrum
estimation methods: weighted overlapped segment avegragiproach, multi-taper spectrum estima-

tor and multiple signal classification algorithm are intiodd and compared for wideband detection.
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The authors in [28] consider making joint decisions overtipld frequency bands. The spectrum
sensing problem is formulated as a class of optimizatiomlpros in interference limited cognitive

radio networks. In [29], a novel approach called segmenttbgogram for wideband spectrum

segmentation is proposed. The proposed scheme is based podterior expectation of the piece-
wise flat realizations of the underlying signal spectrumiclvlis obtained using the reversible jump
Markov chain Monte Carlo technique. According to the estedaegmented periodogram, the wide-
band detection performance can be improved compared t@obomal periodogram.

However, few of the aforementioned studies consider the BSnation applying polyphase
filter bank. PFB is proposed as an efficient tool for spectmalysis [16] without additional cost since
each secondary user can be equipped with PFB as the receinerehd. This means that the PFB
structure for communication will offer a new opportunity fensing at no extra cost. Furthermore,
the complexity issues associated with PFB for spectrumirsgrage investigated in [30], and a new
low complexity PFB architecture for multi-standard coiysitradios is presented. The previous works
using PFB and energy detector for multi-band sensing carobedfin [31][32]. In these papers,
the performance of the PFB based multi-band sensing is aealun comparison with conventional
Periodogram Spectrum Estimator (PSE), and the final siionlagsults demonstrate the significant
advantage of the PFB multi-band sensing compared to caonwahPSE. Nevertheless, both of these
papers employ an optimal Prolate Sequence Window (PSWeawdtotype filter of PFB. This PSW

prototype filter as a spectral analysis can not be reusedfonwnication.

Spectral Efficiency Comparison

In a real OFDM based CR system problems arise from the IFFTT/ ¢jferations, which result in
additional interference from the CR system to the primastey andvice versg6][33]. Using the
IFFT transmitter implementation, the temporal pulse shamme symbol is rectangular, resulting in
a sinc-shaped frequency response on each subcarrier, Hs Gystems suffer from high side-lobe
radiation.

In the literature, some system performance comparisomgeleetOFDM and FBMC can be found
in [34]~[41]. However, optimal resource allocation problem in nualtrier CR context with both
power and mutual interference constraints is still an opgict In [42]~[46], downlink power
allocation problems in multicarrier based CR systems arestigated. In [43], maximization of
the capacity with per subchannel power constraints is densd, but the influence of side-lobes of
neighboring subcarriers is omitted. Conversely, the astio[44] propose an optimal scheme with

the interference induced to primary user, but the total pawastraint is not considered. In [45],
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a power loading scheme to maximize the downlink capacityhefCR system under the interfer-
ence and power constraints is proposed, and then accoadthistproposed scheme, the CR systems
based on OFDM and FBMC are evaluated and compared in ternoswadr@llocation and the system
throughput in [46], in which an iterative Power Interferenmonstraint algorithm (Pl-algorithm) to
iteratively allocate the subcarrier power is proposed. elmv, the interference induced from PU to

SU is assumed to be negligible and channel pathloss is netdayed.

Resource Allocation

In [47], the original distributed power control for frequesnselective multi-user interference channel
is modeled as a non-cooperative game and implemented bysnoédierative Water-Filling Algo-
rithm (IWFA) in the context of Digital Subscriber Line (DSkystems, where each user water-fills
its power to different subchannels regarding the power loéotsers as interference. A distributed
non-cooperative game to perform subchannel assignmeagitiael modulation, and power control for
multi-cell OFDM networks with one user per cell is proposed48]. In order to achieve Pareto im-
provement compared to the solution in [48], a pricing poticythe users’ transmit power by adding
a penalty price is proposed in [49]. However, the authorsABi[f19] have not provided provable
uniqueness of NE and the global convergence to a Nash EgquiidNE). In [50], the optimization
problem maximizing the information rate of each link for Ragh frequency selective interference
channel is formulated as a static non-cooperative gameaarasynchronous IWFA is proposed to
reach the NE of the game. In this asynchronous algorithnty eser updates its PSD in a completely
distributed and asynchronous way. Moreover, the authargige the conditions which ensure the
global convergence of the asynchronous IWFA to the uniquepbiit. In [51], a distributed power
allocation algorithm based on a new class of games, cptiéghtial games proposed. Convergence
rule and steady state characterization are analyzed ustegtfal game theory. The proposed poten-
tial game algorithm is shown to achieve higher energy effimiein comparison with pure IWFA. In
[52], a full distributed resource allocation in multi-callth multiple users per cell is firstly presented
by adopting a game theoretic approach. The unique NE poprbiged to exist in some constrained
environment. However, at each iteration, subchannel assggt and power control are separately
implemented by the player (base station), which requiegstitve calculations of the subchannel as-
signment matrix and the power vector. Except the distribatigorithms based on game theory, a
heuristic resource allocation approach is presented i ib@hich aselfishand agood neighbode-
centralized dynamic spectrum access strategies are mwpb®wever, dynamic resource allocation

for non-cooperative multi-cell with multiple users perldelthe context of CR is still an open topic.
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1.4 Thesis Outline

This dissertation attempts to develop a FBMC based CR syateapposed to OFDM by covering
several important research issues. We give a basic ovenfi€R and MCM technigues in the first
chapter, which is a necessary part for the understandingbsesjuent chapters. After the statement
of CR and MCM, three research issues: spectrum sensingtrapefficiency comparison, resource
allocation, in FBMC based CR systems are investigated cozdpaith OFDM based CR systems.

The structure of this dissertation is as follows:

Chapter 2 - Overview of CR and MCM Techniques

The literature overview of CR and MCM is provided in this cteapwhere we present the history,
development, application, key research issues of CR and M¢idmes.

Chapter 3 - Spectrum Sensing

We start by introducing a brief summary of spectrum sensiethods existing in current literature,
and then this chapter proceeds by proposing two sorts ofrsipesensing strategies: cyclostationary
signature based single-band sensing and polyphase filiktdzsed multi-band sensing.

Concerning the single-band sensing, we investigate anidiekpe cyclostationarity characteris-
tics of OFDM and FBMC signals. The spectral correlation elbtarization of MCM signal can be
modeled by a special Linear Periodic Time-Variant (LPTV3teyn. Using this LPTV model, we
have derived the explicit theoretical formulas of noncgajie and conjugate cyclic autocorrelation
function and spectral correlation function of OFDM and FBIgi@nals. According to foregoing the-
oretical spectral analysis, cyclostationary signaturesadificially embedded into MCM signal and a
low-complexity CS detector is therefore presented foratatg MCM signals.

Finally, we investigate a multi-band detection architegtiased on polyphase filter bank, which
aims to reliably sense multiple active bands by exploitimg low leakage property of PFB. We have
theoretically obtained the expressions of detection pitibaand false alarm probability for PFB
and FFT based detectors, respectively, and thereby a tlwabidetection threshold can be defined.

Chapter 4 - Capacity Comparison of OFDM / FBMC for Uplink CR Sy stems

In this chapter, we emphasize the channel capacity congpaasa CR network using two types of
multicarrier communications: CP-OFDM and FBMC modulatsmhemes. We use a resource alloca-
tion algorithm in which subcarrier assignment and powercaition are carried out sequentially. By

taking the impact of inter-cell interference resultingfrtiming offset into account, the maximization
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of total information rates is formulated under an uplinkrego with pathloss and Rayleigh fading,
subject to maximum power constraint as well as mutual iaterfce constraint between primary user

and secondary user.

Chapter 5 - Non-Cooperative Resource Allocation of FBMC-baed CR Systems

We propose a game theoretic algorithm to perform uplinkezgpy allocation and power control
between non-cooperative multi-cell with multi-user pelt teFBMC based CR systems. The max-
imization of total information rates of multiple users ineocell is considered for Rayleigh channel
with pathloss, subject to power constraint on each user. ddyguMultiple Access Channel (MAC)
technique, the original integer optimization problem @sformed into a concave optimization prob-
lem and we establish a distributed game model, in which eash btation, trying to maximize the
sum-rate of its own users, is a player. The proposed gameetiealgorithm for distributed muilti-
user power allocation is viewed as an extension of iteratigger-filling algorithm applied to dis-
tributed single-user power allocation.

Chapter 6 - Conclusions and Perspectives

This chapter summarizes the main contributions of the ditsen and some possible steps for future
research are provided.
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CHAPTER 2

Overview of CR and MCM Techniques

Wireless technologies and devices have proliferated dwepast decades, which considerably in-
creases the demand for electromagnetic spectrum. Thisrereasing demand gives us an impres-
sion that we would encounter the problem of spectrum sgaircithe future. However, the truth is
that the available spectrum is abundant but inadequatiiyedt owing to the conventional spectrum
allocation policy. The advent of Cognitive Radio (CR) hasgmigicant impact on the efficient use
of limited radio spectrum. A wealth of information of CR ca@found in [54][55]. Due to the huge
body of research literature and the interdisciplinary ref CR, it is not possible to provide an ex-
haustive overview of current CR knowledge. Instead, thaptér presents a concise overview of the
emerging CR solution for spectrum scarcity. The purpose I&to provide a preliminary summary
before offering a more detailed exposition of CR technigodle following chapters. The realization
of CR requires a highly adaptive and flexible physical layethat the sensing and adaptation can be
implemented efficiently. In the second part of this chaptarlti-Carrier Modulation (MCM), as the
candidate transmission technology for CR physical lagadjscussed.

We begin this chapter by stating the background of CRSéation 2.1.1where the CR evolu-
tion, CR definitions, and CR classifications are presentadSekction 2.1.2we survey the current
CR developments and future applications in different wessl systems, and then this chapter lists
the key research issues posed by the characteristic of GBnsysnSection 2.1.3 Next, Section
2.2, two MCM techniques: Orthogonal Frequency Division Muixing (OFDM) and Filter Bank
based Multi-Carrier (FBMC), are compared, and FBMC, pregos this dissertation, is elaborated
in theory. InSection 2.3the European project PHYDYASsupporting FBMC technique is briefly
introduced. Finally, conclusion is made$®ction 2.4

2.1 Cognitive Radio

2.1.1 Background

It is well recognized that wireless access has become agraitand vital component of our daily

life (e.g. entertainment, education, healthcare, pulafety, military, and many other aspects). For

1Some work of this dissertation is done in the context of thigest.
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instance, more and more people have the habit of carryingl#mops into public places in order to
surf on the Internet. Imagining what will happen when motere devices evolve into wireless: not
only laptops, but also mobile phones, sensors, monitoraghappliances, radio wireless tags, and etc.
This development tendency signifies that, in the long tergreat variety of new wireless services
will spring up quickly, which requires a revolutionary clggnin how the future radio spectrum is
regulated.

However, government regulatory agencies have adoptetinmti a fixed spectrum assignment
policy to the licensing of finite amounts of spectrum to vasiavireless services, in a way that is
referred to as legacygommand and controlOpen spectrum access to most of the radio spectrum is
only allowed for radio systems with limited transmissiorwaos like the underlay Ultra WideBand
(UWB) approach. The overlay sharing approach is generaltypermitted. Most of the key radio
bands less than@ H » are already exclusively assigned, and the deployment olwiezless services
is confined to either some unlicensed bands, such as thetiiadluScientific, and Medical (ISM)
bands, or bands above(3H z. Nevertheless, the existing unlicensed bands are far frdficient to
satisfy the need of future wireless services. This implies the fixed radio regulation is too inflexible
to handle the emerging wireless applications and might legutine progress of wireless access.

Careful studies of the current usage of the radio spectrurseligral agencies [4]4] have re-
vealed that a large portion (up to 85%) of the licensed spettrelow 3G H z, while even noticeably
higher at the frequencies above=3 z, is not occupied most of the time and space. The spectrum
scarcity and the inefficiency of the spectrum usage nea#ssih open access paradigm to adequately
exploit the existing wireless spectrum. Moreover, the igtommercial success of wireless appli-
cations on an unlicensed basis with relaxed regulatiogs Wireless Local Area Network (WLAN)
and Wireless Personal Area Network (WPAN)) indicates thHatgrofitable to change the legacy radio
regulatory policy towards an open spectrum access. In dodsupport this open spectrum access,
new wireless systems are required to be able to autonomotgdyize their spectrum usage without
regulating the incumbent system. Thus, the essential @mold not the shortage of radio spectrum
but the way that spectrum is used and how a self-organiziagesyis built. Naturally, the foregoing
realistic facts motivate the development of Dynamic SpeotAccess (DSA) technique to share the
existing wireless spectrum.

The termdynamic spectrum accebas a broad connotation which is categorized into three mod-
els in [56]: dynamic exclusive use model, open sharing maatad hierarchical access model. The
dynamic exclusive use model keeps the basic structure dégfaey spectrum regulation policy, i.e.
spectrum bands are licensed to wireless services for exeluse. The licensee has the right to
lease or share the spectrum for business profit, but sucinghiarnot mandated by the regulation
policy. Open sharing model is also referred tospectrum commonghis model means an open
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sharing among peer users like the sharing in ISM radio baftig. last hierarchical access model
involving Primary Users (PUs) and Secondary Users (SUs)bdigided into: underlay and overlay
approaches. The basic idea of this model is to open licensectrsm to SUs while limiting the
interference perceived by PUs. Specifically, the overlgyr@gch (also referred to agpportunistic
spectrum acce$saims at opportunistically utilizing spatial and temposalectrum white space by
allowing SUs to identify and exploit local spectrum availépin a non-interfering manner. In con-
trast, the underlay approach operating over UWB is a simppgaach to occupy a wide licensed
spectrum without interfering with PUs based on strict iestms on transmitted power level. The
important thing to note is that this approach does not relgetection of white space. Compared to
the former two models, hierarchical access model is regaadeéhe most compatible model with the
current spectrum assignment policy and legacy wirelegemsgs Although the underlay approach is
the first step approved by Federal Communications Commi¢8iGC) forward to improve spectrum
utilization through open sharing, this approach do nota@kfhe existence of idle spectrum, and just
appropriate for short-range communications due to the tawsimission power. Moreover, sophis-
ticated spread spectrum techniques are required for tipioaph. While for overlay approach the
transmission power of SUs can be comparable to the power sf drefore long-range communi-
cations will be feasible. After realizing these limitationf UWB, FCC has issued a proposed rule
making opportunistic overlay approach as a candidate téeimmgnt efficient spectrum utilization.

In this dissertation, we focus on the opportunistic spestaccess under the hierarchical access
model. Over the recent decades, the concepts of Softwdirdddradio (SDR) and Cognitive Radio
(CR) are introduced to realize the idea of opportunisticcspen access. The pioneer work can be
traced to the introduction of SDR, which was firstly proposgdMitola in [57][58] in 1991. SDR
system is a radio communication system in which some or ath@fcommunication functions are
realized as programs running on standard computers or etabedkevices. The architecture and
computational aspects of the ideal SDR have been definedifigrin [59]. Software radios recently
have significant applications for the military services anthmercial standards. In the long term,
SDR is expected by its advocators to produce a radical changelio design. However, there is no
reliable technology to guarantee spectrum use of PUs, wanables the emergence of the cognitive
radio (CR) [60].

The concept of CR was first presented officially in [5] by Métah 1999. CR is thought of as a
logical evolution of SDR. Based on the SDR technologies, G&d additionally incorporate flex-
ible and sophisticated algorithms to control the interfieeeto PUs. Employing adaptive software,
intelligent CR devices could be designed to reconfigure gt@minmunications functions to meet the
requirements of the wireless system and SUs. Based on th¢hideSUs access the spectrum dynam-

ically for available bands without causing harmful integiece to PUs, as a result, spectrum usage
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increases, the CR is therefore the key enabling technolbgg)xd generation wireless systems and
opportunistic spectrum access systems.

In recent years, a number of technical terms related to CR@aned: opportunistic spectrum ac-
cess, adaptive radio, agile radio, spectrum pooling, sjp@coverlay, etc. In order to avoid definition
confusion, the terngognitive radiowill be adopted throughout this dissertation.

CR Definitions

Ever since the notion of CR was firstly introduced in 199%edént interpretations of what an ideal
CR may look like have been much discussed in the literatutg8]. However, there is no con-
sensus on the formal definition of CR until now, the concept dalved over the past few years to
include various meanings in different scenarios. The edefihition of CR is still under debate. An
unified definition of CR is difficult to make mainly becausef@iént researchers and organizations
have different expectations about levels of situation awass and cognitive functionality. Various
definitions are summarized in [63]. The standard definitibG@R is expected to come out over time
stemming from either an international consensus or fronfuhage CR system which firstly domi-
nates the market. The author in [63] reveals some commmzaditnong different CR definitions, and
finally give their originally definition of CR by synthesizirtheir common features:

“A cognitive radio is a radio whose control processes perthi radio to leverage situational
knowledge and intelligent processing to autonomously attapards some goal”

The SDR Forum [64], which has several initiatives under wagupport the development of
cognitive radio, is under way to draft a definition that expaCR as shown below:

“A cognitive radio is an adaptive, multi-dimensionally ama autonomous radio system that

learns from its experiences to reason, plan, and decidedations to meet user needs.”

To some extent, we can simply understand that a cognitivo rigda radio that can alter its
operating parameters (e.g. transmit power, carrier frecgyenodulation scheme, etc) intelligently
and dynamically based on the surrounding environment ordesaands.

CR Classifications

It is generally thought that dynamic spectrum access is Ijneme of the important applications
of CR, and CR system can stand for any wireless paradigm pgeaates with cognition. In a broad
sense, the existing CR in the literature can be mainly caitagghinto three classifications by different
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ways according teystem functionalityavailable spectrum properfyandspectrum access technique
respectively.

The first classification depends on the differences of thetfomality that a CR can exhibit. More
specifically, there are two types of CR with different systemctionalities: Full Cognitive Radio
(FCR) and Spectrum Sensing based Cognitive Radio (SSCR).

e FCR (also referred to aMitola radio [5][65]): in which every possible operating parameter
observable by a wireless device or network should be takienaiocount. This kind of CR
system incorporates full cognitive radio functionalityg.ethe cognitive radio described in [65]
incorporates nine levels of CR functionality, however, soof which cannot be supported by

the current techniques.

e SSCR in which only the radio frequency spectrum is consideregec8ically, SSCR is a
secondary system which is able to sense its radio environar@hthen adjust its operating
parameters to reuse idle spectrum bands and meanwhile toQuaéty of Service (QoS) of

primary system.

The second classification is based on the available spegraperty, by which CR is separated
into: Licensed Band Cognitive Radio (LBCR) and Unlicenseoh@® Cognitive Radio (UBCR).

e LBCR:in which the radio frequency is licensed to so-called primssers, and the CR users are
referred to as secondary users. SUs are capable of shagisgehtrum bands assigned to PUs.
The interference avoidance with PUs is the most significgsuié in this architecture. More
specifically, SUs aim at sensing the availability of liceshspectrum bands, or controlling the
transmission power in order not to interfere with PUs. Onsumh systems is described in the
IEEE 802.22 work group, which is developing a standard foreWéss Regional Area Network
(WRAN) operated in licensed TV bands [66].

e UBCR (also referred to aspen sharing modgl in which one CR user can only utilize the
unlicensed radio frequency spectrum and compete with piner CR users. More specifically,
there is no license holder, all system entities have the gaghe and priority to access the
common unlicensed band. Unlike LBCR, CR users in UBCR focudaiecting the activities
of other CR users rather than PUs. One known unlicensed Isatiek iISM band, which is
originally reserved for the use of industrial, scientificdamedical purposes. One of such
systems is described in the IEEE 802.15.2 task group, whashbeen formed specifically to
focus on the coexistence between Bluetooth and IEEE 802&\itek.
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2. OVERVIEW OF CR AND MCM TECHNIQUES

The last classification is characterized based on spectogesa technique: Overlay Cognitive
Radio (OCR) and Underlay Cognitive Radio (UCR).

e OCR in which CR nodes access the network by using a portion gfuftacy bands that is
not used by other system nodes. Each CR node detects temporssed frequency and then
communicates on these bands. Similar to LBCR, the interteravith other nodes should be
canceled or limited.

¢ UCR: in which CR nodes spread their transmitted power over &lasnpdwidth to minimize
the interference. The idea of UCR lies in the facts that maostless systems can tolerate in-
terference to some degree and that reliable transmissioo@aur even at a low power level
if the bandwidth is large. The typical example is the UWB smaission, where the extremely
low power spectral density minimizes coexistent interfieezto incumbent narrow band com-
munication. However, the low transmitted power constr&i@R suitable only for short-range
applications (e.g. WPAN or wireless Universal Serial BuSB)).

Although Mitola radio is more representative of original @Rearch direction, this CR with full
functionality is more or less too far ahead of current tedbgies. Moreover, most of the research
work is currently focusing on SSCR with less levels of fuoedlity. It should be pointed out that the
CR mentioned in this dissertation refers to as SSCR, and Eh&e€hniques investigated herein are
mainly in the context of LBCR and OCR.

An illustration of SSCR system is shown in Fig. 2.1, where fwinary systems respectively
operate in the frequency arga and f5, which are different licensed frequency bands assigned to
these two primary systems. Specifically, a CR system could bommunication links within the
communication range of each primary system. A SU first sethsespectrum environment in order to
learn the frequency bands unoccupied by PUs. Once suchtaspdwlel is found, the SU adapts its
transmission power, frequency band, modulation selecétm, so that it minimizes the interference
to the PUs. In different areas the usage of the spectrunrgliff® spectrum hole locations and their
durations vary. The time-frequency utilization of PUs ie tiwo frequency areas can be seen in Fig.
2.1. Itis noted that the SUs in the frequency afeaan utilize the frequency all the time because
they are out of communication range of primary system in thguency ared,, andvice verseor
the other CR system in the frequency afeaThus, an ideal SSCR system allows its users to access
a frequency band opportunistically in time and space, theleading to a significant increase of the
total spectrum efficiency. As soon as the SUs start the trissgm, they should be able to detect or

1Spectrum hole represents a frequency band assigned to arprirsers exclusively, but is not utilized by that user at
a particular time and specific geographic location. Spettnoles can be considered as multidimensional regionsmwithi
frequency, time, and space.

16



2.1 Cognitive Radio
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Figure 2.1: A Space-Time-Frequency scenario of SSCR system

predict the appearance of a PU so that it vacates the spefiruhat PU. Basically, the sensing and
adaptation of the SUs must be done independently of the Pldake the primary system maintain its
legacy communication infrastructure. Thus, in order tdizeghe concept of SSCR, high resolution
spectral analysis, flexible spectrum shaping, and reliadespectrum prediction are required.

2.1.2 Developments and Applications

Cognitive radio can be considered as a logical extensiorD&,3herefore CR concepts and features
can be implemented based on SDR technology and architegthieh are well studied by the SDR
Forum. Moreover, the SDR forum has now several CR initiativeder way. Despite these initiatives
by SDR Forum, most of the researches about CR are still at eeptunal level, and there are few
cognitive radio networks in practical deployment. Moreaubed technologies and flexible spectrum
management policies for realizing CR network are beingnte@ and developed. This section de-
scribes some of the recent advances in CR communicatioresewthe current CR developments and
future possible CR applications are presented.

Developments

It has been gaining a growing interest among academic, tndwnd regulatory communities in
searching for all-profitable CR techniques. In academicnynrasearchers are currently engaged
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2. OVERVIEW OF CR AND MCM TECHNIQUES

in developing the sound communication technologies antbpots required for CR networks, and
tremendous amount of academic papers and books related ta@Rbeen published in literature
[54][55]. The ever-increasing research efforts have maslgraficant progress on CR both in theory
and in practical implementation.

In addition to academic area, commercial, civil and miitareas all exhibit much interests in
this type of highly intelligent radio. Initial work on CR isetleloped at the Defense Advanced Re-
search Projects Agency (DARPA) in the United States for thilgary use. DARPA is responsible
for funding the development of new technologies in ordemtoagce the national security, which not
only has strengthened the defense capability but also ltha biginificant effect on the CR technique
improvement. Itis widely known that the realization of CR&dn industry largely depends on the de-
velopment of regulatory communities. Nowadays, EuropeahAsmerican regulatory communities
are putting emphasis on CR for the commercial use, because/ineless services can be provided to
meet future user demands. Many large-scale projects aillige€R topics for commercial purpose
are recently approved and are under way, and some new caesriemerging to apply CR sensing
techniques to efficiently exploit the radio spectrum resesr Moreover, FCC has built several CR
test trials to investigate the impact of CR in white spacé, then a white space coalition comprising
of eight companies is set up aiming at efficient use of theréudrailable analog television frequency
bands. In a word, there is a tendency that more industrialites will spring up to realize the CR
technique.

The regulatory reform is regarded as the key factor for &IDR network development. Most of
the current spectrum assignment policies around the wodé p challenge to the dynamic spectrum
access due to the inflexible allocation approaches. Effmedbeing made by regulatory communities
to promote the possibility of allowing dynamic spectrumess: Pre-regulatory activity has already
started in all the international telecommunication uniegions. For instance, FCC as one of the
proactive regulatory bodies supports CR via recent specpoilicy task force and CR notice of pro-
posed rules. The revised rules permit the 3650-3¥0H » band for terrestrial wireless broadband
operations incorporating a contention-based protocaichvban be interpreted as benefiting from CR
technologies.

The core regulation that can accelerate CR development gpidydnent lies in the standardiza-
tion. Many standardization efforts already include somgrele of CR technology today. In [67], the
on-going standards activities of interest for CR within EERave been reviewed, and the prospects
and issues for future standardization have been also mavithe existing standards mainly support-

ing dynamic spectrum access are IEEE 802.22 and IEEE P1900:
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e IEEE 802.22 (WRAN in unused TV bands): this is the first international elé#sss standard
[66] adopting intelligent CR with tangible frequency baridsits operation, and will be also
the first step to convince the regulators to open other legrspectrum for spectrum sharing
by successful co-existing network architecture. More spadly, this standard is defined for
WRANS to provide broadband Internet connectivity, and widlerate in the licensed bands
from 54 to 862M H z allocated for TV services since most of TV channels in thesguency
spectra are largely unused especially in rural regions.

e IEEE P1900 the IEEE P1900 standards committee was established in [p0@i8y by the
IEEE communications society and the IEEE electromagnetiopatibility society to develop
supporting standards dealing with new techniques beingldpgd for next generation radio
and advanced spectrum management.

Other standards having CR features can be found in IEEE 8Ghdl IEEE 802.16. In IEEE
802.11h, dynamic frequency selection and transmit powetrgbare implemented for WLAN shar-
ing. Another technology that is receiving interest latelyobth academic and industry is Worldwide
Interoperability for Microwave Access (WiMAX), e.g. thetnaal band from 3 to 1@7H = for CR
operation is utilized by the UWB radios, where the primargrasof this spectrum are WiMAX sys-
tems. The strategy to avoid interference between UWB and AMMystems is calledletect and
avoid, which involves some basic cognitive functions like segsaimd power adaptation. In the fu-
ture, more efficient spectrum management and planning quireel for heterogeneous CR networks,
such as IEEE 802.11-based WLANSs and IEEE 802.16-based eS&dlletropolitan Area Networks
(WMANS) may operate in the same unlicensed frequency band.

Future Applications

CR is already being considered as one of the key candidatadigies for the fourth generation
wireless systems. There is no doubt that the CR technolagiebave a great impact on wireless
communication commercial area, where CR techniques wilghprofit to each network entity: de-
vice manufacturer, license holder and secondary user. Blaeeifically, equipment manufactures
can benefit from the increased demand for wireless devichs.séime trend as the introduction of
unlicensed bandwhich has caused a substantial increase of short-rangeedesiich as WLAN and
Bluetooth, the implementation of CR techniques will indgamilar changes by efficiently using the
existing radio frequency resources. Likewise, licensaléi@ can increase additional revenues by
renting their spectrum bands to new wireless services,wigiduces the large burden for keeping ex-
pensive licensed spectrum. Thanks to the above benefitglirommanufactures and license holders,
secondary users can obtain cheap services with highetyuali
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In addition to the potential application in commercial atba CR paradigm is expected to enable
a variety of new applications in demanding environmentd,[62). cognitive mesh network, civil

emergency network, military network, and roaming network:

e Cognitive mesh networkmesh network is a mesh connectivity technology that canifsig
cantly enhance network performance. Recently, wirelesshmmetwork is undergoing rapid
progress and inspiring substantial deployments. With tbe/img commercial deployments of
mesh networks and other WLAN networks, the ISM band is ggtsmturated. In order to re-
lieve this congestion, CR techniques can be used for mesloriet to obtain higher throughput
since they can opportunistically access to finite amounpe€sum. Thus, dynamic spectrum
usage of the scarce spectrum resource will be the next sfageolition in mesh network

research, which is referred to as cognitive mesh network.

¢ Civil emergency networkwhich includes various emergency networks. CR has thenfiate
to mitigate the consequences of natural diasters by temijyobailding coordination without
any infrastructure. CR will be also useful for emergencyltheare services. For example,
transmission of video or images from an accident site to tspital can help the medical staffs

to prepare emergency medicines and equipments for thengi@head of time.

e Military network: which has a strong need for rapid set-up time and securitlyggog€Eommuni-
cation in hostile environment. CR could improve the relighiof communication, especially
in the battlefield with high interference and vulnerabililye to jamming. Moreover, CR could
allow soldiers to perform spectrum handoff to find securespe band for themselves or their

allies.

e Roaming network CR technologies offer the international roaming capgbith CR terminals
by autonomously exploit locally unused spectrum to provide paths to spectrum access, and
self-adjusting their transmission in compliance with laegulations.

2.1.3 Key Research Issues

Opportunistic use of spectrum in SSCR system poses criticdlenges to the researchers. There are a
lot of tasks that need to be accomplished before a fully fonat SSCR network can be implemented.
This section addresses the frequent research issues dgfivegadio, some of which will be dealt with
in the subsequent chapters.

Atime-frequency illustration of basic research tasks iICBSystem is given in Fig. 2.2. Itis well
known that the objective of SSCR is to enhance spectral efityi by overlaying a secondary radio
system on an existing primary one without requiring any ¢leato this primary system. In order to
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Figure 2.2: A Time-Frequency illustration of basic research tasks ignitive radio system

achieve this goal, the future CR technology should enaldeXR users firstly to accurately identify
and intelligently track idle spectrum holes that are dyramitime, frequency and location, and
secondly to select the best available spectrum bands aegdaoduser or system requirements. Next,
CR users are coordinated to access on the selected speands With fair spectrum scheduling
approaches. Besides, CR techniques should guaranteeGRatiser will vacate the channel currently
occupied by this CR user when a primary user is detected srchannel, and meanwhile maintain
seamless connection by changing over to another spectrien fbe basic research issues can be
summarized below:

Spectrum Sensing

Spectrum sensing is the key element of CR awareness, arglgtaitical role on CR communication
links since it provides reliable spectrum opportunities tfiem. The task of spectrum sensing is
to determine which part of the licensed spectrum is idle anditar the reappearance of licensed
users. Spectrum sensing should be implemented such thiitriésult in high reliability in spectrum
occupancy decision to guarantee the service quality ohdied system. On the other hand, it is
essential for secondary users to establish the state opttedram and the nature of the interference
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to evacuate immediately if there is a PU active in a band. Wewaoise and propagation conditions
make spectrum sensing a very difficult task. It has been shibatra simple energy detector cannot
guarantee the accurate detection of signal presencefdremore sophisticated spectrum sensing
techniques are required.

Spectrum Management

The task of spectrum management is to select the most sugpbttrum to meet user communication
requirements over all available spectrum bands. The daifpectrum bands detected through spec-
trum sensing show different characteristics accordingtmnly the time-varying radio environment
but also the spectrum band information, e.g. the operateguency and the bandwidth. In order to
capture the best spectrum, the quality of each spectrunmsholgd be characterized considering such
as interference level, link layer delay, channel capabityding time interval, etc. The recent work
only focuses on spectrum capacity estimation. In order tadéeon the appropriate spectrum for
different types of applications, it is desirable and still@en research issue to identify the spectrum
bands combining all characterization parameters destdabeve.

Spectrum Sharing

Another task in CR networks is spectrum sharing, which ishiarge of coordinating access to the
selected channels among coexisting secondary users. dtriapesharing, fair resource allocation
methods including interference avoidance need to be daeedlo However, substantially different

challenges exist for spectrum sharing in CR network becafigee coexistence with licensed users.

Spectrum Mobility

Spectrum mobility is needed when the following cases af¥e:users pass through the border from
one region to the other one, current channel conditionsrheamorse, or a primary user appears. The
task of spectrum mobility is to dynamically change the opernafrequency of CR users, and thus to
maintain seamless communication during the transitionifferdnt frequency spectrum. Spectrum
mobility gives rise to a new type of handoff in CR networkstthge refer to asspectrum hand-
off. In other words, the purpose of spectrum mobility is to makee ghat the spectrum handoff
is implemented so efficient that a CR user can acquire minirparformance degradation under a
non-interfering manner.

Apart from the above research tasks of CR networks, additi@search in upper layer and cross-
layer is also crucial for the realization of CR networks, endetails can refer to [62]. Feasible CR

implementation requires significant attention not onlyhte inaturity of theoretical research, but also
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to other aspects [68], such as standardization, commexcigities, hardware technique challenges
(e.g. agile RF front-end, wideband adaptive filtering angléroation).

After providing a summary description and overview for CRr, focus, in the next section, is on
the multi-carrier modulation schemes which are well suigdSSCR system.

2.2 Physical Layer MCM Schemes

The principle of MCM s to transmit data by splitting it int@weral components, and then send
each of these components over separate carrier signals. M€iMiques occupy the overwhelming
advantages than the single carrier modulation becauseiottigh data rate, robustness to multipath
fading, and enhanced resistance to Inter-Symbol Interéer€lSlI). Furthermore, MCM can provide
a flexible spectrum shaping of the transmitted signal thist thile detected spectrum holes without
causing interference to PUs. Another merit of MCM is thatptecessing structure employed for
signal transmission and reception can be reused for spantilysis. Consequently, spectrum sensing
can be performed without any additional cost.

Recent works in CR have proposed the use of OFDM and FBMC, tasah@andidates for the
physical layer of CR systems [6][14][69]. In [70], Multi-@#&r Code Division Multiple Access
(MC-CDMA) is suggested for CR systems when spectrum serisimgpt available. Since the CR
techniques in this dissertation are discussed in the cbofe®SCR, only OFDM and FBMC are
investigated in the following part, where their pros andsare listed and compared. Besides, the
basic principle of FBMC is elaborated to provide an explimtlerstanding of this promising MCM

technique.

2.21 OFDM

OFDM is one of the most widely used MCM technologies in curmneless communication systems
and has been intensively studied in the literature. OFDMass been preferred by many practical
applications, e.g. in WLANSs with IEEE 802.11n standard, iM¥ANs with IEEE 802.16e standard,
in cellular networks with the 3GPP-LTE (3rd Generation Rarship Project-Long Term Evolution),
etc, due to its simple concept, low complexity and minimuteriay. Nowadays, OFDM has been
proposed as a candidate for the CR systems in [6] because lui§lt-speed rate and inherent capa-
bility to combat multipath fading. These properties areaoi#d, firstly, by the decomposition of the
transmitted signal into several narrow frequency bandschwimakes it less sensitive to frequency
selectivity, and, secondly, by the extension of the OFDM Isghdaluration using a Cyclic Prefix (CP)
of sufficient length to avoid ISI. Additionally, the Fast Far Transform (FFT) as part of the OFDM

demodulator can be used for spectral analysis.
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However, despite these advantages, a number of shortcemiri@~DM in the application of CR
have been presented in [33][71] and solutions to them haga peoposed. These shortcomings of
OFDM mainly originate from the significant side-lobe of theduency response of the rectangular
pulse shape and the extended CP which reduces spectramtficiOrthogonality cannot be guaran-
teed if adjacent subcarriers are used by non-synchron@us biglonging to different OFDM systems,
which results in severe interference between PUs and SUsam@SUs. To ease this dilemma, sug-
gestions such as the extension of CP, the application ofowimdy techniques to suppress the side-
lobe, and the usage of guard bands are proposed. Nevesgthtflese solutions come at significant
overhead and sacrifice an additional portion of time or badtihyotherwise these excessive time and
frequency allocated to CP and guard bands could be used fartrd@smission. Other techniques
proposed in the literature to reduce the spectrum leaka@d-6fM can be found in [72][73]. These
techniques achieve significant reduction of adjacent sukcs interference, but increase the overall
system complexity due to additional calculations. Analogligital filters can suppress the undesir-
able spectrum portions of the OFDM signals before transamns$ut this spectrum mask operation
in CR context must be adaptive, which makes the use of filtdfisudt. In addition, the authors in
[15] point out that in the CR setting, OFDM/FFT can lead tanffigant sensing errors, which is as
well due to the large side-lobe of OFDM.

The drawbacks of OFDM in the CR context are listed as follows:

1. ACPis added at the end of each OFDM symbol to handle theneh@mpulse response, which
causes a loss of symbol rate. Furthermore, there is extndnese due to the guard-bands
between the PU and SU transmission channels;

2. OFDM signal is very susceptible to residual frequencgeiffind timing offset, which results
in high sensitivity to Doppler Effect, strict timing and éreency synchronization is required;

3. To implement spectrum sensing without additional coBfl Bs spectral analyzer cannot pro-
vide a high spectral dynamic spectrum rafgéhus OFDM cannot fulfill the prescribed out-
of-band rejection specification of FCC [1]. Moreover, thgnificant spectral leakage among
frequency subbands leads to serious influence on the penfmerof the spectrum sensing;

4. It requires block processing to maintain orthogonalityoag all the subcarriers, which is a
major limitation to scalability;

5. Another drawback of OFDM is the increase of the Peak-terdge Power Ratio (PAPR) that

causes nonlinearities and clipping distortion;

'Here dynamic spectrum range refers to the difference beiwee weakest and the strongest signal which can be
detected simultaneously by the estimator.
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2.2.2 FBMC

It is worth noting that the influence of large side-lobe of QK not important for the CR system
in which its standard does not support Frequency Divisiortilla Access (FDMA) operation (i.e.
different clusters of subcarriers are allocated to difiengsers), or in which the standard regulates
sufficient guard bands to protect primary users, e.g. the FQGires IEEE 802.22 to maintain large
guard bands to adjacent TV channels. However, once the FDp&fation is adopted in a CR system
with strict guard-band limitation, the aforementionedrst@mmings of OFDM are likely to turn out to
be significant. FBMC, to a large extent, inherits the benefit@FDM, while exhibiting the potential
to significantly enhance the spectral efficiency of the radierface. Consequently, the attempts to
overcome the limitations of OFDM in CR systems have promtiteddevelopment of FBMC.

There are mainly three FBMC techniques that have been studihe literature: Offset Quadra-
ture Amplitude Modulation (OQAM), Cosine Modulated muttife (CMT), and Filtered MultiTone
(FMT). Initial FBMC technique is referred to as OQAM, whichariginally investigated in [74][75].
As opposed to OFDM, which transmits complex-valued symiabla given symbol rate, OQAM
transmits real-valued symbols by introducing a half syngaace delay between the in-phase and
guadrature components of QAM symbols, it is possible toeeha baud-rate spacing between adja-
cent subcarrier channels and recover the information sifibe of ISI and Inter-Carrier Interference
(ICI). Further progress is made by Hirosaki [76], who sholat the transmitter and receiver part of
this modulation method can be implemented efficiently in lypuase Discrete Fourier Transform
(DFT) structure. More developments about OQAM can be foar[@]i~[13].

Other FBMC techniques are motivated by the advanced Diitakcriber Line (DSL) technology
to better suit DSL channels. CMT using cosine-modulatedrfiianks is an early FBMC technique
developed in DSL area [77][78], and has recently been agplievireless applications. CMT owns
high bandwidth efficiency and the capability for blind deimc [78] owing to special structure of
the underlying signals. When multiple adjacent bands aed @ transmission, overlapped adjacent
bands can be separated perfectly thanks to the reconstrymibperty of CMT. As well, FMT is an
another FBMC technique originally developed for DSL apgtiiens [79]. Compared to CMT, which
allows for overlapping of adjacent bands, the subcarriadban FMT are non-overlapping. Thus, the
main difference between CMT and FMT lies in the way the spéttand is used. In FMT, different
subcarrier signals can be separated by conventional riidgerin CMT, however, the overlapping
subcarrier bands should be separated through sophistidategn of filtering, i.e. FMT allowing for
easy and flexible handling of signals at the receiver maytb&ctive from an implementation point of

view. As for CMT, in contrast, can offer higher bandwidth @ffncy and blind detection capability.
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To conclude, the above three FBMC techniques could all #ieaily offer a significant band-
width efficiency advantage over OFDM due to their speciatifiiank based structure and the elimi-
nation of CP. In practice, the modulated signals need to h@ifiea by a non-linear power amplifier
before to be transmitted, the authors in [80] propose a casgabetween OFDM and FBMC using
different types of memoryless power amplifiers. The nunagriesults show that FBMC can always
obtain a better containment of the out-of-band energy thaBId even if this advantage is partially
reduced in the presence of a non-linearity. On the other ,hamdng different FBMC techniques,
OQAM is preferred to be a suitable choice for CR applicationg81], where the performance of
FMT, CMT and OQAM for CR networks are compared, and the caictuis drawn that OQAM
presents highest stopband attenuation among the three EBdM@ fixed filter length and number
of subcarriers. Moreover, FMT and CMT are originally intuegd for DSL applications, and will be
impractical and hard to meet the CR system requirements.

The discussion in this dissertation, therefore, mainlyoties to the use of OQAM based on fil-
ter bank theory for CR applications. The OQAM based transimisstructure is introduced in the
following.

The principle of OQAM is to divide the transmission flow infd independent transmission
using M subcarriers. An introduced orthogonality condition bedwesubcarriers guarantees that
the transmitted symbols arrive at the receiver free of 1Sl BZI, which are achieved through time
staggering the in-phase and quadrature components oftibarsier symbols by half a symbol period.
Fig. 2.3 shows the OQAM based transmission system, whictaomna Synthesis Filter Bank (SFB)
at the transmitter and an Analysis Filter Bank (AFB) at theeieer.

At the transmitter, the input symbols are assumed to be cm@lued

zl = al, + jbl, (2.1)

whereal andb! are respectively the real and imaginary part of ffiesymbol in thek'" subcarrier.
The input signals to the synthesis filter bank at Afe subcarrier and th&” symbol are generated
according to the offset QAM modulation rule

1
a? if k=even,l = even
-1
b, 2 k= | = odd
In.SFB (1) ={ '™ if cvem =0 2.2)
jb,f if k=odd,|=even
-1
ak2 if k=odd,l=odd

Instead of a rectangular shape filter, a longer prototyper idt adopted in OQAM systems. It is
possible to perform a filtering using a filter bank composead &FT and a polyphase filtering ac-
cording to polyphase decomposition theory. Assunfind) is the transfer function of the prototype
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filter h(n), using the polyphase decomposition, we have

LM-1 M-1
H(Z)= > hn)Z "= Hy(Z")Z ™™ (2.3)
n=0 m=0
where
L-1
Hop(ZM) =Y higem 2™ (2.4)

1=0
whereL denotes the overlapping factor of the prototype filter.

An uniform filter bank is obtained by shifting the responsegfrototype on the frequency axis.
At the transmitter side, we can write the transfer functibthe m!” filter as

. M-1 -
Bo(Z) = H(Ze ™) = > Hy(2M)e* 5 27 (2.5)
m'=0

Considering all the shifts by multiples af/ M and the associated filters, a matrix equation for
SFB is obtained as displayed in (2.6), whéfe = ¢727/M  and the square matrix is the inverse
discrete Fourier transform matrix of ordéf. The structure of (2.6) is shown in Fig. 2.3, and it is
referred to as synthesis filter bank.

By(2) 1 1 . 1 Hy(ZM)
By (z) 1 owt o o wm W=D Z-YH (ZM)
N , . . (2.6)
By-1(2) 1 W= M| 2= Mgy (2
At the receiver side, we can write the transfer function efiit” filter as
-m M-1 _mm/
B(Z) = H(Z™ ) = Y~ Hp(2M)e 75 27 (2.7)
m’=0

Considering all the shifts by multiples af/ M and the associated filters, in the same way the
matrix equation for AFB is obtained as displayed in (2.8)eveiV = e 727/M and the square
matrix is the discrete Fourier transform matrix of orddr The structure of (2.8) is shown in Fig.

2.3, which is referred to as analysis filter bank becauserfbpas a frequency decomposition of the

input signal.
Bo(2) 1 1 e 1 Hy(ZM)
Bl(z) 1 w WwM-1 Z_lHl(ZM)
Bu-1(2) 1 wM=n M0 | =MDy, (M)
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A simple postprocessing can be identified as an OQAM demutdualaThe received symbols
at thek*" subcarrier and thé&" symbol are generated from the output of the analysis filtelkba
according to the rule as displayed below

Out_AF By, (2l + 1)
Out_AF By, (20 + 1)

if k= even
if k=odd

(2.9)
whereOut_AF By,(1) denotes the output signal of the analysis filter bank akthesubcarrier and the

Re [Out_AFBk(zz)} +jIm

Out_Symy(l) =
(1) { jIm[Out_AFBk(%)}—I—Re

It symbol.

In the literature, various prototype filtehkgn) are designed for their corresponding applications.
In this dissertation, we use the prototype filter advocatetié European project PHYDYAS [9][19],
which will be introduced in the following section.

The impulse response of PHYDYAS prototype filter with an ¢yaping factorL = 4 and M =
512 subcarriers is presented in Fig. 2.4. Assumifig= LM is the number of prototype filter
coefficients, and the prototype functiditn) is symmetric around ¥ coefficient (k= § + 1), i.e.
h(n) = h(N +2—n),n = 2,3,--- , N andh(1) = 0. The specific PHYDYAS filter coefficients
in the time and frequency domains can be found in [9]. Theueegy responses of OFDM and
PHYDYAS prototype filter are compared in Fig. 2.5. We can $a¢ ©OFDM subcarrier suffers from
high side-lobe radiation as opposed to PHYDYAS filter bank.

In contrast to OFDM, OQAM technique has somewhat higher @mgntation complexity, to-
gether with the higher conceptual complexity and unfamiligo the engineering community. How-
ever, in the projet PHYDYAS [19], which will be presented hetnext section, it has been demon-
strated that the implementation complexity of FBMC is stdteptable. In addition to the implemen-
tation complexity, FBMC has the following salient features

1. No cyclic prefix is needed and small guard-bands are sefiticd suppress cross-channel inter-
ference, therefore full capacity of the transmission badtwcan be achieved using OQAM;

2. Due to its low side-lobe radiation, FBMC is much more irsi@re to timing offset than clas-
sical OFDM. Furthermore, FBMC is less sensitive to residtedquency offset, which shows
higher robustness to Doppler Effect;

3. The same device can be used for spectrum sensing andioecgiptultaneously, and the high
resolution spectrum analysis capability of filter banks lbarexploited for CR systems, which
is proved in [15][16] that filter banks can obtain much larggnamic spectrum range than the
conventional FFT. Thus, the probability of undesirabldisioins between secondary users and
primary users is greatly reduced;
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Figure 2.4: Impulse response of PHYDYAS prototype filter
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Figure 2.5: Frequency responses of OFDM and PHYDYAS prototype filter
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2.3 PHYDYAS Project

4. OQAM divides the transmission channel of the system inseiaof subchannels and each
subchannel overlaps only with its neighbors. Subchanreisbe grouped into independent
blocks, which is crucial for scalability and dynamic access

5. The PAPR characteristics of OFDM and FBMC are quite sinj@a];

The polyphase filtering blocks replaces the blocks for piafigrtion / suppression used in OFDM
terminals as shown in Fig. 2.3. Itis seen that the FFT is comtodoth OFDM and OQAM, which
is an important aspect for the compatibility issues. Fompdiicity, the term FBMC instead of OQAM

will be used in the remainder of this dissertation.

2.3 PHYDYAS Project

PHYDYAS project [19] is an European project, which has a tiareof 30 months' and has 13 con-
sortium members consisting of academic teams, indusiidhers and non-profit research organiza-
tions. The objective of PHYDYAS project is to propose FBMCllas CR physical layer candidate
for future dynamic spectrum access and CR systems becaubstotmal OFDM scheme is lack of
flexibility and has poor spectral resolution. In contradBMC can offer high spectrum resolution
and provide independent sub-channels, while enhancingitiedata rate capability. All of these
advantages of FBMC technique fulfil the requirements of @ dynamic spectrum access and CR
concepts.

Appropriate algorithms have been developed to cope withyrsdnations, particularly fast ini-
tialization, equalization, single and multi-antenna gssing. Other issues are the study of duplexing
and multiple access techniques, interference managemeérrass-layer optimization in the FBMC
context. The compatibility with OFDM is also an importantnkatem in view of the smooth evo-
lution of networks. Overall, three parts are distinguishexsearch in signal processing, research in
communication and design and realization of the hardwaiite/are demonstrator. These efforts have
been carried out at the European level, in order to benefit fitee vast amount of knowledge and
experience available and make the time scale compatiblettét on-going or planned standardiza-
tion actions. The consortium has a strong academic paatioip, whose mission is to deliver the best
methods and the most efficient algorithms. The industrigingas bring their experience in commu-
nication infrastructure design and deployment, in insentation and measurements and in circuit
design. Non-profit research organizations facilitate teperation between academic and industry
partners.

1The project started in 2008, January.
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2. OVERVIEW OF CR AND MCM TECHNIQUES

The most prominent impact of the project is to trigger thenatign of radio systems from OFDM
to a new FBMC based physical layer. Since several membelgafdnsortium also are members of
some standardization groups, this project has a directdtrgrathe future standard. Furthermore, the
project has not only reinforced European industrial lesltierin wired and wireless networks, but
also stimulated and strengthened the European researdgiitize radio. In the perspective of the
world, the success of the proposed physical layer has boied to the dissemination and exploitation
of the new radio concepts on a global scale.

2.4 Conclusion

Digital filter banks are occupying a progressively impottane in both wireline and wireless com-
munication systems. So far, some attempts have been maadeaduce FBMC in the CR communi-
cations area, in particular, the Isotropic Orthogonal $famnm Algorithm (IOTA) [17][18]. In [14],
FBMC has been recommended as a physical layer candidateRfay&tems, and has been inves-
tigated as a potential physical layer for future dynamiccspen access and cognitive radio in the
European project PHYDYAS [19].

As a physical layer candidate of CR networks, FBMC has tHeviahg advantages. Firstly, cyclic
prefix is no longer required in the FBMC scheme in order to ggi Bpectral efficiency, and FFT as
in OFDM is completed by adding a polyphase filtering. The diapd attenuation of each subcarrier
can be controlled by designing the prototype filter with lagdeslobe. In [15], the authors propose the
use of FBMC to ease the leakage problem of OFDM due to its loghstness to residual frequency
offsets by taking advantage of the low spectral leakage gotpof prototype filters. Because of
its low spectrum leakage, FBMC has the advantage of feeddnigin spectrum holes with certain
transmission power resulting in no interference on thecadjasubcarriers that are occupied by PUs.
Moreover, the additional polyphase filtering for commutima can be reused for spectral analysis,
and which can obtain larger dynamic spectrum range than QFBW

The capabilities of FBMC for spectrum shaping and spectransisag well meet the essential
requirements of SSCR, therefore, FBMC techniques are d@eresd to be particularly suitable for CR
physical layer transmission. The objective of this disge@h is to propose and investigate OQAM,
one of promising FBMC techniques for the future CR systemss Ibelieved that FBMC will play
an important role in realizing the concept of CR by provideng efficient, adaptive, and scalable
technology because of its attractive features. Next chapthis dissertation will deal witspectrum
sensingone of the key research issues of an SSCR system.
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CHAPTER 3

Spectrum Sensing

The objective of Cognitive Radio (CR) is to improve the e#fiti use of the spectrum by sensing the
existence of spectrum holes. Therefore, spectrum sersihg ikey technique to identify the unused
frequency bands for access by the Secondary User (SUs)pamstire that SUs would not interfere
with Primary Users (PUs). In order to efficiently utilize theailable spectrum opportunities, SUs are
required to sense frequently the spectrum while minimizirgglatency time spent in sensing.

In some cases, there exists the possibility of failing teedeprimary activities due to channel
fading and significant interference. To overcome this mohlIEEE 802.22 standardization is cur-
rently considering the network assisted detection by pliogi the continuously-updated spectrum
usage tables or placing beacons in primary signals. Howav€lR context, the PUs and SUs can-
not necessarily exchange information. In this case, seurgnubdes need to estimate the spectrum
environment without assistance of primary system.

Reliable detection without assistance is mainly affectedwob reasonssilent receiverand hid-
den transmitter Specifically, the location of primary receivers are unknadue to the absence of
signalling between primary receivers and the SUs, so itng ddficult for a CR terminal to have a di-
rect measurement of a channel between a primary receivea sadondary transmitter. Few research
is focused on the detection of primary receivers [83], méstoent works focus on primary trans-
mitter detection based on local observations of CR usersth®wther hand, a CR terminal cannot
detect a primary transmitter signal in the case of hiddemstratter (i.e. which is blocked by some
obstacles), then the transmission of CR users will causef@mence to the primary receiver. A robust
approach so-called cooperative sensing is proposed ferhidlden terminal problem by exchang-
ing information among several CR terminals. The coopegatiensing decreases the probabilities of
missing detection and false alarm considerably, and it tsndecrease sensing time.

Primary receiver detection and cooperative detection aygid the scope of this dissertation,
where only primary transmitter detectors are investigaledhe following, a state of the art of trans-
mitter detectors is summarized 8ection 3.1together with their comparison. Next, two individual
contributions are presented. Firstly, a Cyclostationagn&ure (CS) based detector is proposed for
Multi-Carrier Modulation (MCM) signal detection iSection 3.2and we compare this CS detector
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with traditional energy detector. Second8ection 3.3resents a multi-band detection architecture
based on polyphase filter bank, which outperforms the FF&dasulti-band detection.

3.1 State-of-The-Art of Transmitter Detectors

There are a number of spectrum sensing techniques proponddtieoretically analyzed for primary
transmitter detection in the literature. The general apgioof spectrum sensing is very difficult to
draw up, and specific methods must be found according to tietipal applications. To the best of
our knowledge, there are four main signal detection tealesg matched filter, energy filter, higher
order statistic, and cyclostationary feature detectol{§54[86].

The goal of our study in various sensing methods is to find &alskéi detection method for CR
application, where the following criteria require to be smiered:

e Criterion 1. Minimum detectable signal levels and required sensing torachieve the desired
probabilities of detection and false alarm;

e Criterion 2: Robustness to noise uncertainty and background intexdere

e Criterion 3: Implementation complexity and feasibility;

We motivate the strong need for sophisticated sensing igabs to satisfy the above three condi-
tions. In the rest of this section, we introduce the afordinaed four detection methods by specify-
ing their advantages and drawbacks, and characterize dieésgtion methods by means of the above
three criteria.

3.1.1 Matched Filter

Matched filter based spectrum sensing maximizes the raeté&ignal to Noise Ratio (SNR) and
performs optimal detection [87]. The main advantage of mexdcfilter is that it can achieve high
processing gain with the sensing time sdal@ /SN R) to meet a given probability of detection con-
straint [88]. If the number of samples used in sensing isindgtdd, this coherent detector can meet
any desired probabilities of detection and false alarm Kamaously. Thus, given enough samples,
arbitrary weak signals can be detected. Another advantageathed filter is its capability to dis-
tinguish the primary signal from the interference and noBesides, it has low complexity and high
agility. Most practical wireless network systems have tpilpreambles, or synchronization words
(e.g. narrowed pilot in TV signals, dedicated spreadingesad CDMA systems, preamble words
in OFDM systems), which can be utilized for coherent detectiAs a result, if CR users have the
sufficient knowledge on the primary signal, then a matchéet filill be the optimal choice.
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3.1 State-of-The-Art of Transmitter Detectors

However, the benefit of high processing gain comes at theofdstowinga priori knowledge of
transmitted primary signal for demodulation, such as maitrd scheme and order, pulse shaping,
packet format, center frequency, etc. Moreover, timinghyonization, carrier synchronization, even
channel equalization are indispensable for coherent delatah. In the presence of frequency offset,
matched filter has limitation on sensing time and detectsigieal levels. Additionally, a significant
drawback of a matched filter is that each CR terminal needsceiapreceiver for each primary
transmitter class.

According to the aforementioned advantages and drawbdckstzhed filter method, we can
summarize its characteristic corresponding to the thriéerier.

e Criterion 1: If the number of samples used in sensing is not limited,dbigctor can meet any
desired probabilities of detection and false alarm;

e Criterion 2: It is robust to noise uncertainty and background interfeeg

e Criterion 3: Since the received signal may be totally unknown to the CGRiteal, moreover,
perfect carrier and timing synchronization are necesdanmgs complex implementation struc-
ture and unrealistic feasibility in the context of CR;

3.1.2 Energy Detector

In some cases, an optimal detector based on matched filtet &roption since it requires priori
knowledge and perfect synchronization for coherent dettatidon. Instead, a suboptimal and non-
coherent energy detector also known as the radiometer $8&jlopted. In other words, if the CR
terminal has no sufficient information about the primaryrusgnal (e.g. if the power of the Gaus-
sian noise is the only information known to the CR termintde optimal option will be an energy
detector. Energy detector simply measures the energy afiplg signal over a specific time interval.
By knowing the noise variance, the obtained detection perdnce are satisfactory. Due to the negli-
gence of signal structure information, which is considdrganatched filter detector, energy detector
needs longer detection time with the sensing time s@dle/ SN R?) to achieve a given detection
requirement [88]. Another advantage of the energy detestits simple implementation structure,
which benefits from the fact that it requires no prior knowgeaf the current operating systems.
Despite the implementation simplicity and the applic&pifor various signals make the energy
detector a favorable candidate, there are several drawlaakmight constrain the use of this detec-
tor. Firstly, a threshold used for primary user detectiohighly susceptible to unknown or changing
noise levels, fading, and channel interference. In practite quality of energy detection is strongly
degraded due to noise power uncertainty, thus the mainutifics to obtain a good estimate of the
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variance of the noise. However, noise is an aggregationraiwssources including the local thermal
noise and the environment noise. The local thermal noisevagnover time owing to temperature
variation, ambient interference, filtering, etc. The emmiment noise, which is an aggregation of
random signals from various sources in the environmer,\&ses over time. Furthermore, there is
always an estimation error due to limited amount of time. [ litiis practically impossible to estimate
the exact noise power. Even if noise power level is exactiyneged, in frequency selective fading
it is intractable to set the threshold with respect to chanot&hes, and the presence of any in-band
interference would also confuse the decision of energyctiete Consequently, the energy detector
is prone to false detections at low SNR levels triggered bgenand interference uncertainties. Sec-
ondly, energy detector cannot discriminate between moeflilsignals, noise and interference but can
only determine the presence of the signal, which means iataglistinguish between the spectrum
usage of the primary users and that of the other secondary. usastly, an energy detector does not
work well for direct sequence spread signals and widebaglifncy hopping signals.

In any case, energy detector is a good option when the CRnalrkhows nothing about the
primary signal or when implementation complexity is the m@oncern. More sophisticated detectors
could be invented if additional information on primary usgmnal can be exploited.

We conclude the characteristic for energy detection method

e Criterion 1: Signals can be detected at a SNR level as low as desireddptbthe detection
interval is long enough and the noise power level is perfédetbwn. However, the disadvantage
suffering from noise and interference uncertainties patitd on minimum detectable signal
levels, and an increased sensing time is needed in this case;

e Criterion 2: It is highly susceptible to noise uncertainty and backgrbinterference. In most
of practical situations, noise power is difficult to be estied by the CR terminal,

e Criterion 3: It is a versatile detector with simple processing requestni.e. it can be applied
for any signal type detection and does not involve comigagignal processing. However,
it cannot differentiate signals, noise and interferencher&fore, it has low implementation

complexity and limited feasibility;

3.1.3 Higher Order Statistic

During the past few years, there has been an increasingester applying Higher Order Statis-
tics (HOSs) in many fields including the telecommunicatidimese statistics, known @&simulants
1190], and their associated Fourier transforms, knowpagspectra not only reveal the amplitude

1The k" order cumulants is defined in terms of its joint moments ofecscup tok, and the explicit relationship
between cumulants and moments can be referred in [90].
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information about a process, but also its phase informafidnus, cumulant-based signal processing
methods which preserve the phase information, can handissizan measurement noise automati-
cally. In other words, HOSs are applicable for distinguighihe Gaussian noise and non-Gaussian
signals. Many practical applications are truly non-Gaargssfor instance, experimental studies have
confirmed that certain signals such as seismic reflectyvitdectromagnetic interference, are non-
Gaussian. HOSs, therefore, can be used to detect theseau@si@n signals corrupted by Gaussian
noise.

Since most of the theoretical results of HOS are scatterdleniterature, a gathering of new
theoretical results which are associated with HOSs in sigracessing is collected in [90], which
also demonstrates the utility of HOSs to practical probleS8mme efforts using HOSs for detection,
classification, and pattern recognition can be found in[f2]] The goal in [91] is to discriminate
single-carrier modulations from multi-carrier modulatiof OFDM type. Because the single-carrier
modulations are generally non-Gaussian and multi-camigdulations are asymptotically Gaussian,
then the problem is equivalent to the discrimination betw&aussian OFDM and non-Gaussian
modulation signals. A detector using the HOS test based oriff@rder cumulants is therefore
proposed for this discrimination. Similarly, the authar$92] deal with the modulation classification
of 4-state phase shift keying and 16-state quadrature ardplmodulation using a pattern recognition
approach. The discriminating feature is build as an optihizombination of fourth and second order
moments in order to maximize the probability of correct sifisation.

Finally, we conclude the characteristic for HOSs:

e Criterion 1: The processing time is proportional to the number of sacthgiga. It can achieve
a good detection performance at a low SNR;

e Criterion 2: It is robust to noise uncertainty and background interfeeg

e Criterion 3; Computational complexity depends on the number of datgpknand no prior
knowledge about primary users is needed. However, theagioin of HOSs in CR context is
limited to differentiate the additive measurement noisay§sian) and non-Gaussian signals, it
is not feasible for detecting different Gaussian signalg. (#ICM signals and Gaussian noise);

3.1.4 Cyclostationary Feature Detector

An alternative detection method is the cyclostationaryueadetection [95]. A cyclostationary de-
tector can improve the performance over an energy detegtexjploiting the built-in periodicity in

the modulated signals. Modulated signals are usually edignith sine wave carriers, hopping se-
guences, pilots, preamble sequences, repeating spreadmgvhich result in spectral correlation.
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This means that their statistics can be described by cytiosary processing. Normally, the anal-
ysis of stationary signals is based on the autocorrelatimttion and the power spectral density.
However, the power spectral density is a one-dimensiomadtfon of frequency. While cyclostation-
ary behavior, which can be exploited by a related functiomedspectral correlation functionis a
complex-valued, two-dimensional function. The main adaga of this spectral correlation function
is that it differentiates the noise energy from modulatgaai energy, which relies on the fact that the
noise is a wide-sense stationary signal with no spectraklation, while modulated signals exhibit
cyclostationarity due to the embedded periodicity. Moerpdifferent types of modulated signals
could have very different spectral correlation featurelsis Tyclostationary detector can thus be ap-
plied for the detection of a random signal with a specific mafilon type in a background of noise
and other modulated signals. Due to its noise rejectiongstgpa cyclostationary feature detector can
perform better than the energy detector in discriminatiggirast noise even in very low SNR region.
The FCC [1] has suggested the cyclostationary feature wetas a useful alternative to enhance the
detection sensitivity in CR networks.

However, it is computationally complex and requires sigatfitly long observation time. Besides,
we generally assume that the period of the primary signaidsvk to the CR terminal. This assump-
tion is reasonable in the early stage of CR application, sgcim the TV bands, this information is
open to CR users and the characteristics of the primary Isigma well known to the public. In the
future, CR will be allowed to work in a wide spectrum band, preeiods of some modulated primary
signals may be unknown to CR users. In this case, an exhawsarch of the cyclic frequencies is
needed in cyclostationary detection. This means huge @xityland the loss of the capability to
differentiate the primary signal from the interferencet ibalso cyclostationary.

According to the above information, the characteristiccfgriostationary feature detector is there-

fore concluded as below:

e Criterion 1. Since it is not sensitive to noise uncertainty, it can aghi@ good detection per-

formance even at a very low SNR but needs long sensing tireevadf

e Criterion 2: It is robust to noise uncertainty and background interfeeg

e Criterion 3: It well matches the requirement for identity sensing in GRtems. It needs
additional implementation structure and complex compandt the period of primary signal is

unknown. Therefore, it has a little high implementation pberity but with realistic feasibility;
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3.1.5 Conclusion

Different detectors are applicable to different systermades and have different properties. Some
spectrum sensing algorithms are fast and have a low-coitple®thers provide high sensitivity
and reliability, but use more computational resources aag raquire longer detection intervals. In
conclusion, the energy detector is the simplest and quliastoat high SNR. It does not requiae
priori knowledge of the primary signal and works for any signal typp@erefore, it is suitable for
the scenario in which the CR user know nothing about the piirsmnal. In order to implement
the identity sensing, it is vital for a detector to be able iftedentiate the primary signal from the
interference and noise. In practice, such differentiatian be realized if soma priori knowledge

of the primary signal is known to the CR user. Depending ontw@es of information the CR
user knows about primary signal, different detectors caagpdied under different system scenarios.
A cyclostationary feature detector is suitable when theogeof the primary signal is known. A
matched filter is suitable when the pilot signal of the primaystem is known. The more the CR
user knows about the primary signal, the better the detesoks. For example, the characteristics
of the digital TV signal in IEEE 802.22 WRAN, are usually wklown, and therefore matched filter
or cyclostationary detector can be applied for spectrursisgnSome blind sensing methods without
any prior information can refer to [93][94].

In the context of CR, the spectrum sensing functionalitystsis of:occupancy sensingndiden-
tity sensing Occupancy sensing is to detect the spectrum occupancy itotial area and identify
the idle spectra and occupied spectra, and energy deteetorse applied for this purpose. Identity
sensing is to distinguish among the licensed usage by pyiosars, the opportunistic usage by other
CR users, and background noise. Such distinction is crucalCR scenario with dense CR users. A
cyclostationary detector can be applied to treat noiserfietence, and other secondary users differ-
ently. In the next section, the cyclostationary detecteelaon cyclostationary signature for detecting
MCM signals is investigated.

3.2 Cyclostationary Signature Detector

Spectral correlation theory for cyclostationary timeisgisignals has been studied for decades. Ex-
plicit formulas of spectral correlation function for van® types of analog modulated and digital
modulated signals are already derived [20][21].

In this section, we investigate and exploit the cyclosteitty characteristics for two kinds of
MCM signals: conventional OFDM and FBMC signals. The sp@atorrelation characterization of
MCM signals can be described by a special Linear PeriodiceTariant (LPTV) system. Using
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this LPTV description, we have derived the explicit themmadtformulas of nonconjugate and con-
jugate Cyclic Autocorrelation Function (CAF) and Specttalrrelation Function (SCF) for OFDM
and FBMC signals. According to theoretical spectral angjySyclostationary Signatures (CSs) are
artificially embedded into MCM signal and a low-complexitgrsature detector is therefore presented
for detecting MCM signal. Theoretical analysis and siniatatesults demonstrate the efficiency and
robustness of this CS detector compared to traditionaggraztector.

3.2.1 Introduction

The main objective of this section is to obtain the genemahfdas for calculating the CAF and SCF
of MCM signals using a common derivation model. A particiylaonvenient method for calculating
the CAF and SCF for many types of modulated signals is to mthgekignal as a purely station-
ary waveform transformed by a LPTV transformation [95][964ulticarrier modulated signal can
be regarded as a special model with the multi-input transéor by LPTV transformation and one
scalar output. By modeling MCM signal into a LPTV system it@venient to analyze MCM sig-
nal using the known LPTV theory. With the help of the maturelf'iRheory, herein we derive the
explicit formulas for nonconjugate and conjugate cyclitoaorrelation function and spectral corre-
lation function of OFDM and FBMC signals, which are very ugdbr blind MCM signals detection
and classification.

We are interested in various efficient (i.e. low Signal tog¢oRatio (SNR) detection requirement
of licensed signal) and low-complex methods for the dedectf free bands at the worst situation
that we only know few information about the received sigiiyclostationary based detector is effi-
cient and more robust than energy detector [89], which ikl{iigusceptible to noise uncertainty. In
most of practical situations, it is not very likely that thegaitive radio has access to the nature of
licensed signal, hence rendering noise estimation implassiThe worse thing is that energy detec-
tor can not differentiate between modulated signals, nagkinterference. Feature detector such as
cyclostationarity is, therefore, proposed for signal diéée in CR context. An inherent cyclostation-
ary detection method, by detecting the presence of nongatgwcyclostationarity in some non-zero
cyclic frequency, is proposed in [22]. Although this deteaxhibits good detection performance, it
can't achieve the low SNR requirement of CR system specifygdel@C. In addition, the computation
of the proposed cyclostationarity detection algorithmasplex.

Therefore, in order to alleviate the computation compleaitd achieve better detection perfor-
mance for low SNR level, we apply a conjugate cyclostatityaetector by inserting Cyclostationary
Signature [97] (CS), which is realized by redundantly traiisng message symbols at some predeter-
mined cyclic frequency based on the theoretical spectmyais and the fact that most of the MCM
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signals and noise don’t exhibit conjugate cyclostatidgarPrevious works introducing artificially
cyclostationarity for OFDM signal at the transmitter carfémend in [97][98][99].

In this section, the signal detection between FBMC signal anise is investigated. We im-
plement the spectral detection of FBMC signal embedded by<d®) a low-complexity conjugate
cyclostationarity detector considering both Additive WéhGaussian Noise (AWGN) and Rayleigh
fading environments in the CR domain. Experimental resarsprovided to show the efficiency and
the robustness compared to the traditionary energy detecto

The remainder of this section is organized as follo®sction 3.2.2resents the basic definition
of spectral correlation. The fundamental concepts of LPy3tesn are mentioned i§ection 3.2.3
Through the aforementioned theoretical knowledggstion 3.2.4nalyzes and derives the theoretical
formulas of nonconjugate and conjugate cyclic autocdimgleand spectral correlation functions of
OFDM and FBMC signals. lisection 3.2.5corresponding spectral analysis for FBMC signals with
CS is investigated. A low-complexity CS detector is presdrih Section 3.2.6 Simulation results
are given inSection 3.2.7Finally, conclusions are drawn Bection 3.2.8

3.2.2 Definition of Cyclic Spectral Correlation

A complete understanding of the concept of spectral cdroglas given in the tutorial paper [96].
This section is a very brief review of the fundamental dabni for spectral correlation.
The probabilistic nonconjugate autocorrelation of a shstic process (t) is

Ry(t,7) =E|z(t +7/2)a* (t — 7/2)] (3.1)

where the superscript asterisk denotes complex conjugati¢) is defined to be second-order cy-
clostationary (in the wide sense)i, (¢, 7) is a periodic function aboutwith period7, and can be
represented as a Fourier series

Ry(t,7) =Y RY(r)e’*™! (3.2)

which is calledperiodic autocorrelation functionwhere the sum is taken over integer multiples of

the fundamental frequendy/Ty. The Fourier coefficients can be calculated as
T
- 2 —j2ra
R (1) = 7{2720% r R (t,7)e 2™t dt (3.3
2

wherea = integer /Ty, and RS (1) is called thecyclic autocorrelation functionThe idealizedtyclic

spectrum functiorwan be characterized as the Fourier Transform

S%(f) = / - R(1)e 927 47 (3.4)

—0o0
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In the nonprobabilistic approach, for a time-seri€$) that contains second-order periodicity,
synchronized averaging applied to the lag product timese(t) = x(t + 7/2)x*(t — 7/2) yields

Ry(t,7) = Lim m Z (t +nTo+ D)a*(t +nTp — ) (3.5)
n=—N

which is referred to as thiémit periodic autocorrelation functionThe nonprobabilistic counterpart
of (3.3) is given by

R3(7) = Lim 7 [ w(t+7/2)x"(t —7/2)e 7> dt (3.6)

T—o0

-2
which is recognized as tHamit cyclic autocorrelation function Thelimit cyclic spectrum function
can be characterized as the Fourier Transform like (3.4)

So(f) = /_ - RO (r)e 7™ qr (3.7)

The limit cyclic spectrum function is also callegectral correlation functionFourier transform
relation in (3.7) is called theyclic Wiener relation

In summary, the limit cyclic autocorrelation can be intetpd as a Fourier coefficient in the
Fourier series expansion of the limit periodic autocotretalike (3.2). If ﬁg(r) =0foralla #0
and R%(7) # 0, thenz(t) is purely stationary If R%(7) # 0 only for o = integer/T}, for some
periodTy, thenx(t) is purely cyclostationaryvith periodTp; If ﬁg‘(T) = ( for values ofn that are not
all integer multiples of some fundamental freque¢¥y, thenz(¢) is said toexhibit cyclostationary
[20]. For modulated signals, the periods of cyclostatitiparorrespond to carrier frequencies, pulse
rates, spreading code repetition rates, time-divisiortipiaking rates, and so on.

In paper [96], a modification of the CAF callednjugate cyclic autocorrelation functioa given

as
T

Re.(r) = lim 4 ZIR;;(t,T)e—ﬂmdt 3.8)

2
with RX(t,7) = E|z(t + 7/2)x(t — 7/2)], and the corresponding SCF callednjugate spectral
correlation functionis

/ RS, (1)e 9% dr (3.9)

For a non-cyclostationary signaks (7) = RS.(17) = S$(f) = S%(f) = 0 Va # 0, and for a
cyclostationary signal, any nonzero value of the frequeranametery, for which the nonconjugate
and conjugate CAFs and SCFs differ from zero is call@yae frequencyBoth nonconjugate and
conjugate CAFs and SCFs are discrete functions of the cy@ipi€éncyx and are continuous in the
lag parameter and frequency parametgr respectively.
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3.2.3 LPTV System

LPTV is a special case of Linear Almost-Periodic Time-VatiLAPTV), which is introduced in
[95]. A linear time-variant system with input(¢), outputy(¢), impulse response function(, u),
and input-output relation

y(t) = / Bt w)er(u)du (3.10)
R
is said to be LAPTYV if the impulse response function admiesRburier series expansion
h(t,u) =Y he(t —u)e/? " (3.11)
oeG

whereG is a countable set.
By substituting (3.11) into (3.10) the outpytt) can be expressed in the two equivalent forms

y(t) = Z he(t) @ [2(t)e??™] (3.12)
ceG

y(t) = Y 90 (t) @ x(t)]e*™ (3.13)
oceG

where® denotes convolution operation, and
9o(t) = ho(t)e 72 (3.14)

From (3.12) it follows that a LAPTV system performs a lingard-invariant filtering of frequency-
shifted version of the input signal. For this reason LAPT¥lso referred to asequency-shiffilter-
ing. Equivalently, form (3.13) it follows that a LAPTV systeperforms a frequency shift of linear
time-invariant filtered versions of the input.

In the special case for whidi = {k /Ty }rcz for some periodly, the system becomes the linear
periodically time-variant.

LPTV transformation is defined as follows [96]

y(t) = / TR, wR(u)du (3.15)
wherex is a L-element column vector inpuf.(is any non-zero positive integer) ap¢) is a scalar
response.ﬁ(t,u) = ﬂ(t + Ty, u + Tp) is the periodically time-variant/(-element row vector) of
impulse response functions that specify the transformatidhe functionﬁ(t + 7,t) is periodic int
with a periodTy for eachr represented by the Fourier series

ht+7,t)= Y ga(r)e/2™/ T (3.16)

n=—oo
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where
Ty
2 ~ .
gn(1) = % / e (3.17)
2
The Fourier transform of functioﬁ(t + 7,t) is defined as a system function
Gt f) = / Bt ¢ — )27y (3.18)

which can be also represented by a Fourier series

G(t,f)= > Gulf +n/To)e>"/T (3.19)
where .
G (f) = / & ()11 7 (3.20)

By substitution of (3.15) and (3.16) into the definition of3Band (3.4), it can be shown that
the nonconjugate cyclic autocorrelation and cyclic speatof the inputk(¢) and output y(t) of the
LPTV system are related by the formulas

> aq_om jm(n+m)T
Ry(1) = Z TT’{[R;B To (T)e_j ir) ] ®’fﬁm(—7)} (3.21)
Sef)= > Gulf +98: T (f—In+ml/2T0)GL(f — 9 (3.22)

where® denotes convolution operation, the superscript syrfibdénotes matrix transposition and
denotes conjugatiorR” is the matrix of cyclic cross correlation of the elementshef vector(t)

T

~

RY(r) = Lim L ; Rt +7/2)XT (t — 7/2)e 2Pt (3.23)

T—o00 4

2

andr?,, is the matrix of finite cyclic cross correlation

Bnr) = [ Bl /28— /2 (3.24)
Formulas (3.21) and (3.22) reveal that the cyclic autot¢atiocen and spectra of a modulated signal
are each self-determinant characteristics under an LPanstormation.
The conjugate cyclic autocorrelation and cyclic spectrdihe inputx(¢) and output y(t) of the
LPTV system are obtained similarly

> o q_nAm _jr(n—m)T

Ri(r)= > Tr{Ry T (e T @Th,.(-1)} (3.25)

n,m=—00
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s ~ Aa_TL—‘r_m o~
Se(f)= > Gulf+9)8S, ™ (f—I[n—m]/2T0)GL(f - %) (3.26)
T
RC.(r) = Lim * 22 R(t+7/2)XT (t — 7/2)e 725 4t (3.27)
-2
e (1) = / - gl(t + 7/2)8m(t — 7/2)e IFm ot dt (3.28)

3.2.4 Spectral Correlation of MCM Signals

Generally, the carrier modulated passband MCM sigfiglcan be expressed as
c(t) = Re{y(t)el? It} (3.29)

whereRe denotes the real part §f}, y(¢) is the baseband complex envelope of the actual transmitted
MCM signal, andf. is the carrier frequency.

If the baseband complex envelope sign@l) is cyclostationary, the spectral correlation function
of its corresponding carrier modulated signgél) can be expressed as [100]

SE(f) =§ SE(f = fo) + SE(f + fo) + Sp 2o = fo) + SgPe(f + o) (3.30)

whereSy(s) and Sy (s) are the nonconjugate and conjugate spectral correlatimtiéin of the com-
plex envelope(t), respectively. We can observe that the spectral correlatithe carrier modulated
signalc(t) is determined by the nonconjugate and conjugate spectralaton of the complex enve-
lope signaly(t) and is related to the double carrier frequency, so the prmololespectral correlation
analysis of passband carrier modulated signal can be rddodbe spectral correlation analysis of
the complex baseband signal.

The spectral correlation analysis of MCM signals is the tbgcal basis for further signal pro-
cessing. In the following, we investigate two typical MCNjsals: OFDM and FBMC signals. Other
MCM signals share similar spectral correlation propenigh these two signals.

3.2.4.1 Spectral Correlation of OFDM Signal using LPTV

Fig. 3.1 shows a filter bank based schematic baseband esptivaltransmultiplexer system, based
on the LPTV theoryM parallel complex data streams are passel teubcarrier transmission filters.
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Figure 3.1: Baseband OFDM transmitter

OFDM system is a special filter bank based multicarrier systéth the rectangular pulse filters. The

baseband OFDM signal can be expressed as a suvh sihgle carrier signals like (3.15)

M-1 oo ., 27t . T M-1
yt) =3 D abp(t —1T) To e TN = S ()b (1) (3.31)
k=0 l=—0c0 k=0

wherezy(t) is the element of the input vector of LPTV system andt) is the element of impulse

response of LPTV

oe(t) = Y ap(Tp(t —IT),  k=0,1,...,M—1 (3.32)
l=—0c0
=2t
)= 2)T . k=0,1,...,M—1 (3.33)

for which ay, is the purely stationary datd;, = Ty + 7, is one OFDM symbol duration, whef&
is the useful symbol duration arig, is the length of the guard interval where the OFDM signal is
extended cyclicallyp(t) is the rectangular pulse function, ahg(t) can be regarded as the periodic
function int with the periodly for £ =0,1,..., M — 1.

Element of input vector:(¢) also can be regarded as an inherent LPTV transformationtaf da

ax, With the time-invariant filterg(¢)

xi(t) = al(t) @ p(t) (3.34)
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where

o)

aO(t) = Y ap(IT)5(t — ITy) (3.35)

l=—c0
AssumingE|a, .a; ] = o2, each entity of matri®g (7) andSg(f) in (3.21) and (3.22) reduce
to
Rg, (1) = Rgy(1) @ 1 (7) (3.36)

Sz () = Sao (£) Sy (f) (3.37)

whereSy(f) is the Fourier Transform of(7) and

ra(r) = / p(t + T)p(t — T)e92met gy

« o? integer
RaO(T) = f5(7)7 Q= t:r—f
W) =%, o = integer (3.38)

Other terms corresponding to the LPTV system can be simitalculated

h (-4t M\ 2nt M 2t
h(t’“):[ej(_Q)To 5t —u), T 5(t — ), T 5(t—u>]
Glt.J) :[ej(_%)%ej“‘%)%’ff ST DFE
[ 9 5(7) 0
g =| =] i
Lgn' 0 ... &)
[ G 1 0
Gu(f)=| : |=1]: 1 |.n=-Y_ M1 for M=81632...; (339
Gy 0 ... 1

Substitution of (3.3} (3.39) into (3.21) and (3.22), the nonconjugate cyclic eotrelated and
cyclic spectra of OFDM signal is transformed into

Rgfdm(T) =
f el e e | <,
(3.40)
0 a 7& mteger
ofam(f) =
o2 M/2—1 . 4
T_sznl—M/zp(fJf%— PP (f -5 — %), o= e,
(3.41)

0’ a ?é znteger
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where T is the time length of one OFDM symboFR(f) is the Fourier transform op(¢). The
magnitudes of nonconjugate CAF and SCF of OFDM signal arevmiia graphical terms as the

heights of surfaces above a bi-frequency plane in Fig. 32~ 3.3.
For the conjugate case, according to (3.25) and (3.26),dhgigate cyclic autocorrelation and

cyclic spectra of OFDM signal is transformed into

Rgfdm* (1) =
2n
7 Zr]\f—/zzv}/z rp (T Eapar]), o= TEE || < Ty
(3.42)
O’ a ?é znteger
Sopam=(f) =
M/2-1 Q n * e integer
Tlszn:/—M/zp(f—i_E_T_o)P (f_§+T_)E[alkalk] a = tT—Sg;
(3.43)

integer
Consequently, the explicit spectral correlation functafrthe carrier modulated OFDM signal
can be derived by substituting (3.41) and (3.43) into (3.30)

St pam () =

Zy—/izv}/z{ P(f—fetg-—7)P"(f—fe—F—F)
P(f+fet+§— )P (f+fe—5— )
FP(f = fot G = )P (f — fo =25+ )

) | (3.44)
JFT%P(fJFfch w2le — VP + fo— e+ %)}7 = e

integer .
07 « # Tja
whereA = E[a; ya; 1] SinceE|[a; ya; ;] = 0 for MPSK (M#£2) or QAM modulation types, given that
ay . is centered and i.i.d.. According to (3.43), it can be seantie OFDM signal does not exhibit

conjugate cyclostationarity, that 18}, (1) = Sy« (f) = 0,Va, 7, f. The spectral correlation
function of the carrier-modulated signal for MPSK £2)or QAM modulation can be simplified as

Sg)fdm(f) =
o2 M/2—1 o n N o .
T_szn:/—M/z{P(f_fc+§ ~ BVPH(f— fo— S - )
P+ Set 3= 5Pt fe— 5 - —>} o= MR (3 g5
0 0475 integer .
\ ’ T :
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Figure 3.2: 8-channel nonconjugate cyclic autocorrelation of OFDMalg

Figure 3.3: 8-channel nonconjugate spectral correlation functioneb®! signal
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3.2.4.2 Spectral Correlation of FBMC Signal using LPTV

()

Figure 3.4: Baseband FBMC transmitter

The typical baseband FBMC transmitter system is shown inF# The transmission is divided
into M independent transmissions usihfjsubcarriers. Instead of a rectangular shape filter, a longer
prototype filterp(¢) is used. Subcarrier bands are spaced by the symbol f@te(7) is one FBMC
symbol period). An introduced orthogonality conditionWeéen subcarriers guarantees that the trans-
mitted symbols arrive at the receiver free of ISI and ICl, ethis achieved through time staggering
the in-phase and quadrature components of the subcarmdyady by half a symbol period; /2.

Supposing the complex input symbols of FBMC system are

oh = al + jil (3.46)

wherea! andb!, are respectively the real and imaginary parts offttfesubcarrier of thé! symbol.
The complex-values baseband FBMC signal is defined as

M—-1 oo ) M, 2rt
y(t) = 3 D |akp(t — 1) + jbp(t — 1Ty — Ty/2)| /"2 T HY (3.47)
k=0 l=—00

From (3.47) and Fig. 3.4 we can see that FBMC signal is a dpewdel with M-inputx(¢)
transformed by LPTV transformatid?l(t) and one scalar outpuft(t). The baseband FBMC signal
(3.47) can also be expressed as a sum/afingle carrier signals like (3.15)

M-1

y(t) =Y ar(t)hi(t) (3.48)

k=0
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wherez(t) is the element of the input vector of LPTV system andt) is the element of impulse

response of LPTV

o) = {ak(lTo)p(t —ITp) + jbu(ITo)p(t — 1Ty — %)},k —0,1,...,M—1 (3.49)

[=—00

M\ 27t E)

he(t) =200 T2 o1 -1 (3.50)

for which a;, and b, are the purely stationary dat#j is one FBMC symbol duratiorp(t) is the
prototype filter bank pulse function, atg (¢) can be regarded as the periodic functiort imith the
period7y fork =0,1,..., M — 1.

x(t) also can be regarded as a two-element vector LPTV transfanmaf input dataa;, andby,

with the time-invariant filters(¢) andp(t — Ty /2)

2(£) = a0(t) @ p(t) + bO(t) @ p(t — To/2) (3.51)
where
a0(t) = l_i a(ITp)d(t — ITy)
bO(t) = i jbe(ITo)d(t — ITy) (3.52)
et

AssumingE|a; xaj ;] = E[by 1] ;] = o2, each entity of matriceR? (7) andS2(f) in (3.21) and
(3.22) reduces to

2

o a o o o2« — )T integer
R, (7) = 2 [8(r) @ ria(7) 4+ 0(7) @ is(7)] = Forsh ()1 4+ €7970T0), o = mfpger - (3.53)

2 2

S35, (1) = 52 [SH(F) + 5] = FSAN(+e7™T) 0 = s (350)

whereS?, (f) is the Fourier Transform of?; (7) and

rgl(T) - /°° p(t+7/2)p(t — T/Q)e—j2mtdt

— 00

i) = [ ol § - Bople - § - B = (e @59)

51



3. SPECTRUM SENSING

Other terms corresponding to the LPTV system can be simitalculated

R M 27rt T . M 27rt T 27rt s
h(t,u) :[e]( PR O )5(t—u),ej( DR 5t ), STV Dy
[ 5 o(r) - 0
gu(r)=| 1 | = e2*5(r)
gyt 0 ej5(M_1)5(7')
GO - 0
Gu(f)=| : |=]i &3t : m=-M M1 for M=816,32...;
_Gg[_l 0o ... ej%(M_l)

(3.56)

Substitution of (3.48) (3.56) into (3.21) and (3.22), the nonconjugate cyclic eoteelation and
cyclic spectra of FBMC signal is transformed into

?bmc(T) =
20° .« Sin(w%T) 2-integer
T_orpl(T)T%7 = =5 ] < KTo;
’ (3.57)
0, a # 2-@;%;
S%bmc(f) =
o2 M/2—1 . o
B S p PU+§ = 8P (= 5~ ), o= B
(3.58)

0 o i
where KTy is the time length of the prototype filter bank( f) is the Fourier transform qf(¢) and
rp1(7) is described as (3.55). The magnitudes of nonconjugate GWFSEF of FBMC signal are
shown in Fig. 3.5 and Fig. 3.6. We unfortunately found thatvkBsignal has very poor inherent
cyclostationary property when the cyclic frequency is roquia to zero, which can be interpreted by
(3.58), where the value of cross produetf + 5)P*(f — §) tends to zero when = 2'"‘13% due
to the low side-lobe property of FBMC prototype function.

For the conjugate situation, assumiBfy ra; x| = E[b; xb,x] = 02, in the same way we can get
each entity of matriceﬁg* (1) and§g*(f) in (3.25) and (3.26)

2

R (1) =% [5(7‘) @1y (1) —6(1) ® 7‘;‘2(7)] = %—27‘2‘1(7)(1 — e dmoT0) o = _in%)ger (3.59)

o2

S5 =[S () = S| = HSHUNA = e7ImT), 0 = eger - (3.60)
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Figure 3.5: 8-channel nonconjugate cyclic autocorrelation of FBMQaig

Figure 3.6: 8-channel nonconjugate spectral correlation functionB¥IE signal
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Substitution of (3.56)(3.59)(3.60) into (3.25) and (3,26 conjugate cyclic autocorrelation and
cyclic spectra of FBMC signal is transformed into

R?bmc*(T) =
0g2 Mj2-1 O~ S
TLO Zn:—M/2 Tp1 0 (T)(_l)na a = %, ’T‘ < KTp;
(3.61)
2integer—1,
O’ @ 7& To )
S%bmc*(f) =
o2 M/2—1 N 0 »
T Zn=/—M/2P(f +9 - B)PH(f— §+A)(-1)", o= Zinge-l,
(3.62)
2-integer—1 |
0, o # %7

As same as OFDM signal (except BPSK), FBMC signhal does nab#xonjugate cyclostation-
arity, either. This property can be exactly interpreted 8¥%2), where the value of cross product
P(f+ 5 — )P (f — 5+ 1)(—1)" equals to zero due to neighbored offset effect. The explicit
spectral correlation function of the carrier modulated FB&Ignal can be obtained by substituting
(3.58) into (3.30)

S?fbmc(f) =
o2 —~M/2-1 o n . N .
2T_Ozn=—M/2{P(f_fc+§—TO)P (f_fc_7_Tg)
+P(f+fc+%—%)P*(ch—%—%)}, o = Zingeger, 3.63)
0, o # 24’@{%;

3.2.5 Cyclostationary Signature for MCM Signals

The poor inherent cyclostationarity is unsuitable for picadly applications in the context of cog-
nitive radio. Even for OFDM signals which contain inheregtlostationary features due to the
underlying periodicities properties (Fig. 3.3), as the powf inherent OFDM features are relative
low to the power of signal, reliable detection of these fesguequires complex architecture and long
observation time.

In this part we study the detection problem of MCM signalssidering the AWGN and Rayleigh
fading environment by using an induced cyclostationaryesuod [101], which is realized by inten-
tionally embedding some cyclostationary signatures. @tationarity-inducing method enables the
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recognition among primary system and secondary systemangmultiple secondary systems com-
peting for the same space spectrum, which is important asyt facilitate the setting of advanced
spectrum policy such as multilevel priority or advancedessccontrol [99]. Cyclostationary signa-
ture has been shown to be a powerful tool to overcome theestupdl of the distributed coordination of
operating frequencies and bandwidths between co-exististgms [97]. A cyclostationary signature
is a feature, intentionally embedded in the physical prigepf a digital communication signal. CSs
are effectively applied to overcome the limitations assted with the use of inherent cyclostationary
features for signal detection and analysis with minimalitaitl complexity for existing transmit-

ter architectures. Detection and analysis of CS may alsachieed using low-complexity receiver

architectures and short observation durations. CS pread®bust mechanism for signal detection,

network identification and signal frequency acquisition.

-M/2 0 M/2

Figure 3.7: Generation of cyclostationary signatures by repeatedhstmitting MCM subcarrier symbols

As illustrated in Fig. 3.7, CSs are easily created by mappisgt of subcarriers onto a second set

as

Tn,l = TIn+p,l neN (3.64)

where,, ; is the I independent and identically distributed message‘atsubcarrier frequency,
N is the set of subcarrier values to be mapped miglthe number of subcarriers between mapped
subcarriers. So a correlation pattern is created and astationary feature is embedded in the signal

by redundantly transmitting message symbols.

In order to avoid redundant theoretical analysis, hereipusediscuss the cyclostationary signa-
ture for FBMC signal. According to (3.21) (3.22) (3.57) (8)%3.64), we can rewrite the noncon-

jugate cyclic autocorrelation and spectral correlatiomfaas of FBMC signal with cyclostationary
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signatures
R?bmc-cs(T) =
202« sin( W%T) 2-integer . X
Torpl(T)T%); o = ===, 2 -integer # —p, |7| < KTo;
9% 0 _jm(2ntp)r » (3.65)
T_o pl(T)ZnENe To ) a:_T_o"T’ <KT07
0 o+ 2integer S
’ To To’
S?bmc-cs(f) =
202 —~M/2-1 2int ) '
TLO zn:/—M/Q P(f+ % - T%)P*(f - % - T%), o= stgerﬂ -integer # —p;
252 + )
Y en PF+§ — )P (f =5 —E), a=—1; (3.66)
0 2-integer .
) o # T, ¢ # Ty

whereN is the set of subcarriers to be mapped ar@P(P = £2i,i = 1,2,3,4,---).

The magnitudes of nonconjugate CAF and SCF of FBMC signdl @ are drawn in Fig. 3.8
and Fig. 3.9, where four cyclostationary signatures areegiddd corresponding to two different
values ofp (choosingp = 2 andp = 4), and a reference filter bank is designed using the method
given in [9]. We can see that for the FBMC signal with CS thersfrcyclostationary features appear
at the cyclic frequency = +2/7) anda = +4/Tj.

OFDM and FBMC signals detection utilizing CSs by nonconjagaperation are already investi-
gated in [97] and [102], respectively. They both exhibit dperformances, but the experiments using
CSs by conjugate operation are still an open topic. In thHevahg, we will insert the CSs by con-
jugate operation aiming at generating cyclostationaryufes on some predefined cyclic frequency,
which is feasible based on the fact that most of MCM signatbranisé do not display cyclostationar-
ity under the conjugate operation for all the cyclic frequies. Therefore, a simple cyclostationarity
detector for the presence of conjugate cyclostationanr the predefined cyclic frequency can be
given to detect MCM signal and noise or detect two differei@Msignalg.

Contrary to the nonconjugate operation, a CS is created Ippimg the conjugate formation of a
set of subcarriers onto a second set as

Yol = Yn4py NEN (3.67)

Herein the noise is assumed to be circularly symmetric.
2Recognition is feasible between the MCM signal embedded®wii the other MCM signal without CS at a prede-

termined cyclic frequency.
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Figure 3.8: Nonconjugate Cyclic Autocorrelation Function for FBMCrséd with cyclostationary features
at cyclic frequencies = +2/Ty anda = +4/Ty

Figure 3.9: Nonconjugate Spectral Correlation Function for FBMC slgmith four CSs at cyclic fre-
quenciesy = +2/Ty anda = +4/Ty
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Figure 3.10: Conjugate Cyclic Autocorrelation Function for FBMC signéth cyclostationary features
at cyclic frequenciea = 0

25

Figure 3.11: Conjugate Spectral Correlation Function for FBMC signahvitvo CSs at cyclic frequencies

a=0
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by which a correlation pattern is created and a cyclostatipfeature is embedded in the signal.
According to (3.25) (3.26) (3.61) (3.62) (3.67), we can figawhe conjugate cyclic autocorrelation
and spectral correlation formulas of FBMC signal with cygthiionary signatures

R?bmc-cs* (T) =

2n :
% Ziw:/i?wl/z 7”;6:1 oy (=nr, a= 72'"”3%”_1,2 -integer — 1 # 2n+p, || < KTj;

202 j%’T 0 . .

e o (T, o =22 |7| < KTy;

2.4 —1 2

" s I =
(3.68)
S?bmocs* (f) =
202 ~M/2-1
§ Zn:/—M/2 P(f+§—7)P(f—%+&)(-D", |
a= 2'””37%67—172.2‘”1569670_1 £ 2 + p:
202 . .
T 2men P+ — )P (f—5+70), a=3h
07 a # 2~int§%e'r—1’a 75 21,}_:)_;,;

(3.69)

whereN is the set of subcarriers to be mapped ard P(P = +2i,i = 1,2,3,4,--- ). From (3.69)
we can embed the CSs at zero cyclic frequency by setting @grfamapping subcarriers according to
(3.67) under the conditiodn + p = 0. The magnitudes of conjugate CAF and SCF of FBMC signal
with CS are drawn in Fig. 3.10 and Fig. 3.11, where two sulbmarare repeated transmitted at the
value ofp = 2. We can see that the strong cyclostationary features appehe cyclic frequency

a=0.

3.2.6 Signature Detector

Since complex noise does not exhibit nonconjugate (cotg)gayclostationarity, the presence of
the MCM signal under noise and interference is equivalerthéodetection of the presence of non-
conjugate (conjugate) cyclostationarity in the receivethposite signak:(¢) = s(t) + n(t) on the
predetermined cyclic frequency, whet€) is the contribution from noise.

The signature detector in [97] can be used for efficient FBN@a detection. Cyclostationary
features generated by subcarriers set mapping can be sfudlyedetected using spectral resolution
(subcarrier spacing\ f). So the low-complexity signature detector can be designedliding a
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window W with the width N; - Af (Vs is the number of subcarriers in the mapped set) around
estimated nonconjugate (conjugate) SCF at the cyclic &ecyi

T,y = max Z 52‘&) (n)W(m —n) (3.70)
where§j§*) is estimated using a time-smoothed cyclic cross perioandés].

3.2.7 Numerical Results

In this part, the performance of the conjugate cyclostatipmetector between FBMC signal inserted
by CS and noise signal is simulated. A 512-subcarrier FBMfDaiis chosen and the following
assumptions are made:

1. Cognitive radio system with a bandwidth o¥/&H z, and assuming signals are transmitted at
carrier frequencyf. = 2.4GH z.

2. The AWGN and Rayleigh fading channel are considered easgly. A typical urban channel
[103] is used with a maximum spread delay: 2.2us and a Doppler frequencjy = 240H z,
which corresponds to a moving speed3G:.

3. Subcarriers are modulated using FBMiC12, 18 and24 subcarriers are respectively used as
the mapping subcarrier sets at zero cyclic frequency.

4. Using the detector (3.70), the en@* is estimated using time-smoothed cyclic periodogram,
where a Hamming window is used. For simplicity, a rectangsiiding windowW is chosen.

5. For comparison, the traditional energy detector proppbseUrkowitz [89] is applied under the
assumption of noise uncertainty, which is defined in [1043s#ming the estimation error for
noise powegg is bounded by

—

(1—€1)o2 <02 < (14 e)o? (3.71)

where0 < ¢; < 1 ande; > 0. Then the noise uncertainty is defined as

1+62)

U = 10[0g10(1 (372)

Receiver Operating Characteristic (ROC) curves are draviig. 3.12~ Fig. 3.15 by averaging
500 Monte Carlo simulations for AWGN channel and Rayleigtirfg channel, respectively. Fig. 3.12
gives the experimental results for an AWGN channel at difieSNR levels (@B, -3dB, -6dB, -9dB
and -12/B) with 6 subcarriers mapping set and an observation fime 1ms (10 FBMC symbols).
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CS, SNR = 0dB
—*— CS, SNR = -3dB
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Figure 3.12: Receiver Operating Characteristic performance for AWGBInctel with V. = 6 subcarriers
mapping set and an observation tiffie= 1ms
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Figure 3.13: Receiver Operating Characteristic performance for AWGHnetel with a fixedSNR =
—12dB
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Figure 3.14: Receiver Operating Characteristic performance for Rghléading channel withv = 12
subcarriers mapping set and an observation fifre 3ms
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Figure 3.15: Receiver Operating Characteristic performance for Rgiléading channel with a fixed
SNR = -9dB
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3.2 Cyclostationary Signature Detector

As a comparison, the energy detector proposed in [89] withiseruncertainty/ = 0.12dB is used.

It can be seen that desired detection performance can bevadhior CS detector at the low SNR
level, and almost00% detection rate can be achieved when the SNR level is moredthdan\We can
also observe that the energy detector significantly outpexs the CS detector when the noise power
is well estimated.

Effects of observation time and mapping set are shown in i3 at a fixedS NR = —12dB,
where the ROC curves show that the performance of the CStdetewproves when longer observa-
tion time and larger mapping set are applied. In additiomrgy detector performance for different
noise uncertainty values is depicted in Fig. 3.13, whiclifiesrthat energy detector is very suscep-
tible to noise uncertainty at low SNR level. Due to the noisearstainty, the performance of energy
detector does not improve even if the observation time ag&e. This behavior is predicted by the so
calledSNR wall' in [105]. Namely, the energy detector cannot distinguishwieak received signal
from slightly higher noise power below some SNR level.

The results deteriorate when more realistic time variaiéigh fading channels are considered.
As shown in Fig. 3.14, effects of SNR are illustrated at défe SNR levels (28, 0dB, -3dB, -6dB
and -9/B) with 12 subcarriers mapping set and an observation fime 3ms (30 FBMC symbols).
Compared with Fig. 3.12, it can be seen that Rayleigh fadihanoel affects detection performance
significantly. The energy detector with noise uncertaiiity= 0.24d B is compared with CS detector
in Fig. 3.14, which once again shows the advantage of enaxtpctbr when the SNR level is below
the SNR wall. In order to achieve higher detection religpiior CS detector, longer observation time
or more mapping subcarriers are needed as shown in Fig. B.¢&n be noted that from Fig. 3.13
and Fig. 3.15 at a low SNR leveb (VR < —9dB) energy detector is not robust under the condition
of a noise uncertaintyy > 0.13dB5.

Simulations show that the energy detector is very susdepiibnoise uncertainties and its per-
formance is dictated by the accuracy of the noise power agtimMoreover, energy detector can't
differentiate different modulated signals, noise andrfetence. Conversely, good performance can
be achieved for CS detector with a short observation timeedien reliability can be seriously im-
pacted by time-variant Rayleigh fading channel, which carokercome through the use of longer
observation time and more mapping subcarriers. Besidesjextor is not susceptible to noise
uncertainty and can distinguish different modulated dgba inserting CSs at different frequency

positions.

1SNR wall is the SNR below which robust detection is impossfbr the given detector.

63



3. SPECTRUM SENSING

3.2.8 Conclusion

This section firstly analyzes the cyclic spectral correlatof both OFDM and FBMC signals. By
utilizing a LPTV model, we have derived the explicit formsilaf nonconjugate and conjugate cyclic
autocorrelation and spectral correlation functions foD®™and FBMC signals, which provide the
theoretical basis for further signal detection.

Secondly, a strategy for the detection of MCM signals by aifdbey cyclostationary signature at
the predefined cyclic frequency is investigated. Using tR& Y structure of the FBMC signal, the
explicit formulas of nonconjugate and conjugate CAF and 8@k CS for FBMC signal are derived
and CS can be accordingly easily inserted into the FBMC sighaome predetermined frequency
position. During the simulation, a low-complexity conjigaletector is applied for detecting FBMC
signal by embedding the CS at zero cyclic frequency in the AVWABd Rayleigh fading situations, re-
spectively. All the cyclic operations at zero cyclic frequg are actually the conventional correlation
and power spectral operations, which in some way reducedtingatation complexity. Experimental
results show that CS is an effective and robust tool for sigetection in cognitive radio network.
We can improve the performance with increased subcarriapping size, but this causes a reduction
in overall date rate because of the increased overhead. efiplg CS position design for differ-
ent MCM signals (different CR networks), identification amgadifferent modulated signals can be
implemented in the same way.

The proposed cyclostationary detector in this sectionieppb the whole frequency detection, i.e.
single-band detection, simultaneous sensing of multdlsansing will be examined in the following

section.

3.3 Filter Bank based Multi-band Sensing

Spectrum sensing has been identified as an essential epfbictionality for cognitive radio systems
to guarantee that CR users could share the spectrum reseitindeeensed users on a hon-interfering
basis. Recently, simultaneous sensing of multi-band $iedruser activity has been attracting more
and more research interest.

In this section, we investigate a multi-band detection iéecture based on Polyphase Filter Bank
(PFB), which aims to reliably sense multiple active bandexpyloiting the low leakage property of
PFB. We have theoretically derived the expressions of deteprobability and false alarm probabil-
ity for PFB and FFT based detectors, respectively, and llyesetheoretical detection threshold can
be defined. Final experimental results are presented tiy\wen theoretical analysis and demonstrate
that PFB based sensing architecture has a better sensfognpance than the conventional FFT.
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3.3.1 Introduction

The basic concept of multi-band sensing is to firstly estinthe Power Spectral Density (PSD) and
then power detection is applied in the frequency domain dasethe observed power spectrum.
PFB is proposed as an efficient tool for spectral analysi$ WiBhout additional cost since each
secondary user could be equipped with PFB as the receivet &md. This means that the PFB
structure for communication will offer a new opportunityr feensing at no extra cost. In [31][32],
the performance of the PFB based multi-band sensing is aealun comparison with conventional
Periodogram Spectrum Estimator (PSE), and the final siiunlaesults demonstrate the significant
advantage of the PFB multi-band sensing compared to cdovahP SE. Nevertheless, both of these
papers employ an optimal Prolate Sequence Window (PSW] 98 prototype filter of the PFB.
This PSW prototype filter as a spectral analyzer cannot ksectfor communication.

In this section, our motivations for multi-band sensing frgly focused on the PFB based on
a prototype filter which has been applied for transmissioe prototype filter advocated in the
projet PHYDYAS [19] is considered herein. Secondly, theoteéical expressions of detection and
false alarm probabilities for PFB and PSE based detecterdexived, respectively. Thereby, proper
threshold levels for different detectors can be achievedngure a fair comparison. Specifically,
the PFBs using the prototype filter of PHYDYAS and PSW aresdtigated and compared with the
conventional PSE, and experimental results verify thertétemal analysis and reveal that PFB is a
better spectrum analyzer instead of PSE.

The rest of this section is organized as follows:Saction 3.3.2we give the system model and
the multi-band sensing architecture. $ection 3.3.3theoretical expressions of detection and false
alarm probabilities for PHYDYAS based PFB, PSW based PFBR®H, are derived, respectively.
Experimental results are given 8ection 3.3.4Finally, Section 3.3.®oncludes this section.

3.3.2 System Model and Multi-band Sensing Architecture

3.3.2.1 System Model

M subbands (Na: subcarriers)

| | | | | I I
| | | | | I I
011 B I I A O A I A A T

UL PU PU PU

Figure 3.16: Primary channel distribution
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In the context of cognitive radio system, an FBMC based prynsgistem operating over a wide-
band channel withV,;; subcarriers is considered. As shown in Fig. 3.16, the wirelguency band
licensed to the Primary Users (PUSs) is divided infonon-overlapping subbands wiffi, subcarriers
per subband. In a particular time interval or geographiegian, some of thé/ subbands might
not be occupied by the PUs and are available for Secondaris USeJs). Fig. 3.16 displays the
primary channel distribution in some time interval, whartie subbands occupied by primary users
are referred to asl”, whereas the available subbands for SUs are referred‘t@’as

According to the above assumed primary model, the crug&ladSU is to sense th&/ subbands
and identify available subbands for opportunistic use. Bagc multi-band sensing scheme will be
introduced in the next subsection.

3.3.2.2 Multi-band Sensing Architecture

RF Front-End \
............................................................. E |
: |
Down 0 : X, (k) 1 « 121do H,/H,
S
l r(n)

- 7 Hm FFT Xm(k) %qu‘"z Tm :|: H,/H,

) ) k2 TM—I
LSk

Power detection

Analysis Filter Bank

Figure 3.17: Multi-band sensing architecture: joint power estimatiod anergy detection

In our study, we take into account the detection of PUs fottiplel frequency subbands instead of
considering one single band at a time. The basic multi-bandisg architecture is given in Fig. 3.17.
It is noted that the accomplishment of the multi-band sensiwmprises of two basic parts: power
estimation and power detection. Every secondary node iahaitive radio network is equipped
with a FFT or a PFB based spectrum analyzer for the power astimover the band of interest.
On the basis of the estimated power density spectrum, thelesiemergy detector is then applied in
different subbands.

For simplicity, the PU signal affected by an AWGN channelogssidered herein, and we assume
that the noise variance? is perfectly known at the receiver due to the measuremengssignal is

66


2/figures/Chapter222_figure00.eps

3.3 Filter Bank based Multi-band Sensing

absent. The binary test hypotheses atttie subband are

I
S

Hy: 1rp(n)
Hy: 7rp(n)

m(n)

Sm(n) + wp(n) (3.73)

where s, (n) andw,,(n) are related to the primary transmitted signal and the banideld noise
signal at then!" subband, respectively.

The received wideband signain) = foz‘ol rm(n) including all subbands’ information is firstly
processed by SU to estimate the frequency specikiyrn all the subbands usingy/ point FFT or

polyphase AFB
M-l [(1—1) M+n]m
Xe(k) =Y > r[(l=1)M+n+kMJL[(1 - )M +n] - e >3
n=0 [=1
m=0,1,...,M —1; (3.74)

whereh(n) is the L x M prototype filter (rectangular window is a special filter f@Pwherel = 1)
used by the current spectrum analyzer. Then the test Btdtisthe m!” subband is given

1 K
T =22 > 1 Xm(R)? (3.75)
k=1

where K = N/M, andN is the number of samples of received signal. Given the tiotds},, the
detection rule isT,,, > vy — H1, Ty < Ym — Hp.

3.3.3 Theoretical Sensing Performance

In this part, the wideband sensing performance are inastigfrom a theoretical point of view.
Three different spectrum analyzers are considered: ctioveh PSE, PHYDYAS based PFB and
PSW based PFB. The prototype filters of PSW and PHYDYAS with= 128 and an overlapping
factor L = 4 are sketched in Fig. 3.18, where PSW is an optimal windowgdesi by minimizing
stopband energy [106], and PHYDYAS is a Square-Root Nydiltist designed in [13].

When PHYDYAS based PFB or PSE spectrum analyzers are apftiedrequency estimation
X (k) in Fig. 3.17, are complex independent observations (thefpsgrovided inAppendix A.L
According to the central limit theorem (assumifg is sufficiently large), the distributions &,
in the absenceH;) and the presencdd(;) of primary signal are subject to Gaussian approximation

(refer toAppendix A.2
1
HO : Tm %N(J%O’KU%IO)
1
Hy: Ty, = N(J%h, Eaél) (3.76)
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Figure 3.18: The impulse responses of two different prototype filters

hereo—l%er and a%,l are the variances ok, (k) in the absence and the presence of primary signal,
respectively.

With respect to PSW based PFB, the central limit theory isamgér valid sinceX,, (k) are
complex correlated observations (refer to apperiy). In order to facilitate our theoretical analysis,
the test statistid;,, using PSW based PFB is approximately treated as Gaussiaitdisn for a
large K, and the distributions in the absence and the presencensaprisignal can be written as (the
derivation is elaborated iAppendix A.B

2
Hy: T, =~ N(J%JO, Efﬁio)

2
Hy: Ty ~N(o%,, Ea;*{l) (3.77)

In the literature [31][32], the variancea%0 anda%1 in (3.76) and (3.77) are simply regarded as
the noise variance? and the signal-plus-noise varianeg + o2, respectively, and thus the same
theoretical threshold was used to implement the subbaretttitent for both windowed FFT and filter
bank based spectrum analyzer. For more precise detectidaiadetection performance comparison,
more stringent requirement of defining a proper detectioestiold for various spectrum analyzers
should be considered.

Next, we attempt to achieve the corresponding varianceasaﬁ}om of the frequency estimation
X, (k) for conventional PSE, PHYDYAS based PFB and PSW based PRBelfirst instance, our

analysis is based on two extreme cases, as illustrated inFi@. It is important to note that the
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Figure 3.19: Two extreme cases corresponding the absence and the predgnanary signal

spectrum estimation disparity between these two extrersescaill be the smallest. In the absence
of primary signals, the extreme (worst) case is in such a Wwalythe detected subband (referred to as
“0” in the top graphic of Fig. 3.19) is fully surrounded by primasers, which will contribute to the
power estimation result. Conversely, in the presence ofigmy signal, the worst detection result of
the detected subband (referred to‘@s in the bottom graphic of Fig. 3.19) emerges when there is no
primary users in the neighborhood.

The detection performance of each detected subband cowlélbguaranteed provided that the
detection requirement of the subbands in the two extremescae satisfied. For this reason the
theoretical detection threshold can be yielded by analyttie statistic property of these two extreme
cases.

Assuming the received signa(n) is a Gaussian signal with zero mean, the varianc& gfis
calculated by

Var(Xm) = E(|Xm|*) — B*(Xn) = E(| Xm[?) = Rea(0)
LM-1 _
= > R() <h ® h[LM + i]) e 2N (3.78)
i=—(LM~—1)

According to the property [107] of Fourier Transform, (3.¢&n be also expressed as
Var(Xm) = S(f) @ [H()P|;_n (3.79)

whereS(f) is the true PSD of(n), andH (f) is the Fourier transform of the prototype filte(r).
Equation (3.79) corresponds to a periodic convolutio® of) and|H ().

Fig. 3.20 illustrates the convolution relation betweenghmary signal PSD( f) is the PSD of
noise andS; (f) is the PSD of noise plus primary signal) and the frequencytsp® squareH (f)|?
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of three different prototype filters for the extreme casehatdabsence of primary signal. Assuming
that "EM=1 p2(n) = 1, then 7 |H(f — ™)|?df = B, whereB = L (T represents the sampling
interval). We also assume thsi§(f) = No, S1(f) = No+ N1, and the SNR is defined anoglo%.

Then the variance aX,,, at the absence of primary signal can be computed as

0?{0 = Var(X,,|Hy)

f2 N A m. 9
= [ Sl = SpPar+ [ s - gl

= C1NyB + Cy(Ny 4+ N1)B = 02 + Cyo? (3.80)

where f; and f, are indicated in Fig. 3.20.A denotes the integration regid0, f1) U (f2, B),

MH( )P J72 (=502
Co = L HU=5Pd o iy M- % ando? = o2 - SNR.
0= J G-z g T G-y s T On

4
0 1 1 0 1 1

"""" PSE [H(E-m/M) 2 s,
20 - - — PHYDYAS
PSW »/ ¢
O L

PU L PU

(dB)

-20+

Figure 3.20: The convolution relation between the primary signal speotand the spectra of three
different prototype filters

The variance ofX,,, for the extreme case at the presence of primary signals cdarbed in the

same way
o, = Var(Xy|Hy) = o2 + Cio2 (3.81)

The coefficient values afly andC1 corresponding to different prototype filters are preseiriéble
3.1.
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Table 3.1: Corresponding coefficient values for three prototype flter

Prototype filters PSE PHYDYAS PSW

Co 0.225 0.126 0
Ch 0.775 0.874 1

As a result, the expressions of false alarm probability atéation probability can be computed

by *
For PHYDYAS or PSE:
Tm — U?{ Ym — 0’%{
Prgm = Q(i()) v Ppm = Q<71>; (3.82)
14 1 4
K9H, Kom
For PSW:
Ym — U?{ Ym — 0’%{
Prgm = Q(i()) s Ppm = Q<71>; (3.83)
2 4 2 4
K9H, KOm

3.3.4 Numerical Results

In the following, we numerically evaluate the multi-banahs@g scheme in a practical point of view.
Assuming aB = 30M H z licensed system containimy,;; = 8192 ? subcarriers where the wideband
channel is equally separated intd = 128 subbands withV; = 64 subcarriers per subband. It is
also assumed that the channel is AWGN with zero mean and poiser density -174Bm /H z.
The primary system load rate 58%. The length of the prototype filters of PFBjs= 4M = 512.
The center frequency i = 3.6GHz. The received RF signal by RF Front-End is down-converted
without frequency offset/K’ = 250 groups of sampled signals wift28 samples per group are used
for simulating the multi-band sensing.

At the first stage, we analyze one detected subband whichrsufiom the extreme situations
shown in Fig. 3.19. From a cognitive radio perspective, drie@main challenges is how to deal with
an optimal tradeoff between the throughput of Secondarye8y$SS) and the interference from SS
to Primary System (PS). Normally, the PS has the spectrurprimdty so the SS should try to avoid
introducing severe interference to PS. The amounts of fimput and interference are associated with

*Q(.) is the tail probability of the standard normal distributivhich can be expressed in terms of the error function

Qz) = (1 —erf()).
2This parameter set is to ensure that within each subbane #herenough subcarriers, thereby the occupancy situation
of each subband can be well regarded H50r “0”.
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the false alarm probability and the detection probabitégpectively. In other words, low false alarm
probability serves to maintain high throughput and higrediedn probability guarantee the QoS of
PS. Therefore, both detection probability performance fatgk alarm probability performance are
simulated. Fig. 3.21 shows the probability density funeiidor different spectrum analyzers at a
fixed SNR = —6dB. It can be noted that simulated results match well with tegoal results.
Besides, we can envisage that PHYDYAS based spectrum a&mnadlyable to achieve the highest
detection probability than others when the same false afamabability is prescribed to different
spectrum analyzers. As well, the smallest false alarm fmbtyacould be achieved when prescribing
a fixed detection probability.

PSE-HO (simulated)
— — — PSE-HO (theoretical)
\ PSE-H1 (simulated)
— — — PSE-H1 (theoretical)

fixed Py—»: . fixed P,

PHYDYAS-HO (simulated)
— — — PHYDYAS-HO (theoretical)
PHYDYAS-H1 (simulated)
— — — PHYDYAS-H1 (theoretical)

fixed Pd$ k fixed Pf

PSW-HO (simulated)
— — — PSW-HO (theoretical)
PSW-H1 (simulated)
— — — PSW-H1 (theoretical)

fixed P —> 1 fixedP,

Figure 3.21: Probability density functions for three different speatranalyzers

Given a fixed false alarm probabilit#y = 5% (denoted with dotted lines in Fig. 3.21), a theo-
retical threshold can be computed according to (3.82) ar@8)3and then this threshold is used to
compute the probability of detection. Similarly, the prbitity of false alarm can be computed for a
given detection probability?; = 95%. The performance curves of the detection probability aed th
false alarm probability versus SNR level are plotted in B2 and Fig. 3.23, respectively. Each
decision statistic is implemented oves® simulation runs. We can observe that the performance of
PFB (PHYDYAS and PSW) exhibits a significant improvemennfakimum25% performance gain)
relative to PSE because of the low spectral leakage propeR¥B. It is interesting to find that PHY-
DYAS performs slightly better than PSW, which can be exm@dity the fact the variance of PSW
based frequency estimation variable is twice as large a®firRHYDYAS (refer to (3.76)(3.77)).
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3.3 Filter Bank based Multi-band Sensing

Next, we compare the experimental results of more genesal s shown in Fig. 3.16) by av-
eraging the detection and the false alarm probabilities alldhe detected subbands. In this case,
the same detection thresholds determined in the extrenes eas employed to ensufg < 5% and
P; > 95%. Fig. 3.24 and Fig. 3.25 show the detection probability dwedfalse alarm probability ver-
sus SNR level for the general case, respectively. As expeetdYDYAS and PSE in the general case
can achieve better performances than their counterpatteiaxtreme cases because of the average
effect. However, PSW has the same performance in both egtegrd general cases due to its well
localized frequency spectrum (refer to Fig. 3.20 and Tall¢. 3Tompared with the extreme cases,
the performance gap between PHYDYAS and PSE decreases Xahuma 15% performance gain),
but the performance difference between PHYDYAS and PS\Wasas especially for the probability
of false alarm.

In order to examine the detection performance in a moreipedciase, the frequency offset effect
stemming from the oscillator stability is shown in Fig. 3&&d Fig. 3.27 for the general case with a
fixed SN R = —6dB. The change of an oscillator in frequency is usually measirgarts per mil-
lion (ppm). Assuming that the oscillator used for the dowm@rsion has a stability range between
0 and 30ppm. We observe that the amount of frequency offset has an irduen the detection per-
formance. A large amount of frequency offset leads to a Bagmt performance degradation. At the
same time, it can be seen that PFB always outperforms the Pdffesent frequency offset levels.
Additionally, PSW has a different performance curve fromsth of PHYDYAS and PSE. The reason
lies in the very localized frequency response of PSW (Fig0B3.which leads to perfect sideband re-
jection. That is why the performance of PSW remains almoshanged for insignificant frequency
offset, while drops faster than PHYDYAS and PSE for signifidaequency offset.

Lastly, we analyze the effect of primary system load ratehendetection performance. In Fig.
3.28 and Fig. 3.29, we show the probabilities of detectiot fafse alarm as a function of primary
system load rate with a fixeANR = —6dB. It should be noted that PSW is invulnerable to the
system load rate because of its ideal sideband rejectioregesds PHYDYAS and PSE, the detection
probability performance improves as the rate of systemilna@ases. On the contrary, the false alarm
probability performance degrades as the increase of syistirate. In particular, the performance
of PHYDYAS dominates PSE over all the different load ratedlastrated in Fig. 3.28 and Fig. 3.29,
wherein we observe that the large performance gap of deteptobability between PHYDYAS and
PSE can be achieved in a low system load rate, whereas the garfprmance gap of false alarm

probability is achieved in a high loaded system.
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3. SPECTRUM SENSING

3.3.5 Conclusion

We have investigated the PFB based spectrum analyzer toighapplicability for multi-band sens-
ing in cognitive radio context. Our study includes theaatiand experimental analysis for three
kinds of spectrum analyzers: conventional PSE, PHYDYASOd3FB and PSW based PFB. The
numerical results reveal that PSE based spectrum analysengitive to the spectral leakage. Con-
versely, PFB exhibits more efficient and reliable detecpenformance by taking advantage of its
low spectral leakage property, which further enhances this-tmand sensing application of PFB in
cognitive radio networks. From the view of computationahgdexity, the performance gain obtained
by PFB does not come with the penalty of increased complekityto the inherent parallel structure
of PFB.

3.4 Conclusion

In this chapter, we firstly introduce four traditional tram#ter detectors, and discuss their advantages
and disadvantages in the context of CR. Eventually, cyalmstary feature detector is justified to
be a suitable spectrum sensing tool. Thus, cyclostationhayacteristics of MCM signals are in-
vestigated in the next section, and the explicit theorefmanulas of CAF and SCF for OFDM and
FBMC signals are derived. According to these derived foamutyclostationary signatures can be
easily embedded into the MCM signals, thereby, a CS basddstgtionary detector is proposed for
detecting MCM signals and noise. Numerical results exhHmt robustness of the CS detector to
noise uncertainty compared to the traditional energy deted astly, filter bank based multi-band
sensing architecture is proposed and its sensing perfaenarcompared with the FFT based multi-
band sensing architecture. Theoretical analysis and ricaheesults verify that, compared with the
significant spectral leakage of OFDM, higher spectrum rggmi and larger dynamic spectrum range
can be achieved by applying FBMC due to its low spectral lgakaoperty.

Assuming the available spectrum resource is obtained giraertain robust spectrum sensing
method, the next task is how to efficiently and fairly sharesthvaluable frequency spectra. In
the following chapter, a resource allocation algorithmsidering multi-carrier modulation in CR
context is proposed, and the channel capacities of OFDM &hMid-based CR systems are evaluated
by theoretically analyzing the inter-cell interferenceuking from timing offset.
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CHAPTER4

Capacity Comparison of OFDM / FBMC
for Uplink CR Systems

To solve the problem of future spectrum scarcity, CogniRazlio (CR) is proposed to automatically
detect and exploit unused spectrum while avoiding harnrftdrierence to the incumbent system.
Multicarrier communications have been suggested as adatedior CR networks due to its flexibility
to fill the spectrum holes. In this chapter, we emphasize fgeetsal efficiency comparison of a
CR network using two types of multicarrier communicatiomsnventional Orthogonal Frequency
Division Multiplexing (OFDM) with Cyclic Prefix (CP) and Ri#r Bank based MultiCarrier (FBMC)
modulations. Assuming the spectrum sensing is perfectyamented, then the spectral efficiency on
the detected spectrum holes depends on the multicarrienszland the resource allocation strategy
that the secondary system adopts. In order to reduce thelexitgpwe propose a resource allocation
algorithm in which subcarrier assignment and power allooadre carried out sequentially.

The rest of this chapter is organized as follows: The bagroduction is stated iibection 4.1
In Section 4.2we give the system model and formulate our problem, whetermean inter-cell
interference tables of OFDM and FBMC are introducedSéttion 4.2andSection 4.4our proposed
resource allocation algorithms for single-user and mudts are presented, respectively. Simulation

results are given isection 4.5Finally, Section 4.&oncludes this chapter.

4.1 Introduction

In [33][108], the mutual interference between Primary U&) and Secondary User (SU) for FBMC
and OFDM based CR systems are investigated, respectivaitykihd of mutual interference depends
on the out-of-band radiation which is determined by the Rd@mectral Density (PSD) models of
multicarrier signals. In [45], a power loading scheme to mmeze the downlink capacity of the CR

system under the interference constraint based on thefdagtrol radiation of PSD is proposed, and
then according to this proposed scheme, the CR systems base&DM and FBMC are evaluated
and compared in terms of power allocation and the systenugimaut in [46], in which an iterative

Power Interference constraint algorithm (Pl-algorithm)tératively allocate the subcarrier power is
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proposed. However, the interference induced from PU to Sidssmed to be negligible and channel

pathloss is not considered.

In fact, the cross-interference between PU and SU we eneountin actual CR network does
not depend on the out-of-band radiation of PSD, but restdis imperfect synchronization, e.g. in
a well-synchronized OFDM based CR system, there will be lmssinterference even though the
PSD of OFDM signal exhibits significant side-lobe due to @stangular filter. In [109], inter-cell
interferences resulting from timing offset for OFDM and FBMased systems are firstly investigated
and compared. Interference tables of OFDM and FBMC modeliegnean interference are given.
These tables give a clear model on the inter-cell intertareand will be used to analyze the resource
allocation performance in this chapter instead of outaridbradiation of PSD. We focus on the com-
parison of OFDM and FBMC based CR networks in terms of theamesd spectral efficiency of the
secondary system, which depends on its resource allocsttategy adopted by the secondary system.
If the same resource allocation algorithm is applied for @&and FBMC based well-synchronized
systems, their capacity performances will be identicaleuride same system model because no in-
terference issue is involved. So whichever resource dllmtalgorithm is adopted in CR systems
will not change the final comparison conclusion: FBMC is meffiecient in spectral use than OFDM,
which mainly depends on the inter-cell-interference leWgé propose a resource allocation scheme
under an uplink scenario considering pathloss and Raytgighnel, and a maximization of sum-rate
is formulated with both power constraint and inter-celenfiérence constraint based on the interfer-
ence tables in [109].

The implementation of joint subcarrier assignment and p@ilecation needs substantial com-
putation and therefore is not considered in practical systaVithout loss of generality, our resource
allocation procedure is split into two steps. First of alljsSare assigned to the detected spectrum
holes, which is implemented by using a proposed Averaged&igpmetric (AC-metric) and the
Hungarian Algorithm (HA). This AC-metric is proved to offarbetter performance than that using
traditional SNR-metric. When the SUs are assigned to thetspe holes, the second part of the
procedure: power allocation, is solved by the Gradientdet@n Method (GPM) [110] instead of
using Pl-algorithm and the Lagrangian multiplier methodPMGis an efficient mathematical tool for
the convex optimization problems having linear constsiand optimal power allocation result can
be obtained with low computational complexity. The numariesults demonstrate that the spectral
efficiency of FBMC based CR secondary network is close todh#tie perfectly synchronized case

and can achieve higher spectral efficiency than OFDM basedeBiork.
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4.2 System Model and Problem Formulation

In the context of cognitive radio system, a group of secondaers gathering and communicating
with a hot spot called Secondary Base Station (SBS), make€dipsystem. In the rest of this chapter,

we call one CR system with some secondary users and a S&fasdary cell

Primary system

Figure 4.1: Cognitive radio networks with one primary system and onesdary cell

48 clusters

| | | | | |

| [ | [

| [ | [
PU 11218 PU 11218

Dol Dol

| | | | | |

Figure 4.2: Distributions of the primary users and the spectrum holds Wj,; = 48 andL = 18

As shown in Fig. 4.1, an uplink scenario of CR networks cdimgjsof one primary system with
one PU and one secondary cell with one SU is graphed, whesdhe distance between the Primary
Base Station (PBS) and SBS, aRg and R, are the radius of primary system and secondary cell,
respectively. A frequency band d¥,; clusters withL subcarriers in each cluster is licensed to

primary system. Fig. 4.2 shows the distributions of the priyrusers (referred to &4”) and the
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4. CAPACITY COMPARISON OF OFDM / FBMC FOR UPLINK CR SYSTEMS

spectrum holes (referred to 88”) with N,; = 48 andL = 18. 1
Given above basic uplink scenario, we make the followingiaggions for our system model:

1.

The goal of this chapter is the spectral efficiency congpariso the simple scenario (Fig. 4.1)

with one primary system and one secondary cell is considered

. Primary system and secondary cell apply the same mulécanodulation scheme (OFDM or

FBMC).

. SUs in the secondary cell are synchronized, and SBS cétpersense the free bands of the

licensed system.

. SBS has the channel knowledge @f; (indicated in Fig. 4.1) and full control of its own

attached SUs.

. Primary system and secondary cell are assumed to be dmeyiked, so inter-cell interference

exists between primary system and secondary cell.

. We consider a frequency selective channel with flat Rglgléading on each subcarrier, and

we assume that the channel changes slowly so that the chgainslwill be constant during

transmission.

. Our simulation is conducted without considering nordindigh Power Amplifier (HPA).

In [109], the authors compare the inter-cell interferenae®FDM and FBMC in an unsynchro-

nized Frequency Division Duplex (FDD) system. All the cqll®sent in the system use the same

frequency bands and a perfect frequency and time synclatiorizbetween the users of interest and

its own base station is assumed, which means that the irdade will only come from the other

cells. In the analysis process, frequency offset is notidensd, nevertheless, different cells are not

time-synchronized. To estimate the detrimental effectssrference caused by adjacent cells, a

two-cell layout with one user located at the border of therest cell (the other cell is referred to as

interfering cel) is assumed. The mean inter-cell interference of the isterser from the interfering

cell is computed when the base station in the interferinbti@@smits a single complex symbol with

power that equals t61” on thek!" frequency slot and the” time slot. The explicit interference
formulas of OFDM and FBMC have been derived in [109]. It isrfduhat the inter-cell interference
of OFDM only depends on the timing offset, and inter-celenférence of FBMC depends both the

timing offset and the phase offset.

'Here we have chosen the practical values of WIMAX 802.16Herrtumber and size of clusters.
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The authors in [109] have concluded that the interferencel Myill become lower with the in-
crease of the cyclic prefix duratiah. Conversely, if we reducé,, the interference level will become
higher. In our study, we choose thevalue of WIMAX 802.16. The mean interference table of CP-
OFDM (A =T/8) for an uniformly distributed timing offset € [%, T+ %} (T indicates one symbol
period) is given in Table 4.1. On the other hand, a filter baith an overlapping factof4” designed
using the method in the projet PHYDYAS [19] is chosen for otudg. Generally, FBMCs with
frequency-localized prototype filters have negligibleemtell-interference because of theirs special
filter configurations, therefore, the interference level@dt does not change if we use other types of
FBMCs. The mean interference table of FBMC in the project BMXS for an uniformly distributed
timing offsetr € [T'/2,31'/2] and also for an uniformly distributed phase offget [0, 27] is given
in Table 4.2. In the mean interference tables, only mairrfieting slots whose interference powers
are larger tharf10~*” are considered. We can see that for CP-OFDM systems, ieliénterference
comes from many frequency slots and only two consecutive sitots. On the contrary, the inter-cell
interference of FBMC with‘15” interfering slots is more localized in frequency than thfaD&DM,
which has“30” interfering slots. However, the inter-cell interferendeF8MC spreads over more
time slots which depends on the length of prototype filter.

When we transmit a burst of independent complex symbolsijriteeference incurred on one
subcarrier equals to the sum of the interference for allithe slots. The corresponding frequency
inter-cell interference powers which are larger thdan—3” for OFDM, FBMC, and the Perfectly
Synchronized (PS) cases are given in Table 4.3. It can bevaukthat the number of subcarriers that
induce harmful interference to primary user of OFDM and FBME“8” and “1”, respectively.

As shown in Fig. 4.2, the primary users and secondary usars sltljacent frequency bands, and
one spectrum hole might have one or multiple clusters, thabne secondary user is permitted to
occupy at least subcarriers. Nevertheless, onfy’ subcarrier (FBMC) of'8” subcarriers (OFDM)
really induces inter-cell interference to primary usenelrcell interferences between primary user
and secondary user in OFDM and FBMC based CR networks aréepap Fig. 4.3. We can see
that for primary user, only the eight subcarriers (OFDM) loe bne subcarrier (FBMC) adjacent
to secondary user suffer from the inter-cell interfererar®] the same situation for secondary user.
For our following theoretical analysis, the simplified ifezence vectors of OFDM and FBMC are
defined as (see Table 4.3)

voldm — 1894 x 1072, 223 x 1072, 9.95x 1072, 5.60 x 1072,
3.59 x 1073, 250 x 1072, 1.84x 1073, 1.12x 1077
yime — 881 %1072, 0, 0, 0, 0, 0, 0, 0 4.1)
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Table 4.1: Mean interference power table of OFDM

Table 4.2: Mean interference power table of FBMC

¢ t n n+1
k+7 9.19E-04 | 9.19E-04
k+6 1.25E-03 | 1.25E-03
k+5 1.80E-03 | 1.80E-03
k+4 2.81E-03 | 2.81E-03
k+3 5.00E-03 | 5.00E-03
k+2 1.13E-02 | 1.13E-02
k+1 4.50E-02 | 4.50E-02
k 3.52E-01 | 3.52E-01
k-1 4.50E-02 | 4.50E-02
k-2 1.13E-02 | 1.13E-02
k-3 5.00E-03 | 5.00E-03
k-4 2.81E-03 | 2.81E-03
k-5 1.80E-03 | 1.80E-03
k-6 1.25E-03 | 1.25E-03
k-7 9.19E-04 | 9.19E-04

¢ n-2 n-1 n n+1 n+2
k-1 1.08E-03 | 1.99E-02 4.60E-02 1.99E-02 1.08E-03
k 1.05E-03 | 1.26E-01 5.69E-01 1.26E-01 1.05E-03
k+1 1.08E-03 | 1.99E-02 4.60E-02 1.99E-02 1.08E-03
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Table 4.3: Inter-cell interference power tables for three differeases

f “aSeS | oFDMm FBMC | PS
k+8 1.12E-3 0 0
K7 1.84E-3 0 0
k+6 2 50E-3 0 0
K+5 3.50E-3 0 0
k+4 5.60E-3 0 0
k+3 9.95E-3 0 0
k2 2.23E-2 0 0
K+l 8.94E-2 881E2 | O

K 7.05E-1 823E-1 | 1
k-1 8.94E-2 881E-2 | 0
k-2 2.23E-2 0 0
k-3 9.95E-3 0 0
k-4 5.60E-3 0 0
k-5 3.50E-3 0 0
k-6 2.50E-3 0 0
k-7 1.84E-3 0 0
k-8 1.12E-3 0 0
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Figure 4.3: (a). Inter-cell interference between PU and SU in OFDM ba@RBdetworks (b). Inter-cell
interference between PU and SU in FBMC based CR networks

The secondary cell wants to maximize its sum data rate byatlltg power into the detected
spectrum holes for its own users, this problem can be foriadlas

g lp) = 35 33" o[+ H4
m=1k=1 f=1

s.t.
Sy S Onlpul < P, Ym
0<pi < Psub (4.2)
M SN R e g g < g vk

whereM is the number of secondary usefSs the number of spectrum holes, ahgis the number
of subcarriers in the:” spectrum hole.6%/ {0,1} is the subcarrier assignment indicator, i.e.
okf = 1ifthe f subcarrier in thé" spectrum hole is allocated to St p I is the power of SU
m on the f** subcarrier in thé'" spectrum holeG™*/ is the propagation channel magnitude from
SUm to SBS on thef™ subcarrier in the:"" spectrum holeg, is the noise power, and; is the
inter-cell interference from PU to SU on thf&* subcarrier in thé” spectrum hole.P;, and Py,
are the maximum user power limit and per subcarrier powel,liraspectively. N is the length of
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4.2 System Model and Problem Formulation

the interference vectdr, p,."" is the power of SUn on the left (right)nt” subcarrier in the:!"
U(r

spectrum hoIeGZ;k ) is the propagation channel magnitude from Sito PBS on the left (right)
first primary subcarrier adjacent to th& spectrum hole, and,;, denotes the interference threshold
prescribed by the PU on the first primary subcarrier adjatest.

The inter-cell interference from PU to Sl!?’j can be expressed in the mathematical form as follows

SN PRV, F=1,2---N
7= Lilner Gl va f=Fi=N+1,--F (4.3)
0, others

wherePf“” is the transmission power of PU located in the left (rightjtef £ spectrum hole, and
G];ls(")f is the channel magnitude from PU located in the left (righthe k" spectrum hole to SBS on
the f** subcarrier of the:!* spectrum hole. Practically, the secondary cell is not dapafobtaining
the transmission power of PU and the channel informatiomfRiJ to SU, but[]’? can be measured
during spectrum sensing by SBS without need to know any prformation.

In order to define an interference threshd)g which is predetermined by a practical licensed

systemt, we assume that the received primary signal in PBS always kasiredSN R = PPU—E"’P ~
10. The capacity on the first primary subcarrier adjacent toSSU i
P,G
C =logs(1 + —5%) (4.4)

n
where P, is the primary transmission power, aig,, is the channel magnitude from PU to PBS.
The value ofl;;, can be automatically generated by defining a tolerable dgplass coefficient\
according to

PPGPP

1— A\)C =logs(1
( AN C =loga(1 + o

(4.5)

In equation (4.2), the third inequality constraint is rethto the interference introduced by the
secondary user to the primary base station. This constisaipbite difficult to manage because of
the two following reasons: first of all, the threshdlg has to be prescribed by the primary system.
It represents the amount of interference that the primasyesy can accept from secondary system.
Standards for multicarriers CR systems are still underysamd no common definition for inter-
ference threshold is available in literature. Differenetholds corresponding to different penalties
in terms of primary system capacity degradation will be usethe following simulation section.
Secondly, the SU needs the necessary channel knowledgbowvihe information of the channel
magnitudeG, between SU and PBS, the third term of the inequality cordtiafi (4.2) cannot be

1Considering the absence of a standard interference tHoefoCR system, we have derived it using a tolerable
capacity loss for the primary system.
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computed. This difficulty is common to all CR systems: in orideadjust its emitted power the SU
must know the amount of interference brought to the PBS. Utiae hypothesis that primary and
secondary systems are unsynchronized, it's hard to pbrfestimate the channel magnitudg,,.
Nevertheless, a rough estimate of this magnitude can beeimgited by the SU during the spectrum
sensing phase. The modulus of the channel gain from PBS toaBUe estimated on the subcar-
riers used by primary system and, by interpolation, the stebmagnitude from PBS to SU on free
subcarriers can be computed. Alternatively, the infororaiboutG, can be carried out by a band
manager that mediates between the primary and secondary[@44]. The channel magnitude of
the downlink path (PBS to SU) is not equal to the reverse ctlamagnitude (SU to PBS) if Fre-
guency Division Duplexing (FDD) is used. However, this déimk channel magnitude can be used
as a rough estimate of the uplink channel magnitude. In @i @ will be necessary to add some
margin on the threshold;, in order to take into account the channel estimation errimceSOFDM
based secondary system introduces more interferencen@anyriusers than the case of FBMC, the
knowledge ofG, is much more important for OFDM, in this case, larger margitug should be
added for OFDM based CR systems.

4.3 Single-User Resource Allocation

In this section, the case with only one SU which uses the wtelected spectrum in the secondary

cell is studied. The case of multi-user resource allocatidinbe addressed in the next section.

For the special case of single-user, the problem formulati¢4.2) is simplified

K F kf kf
p sts
max:C(p):ZZlogg 1+ —=——=7
p == 0n+If
s.t.
K Fy,
Zkzl Ef;Pkf < Py,
kf >0
pkf _ (4.6)
p < Psub

N ko kl r
anlp l(r)nGsp( )Vn < Itha vk

where the SU is permitted to access all thie= E,le F;, subcarriers subject to the total power
constraint, per subcarrier power constraint, as well asfietence constraint.

In mathematical optimization, the method of Lagrangiantipligrs can provide a strategy for
finding the maximum of (4.6), but the solution of extensivgitamgian multipliers is computationally
complex whenf' increases. Instead, herein the Gradient Projection Met&iM) can be applied
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to obtain the optimal power allocation for this simple CRinklscenario in a low computational
complexity.
Rosen’s gradient projection method [110] is based on ptiogdhe search direction into the

subspace tangent to the active constraints. We transfortimear constrained optimization problem
into the GPM structure

maz : C(p)
p
Aip <b;
<
T (4.7)
Azp < b3
Aup < by

where definindA = [A1; Ag; As; Ayl is the coefficient matrix of the inequality linear consttaiand

b = [by;bs; bs; by] is the coefficient vector of the inequality constraints. Makthe comparison of
(4.7) and (4.6), we can obtain

1IxF
Air=1(1 11 --- 1
r 9 FxXF r q FxXF
-1 0 - --- 0 ()
0O -1 0 0 01 0 0
Ay = . , Asg=
0 0 -1 0 0 1]
- - 2KXF
G%Vl G;é;VN 0 0
0 0 GV -+ GV 0
Ay = : : : :
L 0 0 GngN Gﬁi;Vl_
Fx1 Fx1 2K x1
0 Psub th
1x1
bl - |:Pth] ) b2 = ) b3 — ; b4 =
0 Psub Ith

(4.8)

Let p be a feasible solution and supposép = b’, Alp < b}, whereA = (A];A%) andb =
(b};bY). Suppose thatl = A, then the gradient projection algorithm is given as follows
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1. Initialization: set t=1, ang = 0.
2. Calculate the projection matrQ, which is given by
Q=1-MM"M)*™mM7T (4.9)
wherel is the unit matrix and’ is the transpose operator.
3. Calculates) = QV,C(p) (V is the operator of gradient).
4. If |sY|| < ¢, terminate £ is a small threshold value).
5. Determine the maximum step size:

Qmaz = min{oy}, k=12 ... F

S di >0

ap = 4 F (4.10)
0 dk < 0

where c=b—Ap, d=As®; (4.12)

6. Solve the line-search problem to find

a = argmax (C’(p(t) + ozs(t))), 0 < a< Amag (4.12)

7. Setp(t+) = p(®) 4 os® t=t+1, and go to step 2.

GPM is an efficient way with low computational complexity four single-user optimization
problem with linear constraints. Experimental results o0& apectrum hole and multiple holes for
this single-user case are given in the simulation section.

4.4 Multi-User Resource Allocation

In multicarrier based networks with multi-user , assumiagtefree subcarrier can be used for trans-
mission to at most one secondary user at any time, then oumalpproblem in (4.2) is an integer
programming problem, which has a high computational corifgleGenerally, instead of searching
an optimal solution with an unacceptable computational glewrity, the combinatorial suboptimal
method of subcarrier assignment and power allocation jsqa®d: firstly the subcarriers are assigned
to the SUs and then the power is allocated to these sub&arrier

For simplicity, we solve our multi-user resource allocatioy using this two-step suboptimal

algorithm. All the secondary users are firstly allocatedht available spectrum holes according to
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some user-selection metrics, and then power allocationpeimented. At the premise of knowing the
result of the subcarrier assignment, the power allocatiomuiti-user system can be virtually regarded
as a single-user system and therefore the single-user @dweation algorithm GPM mentioned in
last section can be utilized. So our focus is casted on thessuér assignment of multicarrier based
CR system.

The first task of subcarrier assignment for our uplink mu$ier scenario is the bandwidth alloca-
tion. In order to guarantee the fairness for different sdeoy users, the bandwidth allocation method
in [112] is applied to assign the number of clusters to eacbrsdary user, which is summarized in
Table 4.4.1

Table 4.4: Bandwidth allocation with fairness constraint

Given F' is the number of free clusters/ is the number of users, ard > M.
Assuming/; denotes the cluster number#éf user,i = 1,2,--- , M.
Step 0 Initialization:

N, =|F/M|,i=1,2,--- ,M.

. Btn

G,k
Step1 Calculate:C; = Niloga(1 + —z=),i=1,2,--- , M.
Find: ¢/ = arg min;(C;), then set

Nir = Ny +1;
Step2 If M N; = F, terminate.
If not, go to step 1.

Next, the specific subcarrier assignment is examined. laditibnal multicarrier system, the
maximum SNR-metric can be applied to assign each subc#&ortbe user with a high value of SNR
“ﬁ%{‘s” (where P is the averaged power by dividing the total power limit on thember of the
subcarriers). However, the SNR-metric is not always slétabcognitive radio systems due to the
mutual interference between PU and SU, especially with lnrference constraint prescribed by
PU.

In this section, an Averaged Capacity metric (AC-metrichiag to maximize the averaged spec-
tral efficiency is proposed. The averaged spectral effigiemat only depends on the channel magni-
tude G, but also on the interference threshdlg, maximum user power limif;,, as well as the
channel magnitudé&’,,. AC-metric makes a balance between all these influencerfacto

Y z] is the floor function, which means the largest integer noaigmethanz. G; is the average channel gain fraff
user to the base station.
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Figure 4.4: (a). Four types of clusters in available spectrum holesThg interference situation for the
cluster indexed by'1”

It can be envisaged that different clusters in the spectrolestsuffer from different interference
strengths introduced by PU. In Fig. 4.4 (a), four possibpesyof clusters in available spectrum holes
are displayed, where the cluster with ind&X suffers from the interferences introduced by both left
PU and right PU, the clustér2” (“3”) suffers from the interference introduced by only left kitlg
PU, and cluster‘4” does not suffer from any interference at all. The interfeeenituation of the

cluster indexed by1” is shown in Fig. 4.4 (b).

Considering this practical situation, the AC-metric is defl as

C = { anzl loga(1 4+ SINRL) + Zivzl loga(1+ SINRy,)

+(L — 2N)loga(1 + M)}/L

(L—2N)o2
C, = { SN loga(1+ SINRL) + (L — N)loga(1 + %)}/L (4.13)

Cy— { SV loga(1 + SINRE) + (L — N)loga(1 + %)}/L

Gss
G

Cy = loga(1+
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whereC,; ~ C, are the averaged channel capacities of the four differemtels in Fig. 4.4, re-
spectively,V is the length of the interference vectgr “L > 2N” is the length of one cluster, and
STINR!") is the SINR on the left (right)t* subcarrier of one clustep” is the power on the left
(right) n'"* subcarrier of one cluster (we assume that each ofrsubcarriers adjacent to PU intro-
duces the same quantity of interference to PU), and whicbtisumpposed to overpass the averaged
power per subcarrieGi@" is the channel magnitude of SU to SBS on the left (rigit) subcarrier
of one cluster[,ll(r) is the interference from PU to SU on the left (righf)" subcarrier of one cluster,
Py is the aggregated power on the left (righf)subcarriers of one cluster, aﬁli(;’,") is the channel
magnitude from SU to PBS on the left (right) first primary satveer adjacent to one cluster.

Assuming there aré&“ free clusters and{* secondary users, AC-metric can be used for calcu-
lating the averaged capacities of each SU on each availdldeec Since we know the number of
clusters assigned to each secondary user using the bahddlimttation method in [112], &¢ x K¢
AC matrix can be obtained. Our task is how to optimally as#gsek © clusters to thé(* secondary
users, with the aim of maximizing the averaged spectralieffay of the secondary cell. This prob-
lem equals to the search of the optimum matching of a bipagtiaph, so the Hungarian algorithm
introduced by H. W. Kuhn [113] is proposed to implement thister assignment.

Mathematically, the cluster assignment problem can beritestas: Given thé(¢ x K¢ AC cost
matrix R= [r,, ], find the K¢ x K¢ permutation matrixl’ = (¢, ] so that

K¢ K¢

V= Cmnrmn (4.14)

m=1n=1
is maximized.
For the low dimension AC matrix, the optimal permutation nxal’ can be obtained efficiently by
using Hungarian algorithm. The multi-user resource atiocan CR network with multiple spectrum
holes will be simulated in next section.

45 Numerical Results

In this section, the proposed resource allocation algoridth OFDM and FBMC based CR networks

is evaluated in terms of the averaged spectral efficiencydmyputer simulations in a comparable
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Table 4.5: System simulation parameters

Parameter Value Unit
Total bandwidthB 10 MHz
Bandwidth per sub-carrier 9.5 kHz
Center frequency 2.5 GHz
Number of sub-carriers 1024 -
Number of clustersv,; 48 -
Number of sub-carriers in one clustér 18 -
Load rate of primary system 75% -
Number of free clusters 12 -
Distance between SBS and PB5 0.2 ~2 km
Number of secondary cell 1 -
Primary system radiug, 1 km
Secondary cell radiug; 1 km
User power limit per subcarrie?,,; 5 mWatt
Noise power per subcarrier -134.10 dBm
Log normal shadowing standard deviation 0 dB
User speed 0 m/s
Pedestrian multipath delays 1079 -[0, 110, 190, s
Pedestrian multipath powers [0, —19.2, dB
Channel realization times 200 -

way. We will verify that FBMC based CR network achieves highgectral efficiency than the case

of OFDM.

The CR network as shown in Fig. 4.1 with one primary systemaaedsecondary cell is simulated

for different number of users and spectrum holes. Primadysgecondary users centering around PBS

and SBS, respectively, are uniformly distributed withie tell range (0.21 km). As the increase of

transmission distance, the attenuation also increasetodhbie propagation pathloss. The pathloss of

the received signal at a distané€¢km) is [114]

P(d) = 128.1 4 37.6 - logio(d)

dB

(4.15)

GPM is applied to solve the power allocation problem, wheeeset the threshold parameter

£=10~3. Other system simulation parameters are displayed in Pable

During the following simulation, single-user case as welhaulti-user case are considered, and
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meanwhile the experimental results of the perfectly syoiized (PS) case are also given for the sake
of comparison with the results of OFDM and FBMC based CR netsidFirst of all, the single-user
as well as multi-user cases with perfect Channel Staterirdtion (CSl) are experimented. After that,
the more practical case, where the CSl is estimated undersanived outage probability of primary
systems, is simulated.

4.5.1 Single-User Case with Perfect SCI

Firstly, we investigate the single-user case with only grecsum hole.

SU

PU PU

Figure 4.5: Single-user case with' subcarriers in one spectrum hole

As shown in Fig. 4.5, the SU who uses tRi@vailable subcarriers is surrounded by the subcarriers
allocated to PU. So the SU suffers from the interferenceéhiced by PU from both sides. With
respect to the interference from SU to PU, in this paper weaiden the interference strength on the
first primary subcarrier adjacent to SU, and the interfezghceshold;, is determined by prescribing
a tolerable capacity loss coefficiehbn this primary subcarrier according to (4.5).

Given that the SBS is relatively close to PB350.2 km), and in the case of one PU and one SU,
there are three typical channel situations: (a). The distdrom SU to SBS and PBS is larger than
that of PU, in other words, PU is closer to the base statidn)s;RU and SU have almost equivalent
distance to the base stations; (c). The distance from Sletbdke stations is smaller than that of PU.

Table 4.6 gives three examples corresponding to abovetypmal channel realizations, and their
power allocation results of OFDM and FBMC based systemstayens in Fig. 4.6 with the number
of subcarrierd” = 18, the interference threshold determined accordiny £60.5, and the maximum
user power limitP,;, = 36mWatt. For the first channel situation (Fig. 4.6 (a)), it can be obmsg
that the transmission power of the PU is low because the Pld$e ¢o the base stations, whereas
the averaged spectral efficiencies of the SU are low becdgs8W is located relatively far away
from the base stations. Furthermore, the gap between tmagmee spectral efficiencies of OFDM
and FBMC is not obvious mainly due to the low interferenceutet from SU to PU and slightly
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due to the negligible interference from PU to SU. With regardhe second and the third channel
realizations (Fig. 4.6 (b) and (c)), the values of the SU'scégal efficiencies increase when the
distance between SU and the base stations decreases, arahimeission power of the PU increases
when the distance between the PU and the base stations aisgnidm spectral efficiency gap of

OFDM and FBMC augments especially for the third channelizaabn because the SU is located
close to the base stations, which means significant inearéer will be introduced to the PU. So the
power allocation algorithm tries to avoid allocating theveo on the subcarriers adjacent to the PU.
That's the reason why the power of OFDM in Fig. 4.6 (c) is aked in such a way that most of

the power is localized at the center of a spectrum hole. Hew@&BMC is insensitive and robust for

different channel situations because of its frequencyaiontent property.

Next, the spectral efficiency curves of the single-user e&sa function of various system pa-
rameters are drawn in Fig. 4.7 by averaging 200 Monte Camalsitions. Power allocation results
for the case of one spectrum hole are presented in Fig. 4@ (@) and Fig. 4.7 (b)(d)(f) give the
simulation results of the single-user case with multipleeRpowhere the scenario with 12 free clusters
and L = 18 subcatrriers per cluster in Fig. 4.2 is used, and the digtoibs of the spectrum holes are
randomly generated for each channel realization.

The effect of the number of subcarriers is illustrated in. Fgr (a) and (c). We can see that as
the number of subcarriers per cluster decreases, FBMCnsbtaore spectral efficiency gain over
OFDM, which indicates that FBMC is more applicable for the §Rtem with small size of spectrum
holes. For comparison, the averaged spectral efficien€tbg oultiple holes at different interference
levels A = 0.2,0.3,---,0.9) are given in Fig. 4.7 (b) and (d). As expected, OFDM showssa fa
decrease of the spectral efficiency when less capacity $ga®scribed by PU, but FBMC is slightly
affected by different interference levels. It can be seat thBMC is even much better than OFDM
when low interference threshold;{ in (4.2)) is prescribed, see Fig. 4.7 (b), where spectratieficy
of OFDM collapses when the interference level decreasepawed to FBMC case. We can also find
that the spectral efficiencies of one spectrum hole casehmatt with the case of the multiple holes

Table 4.6: Three typical channel situations

Dsy-sps| Dpu-pBs P, Cofam Ctome | Crome — Cofam
(km) (km) (mWatt/sub) | (bits/Hz/s) (bits/Hz/s)  (bits/Hz/s)
(@) 0.84 0.39 0.58 3.15 3.42 0.27
(b) 0.49 0.50 1.30 4.84 5.28 0.44
(© 0.29 0.89 5.00 6.85 8.28 1.43
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Figure 4.6: Three typical channel realizations of single-user casé wit18, \=0.5, D=0.2 km, and

(©). Dsy-sBs <
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One PU, one SU, one spectrum hole, A= 0.5, D= 0.2 km One PU, one SU, 12 free clusters, Pm: 432 mwatt, D= 0.2 km, F= 216
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Figure 4.7: Experimental results of single-user resource allocatisrohe and multiple spectrum holes
with D=0.2km: (a). Averaged spectral efficieneg. number of subcarriers for one spectrum hole case
(b). Averaged spectral efficienag. interference level for multiple spectrum holes case  (cBME -
OFDM)/OFDM vs. number of subcarriers for one spectrum hole case (d). (FBMMEBM)/OFDM

vs. interference level for multiple spectrum holes case (ekrAged spectral efficienag. total power
limit for one spectrum hole case (f). Averaged spectral iefficy vs. total power limit for multiple
spectrum holes case.
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4.5 Numerical Results

under the same simulation condition (indicated by the dhdhes in Fig. 4.7 (a) and (b)). Fig. 4.7
(c) and (d) show the ratio of the spectral efficiency gain oM&Bcompared to the spectral efficiency
of OFDM. WhenF' = 6, FBMC can achieve almog0% spectral efficiency gain over OFDM. The
performance of OFDM in the case of the multiple holes is foumblehave a little better than the case
of one spectrum hole witlk" = 18 subcarriers, which can be explained by the fact each spectru
hole may have two or more than two clusters. Finally, theayed spectral efficiencies as a function
of the total power leveP;;, are given in Fig. 4.7 (e) and (f), and the spectral efficienaierease with
the augmentation of the averaged power per subcaprig?=P,,/F). Besides, it can be noted that the

performance of FBMC approaches the performance of the gibrfgynchronized case.

4 5.2 Multi-User Case with Perfect SCI

Without loss of generality for the proposed resource atiooaalgorithm, the case with multiple PUs
and multiple SUs is simulated. In addition, the performacmmparison of the SNR-metric and the
AC-metric for channel assignment is investigated.

Since 36 clusters (seventy-five percent of the total 48 etastare allocated to PUs, we assume
that these 36 licensed clusters are occupied by 36 unifodiatyibuted PUs. The rest 12 clusters are
permitted to access by the SUs, each of which can use at leastiuster. The cluster assignment is
implemented by the traditional SNR-metric and the propds&dnetric, respectively.

Fig. 4.8 shows the averaged spectral efficiencies of the “§' 8bd “12 SUs” cases versus differ-
ent system parameters. The spectral efficiency curves ohthié-user case versus the interference
level and the maximum user power plotted in Fig. 4.8«afd) match the case of the single-user,
which once again proves the advantage of FBMC. At the same, tme can see that the achieved
spectral efficiency of the OFDM based CR system by applyimgAG-metric always outperforms
the SNR-metric, but there is a slight difference by applyiihgse two metrics for the FBMC based
system. This implies that the traditional subcarrier agsignt methods in wireless communication
system can be used in FBMC based CR network, which reduc&Rlsystem complexity. Neverthe-
less, some modified methods like AC-metric with computatiaromplexity have to be investigated
for OFDM based CR network due to its seriously additionatifgrence. In view of the fact that the
distanceD between SBS and PBS can be random because of the flexibiliygrfitive radio, so the
impact of D on spectral efficiency is investigated and shown in Fig. d)&afd (f). We can observe
that as the distance increases, all the performance cuheBMC and OFDM tend to merge. The
reason is that there exists little interference betweemptimeary system and the secondary cell when

they are far away from each other.
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Figure 4.8: Experimental results of multi-user resource allocation rfaultiple spectrum holes with

F=216:

(a). Averaged spectral efficieney. interference level for 6 SUs

efficiencyvs. interference level for 12 SUs

limit for 6 SUs

(b). Averaged spectral

(c). Averaged spectral efficjers. maximum user power

vs. distance between SBS and PBS for 12 SUs.
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45.3 Multi-User Case with Estimated CSI

Since the channel gain information between SU and PU careptdrisely estimated, the amount
of the interference brought from SU to PU is calculated onltagis of an estimated CSlI, which is
determined by a prescribed outage probability of primasteans. This part is an extension based on
the previous section. The first difference from before i$ W@ consider the capacity loss on all the
subcarriers that one PU occupies instead of on the first pyiswbcarrier adjacent to SU. Secondly,
we assume that a rough estimate of the channel gain from SU t@aR be obtained by the SU during
the spectrum sensing phase. The estimation error is detednfiy a prescribed outage probability
of primary systems. Based on a rough estimated channel fya&h,simulation results show more
distinct performance difference between FBMC and OFDM ti@ncase with an ideal channel gain
estimation.

The problem can be formulated as

K Fy &t pmGssf
maa: Cp ZZZH logg[ 2—1—]’“]

m=1 k=1 f=1
s.t.

ZkK:1 Z?’;l Q,Iflfpﬁ{t < Py, Ym

0 <pni < Pou (4.16)
kigyn ki k: ”

Zm 1 ZN O prn " Gy ZN "N < Ly, Yk

In order to guarantee the QoS of primary systems, a chanirlngargin G,,, is added on the
estimated pathloss gain

Gop = (1+ Gp)Gy (4.17)

whereG,,, depends on the prescribed outage probabHity; tolerated by primary systems. Based on
the implicit assumption that downlink and uplink pathlosiéedence is negligible, the evaluation of
G, only depends on the Rayleigh fading. We define the outageapiiitly as

Py = P(Gep > Gyp) = P(|Hy|? > 14 Gyn) (4.18)

whereGs, = |Hsp|? G, Hsp is the Rayleigh fading frequency response. SiHgg ~ Rayleigh(p),
then|H,|? has a Gamma distribution with shape parameter 1 and scale parametet = 2.2
The Cumulative Distribution Function (CDF) @, |? is the regularized gamma function, therefore
(4.18) can be further expressed as

\_p, - N+ Gn)/F)

(4.19)
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where~ is the lower incomplete gamma function. Given an acceptabtage probability?,,;, the
added channel gain marg#,, can be obtained by (4.19)

m lu’ ge(P

out

)—1 (4.20)

In order to define an interference threshd)g which is predetermined by a practical licensed
system, we assume that the received primary signal in PB&yaltas a desirefiNV R = % ~ 10.
The capacity on each cluster occupied by PU is

P,G
= 14 —2-PP 4.21
where P, is the primary transmission power on one cluster, @iglis the channel gain from PU to
PBS. The value of;, can be automatically generated by defining a tolerable dgdass coefficient
A according to
PPGPP

/. 4.22
LO’% + Ith ( )

(1 =A)C =logz(1+

The experimental results of the perfectly synchronize@ eas given for the sake of comparison
with the results of OFDM and FBMC based CR networks. In addjtthe performance of the case
with perfect channel gain information is also investigated

The averaged capacities at different interference levels-(0.02 ~ 0.2) with a given outage
probability P,,; = 0.06, a fixed maximum user powe?;, = 36mW att, and a fixedD = 0.2km
are given in Fig. 4.9. As expected, the performance of FBM@G g outperforms that of OFDM,
which shows a fast decrease of the channel capacity whercdgssity loss is prescribed by PU,
whereas FBMC is slightly affected by different interfererlevels. At the same time, we can see a
large channel capacity gap between the case with ideal ehgam information and the case with
an estimated channel gain for the OFDM based CR system, tingite is a slight capacity difference
by applying the FBMC based CR system. This could be explainethe fact that the number of
subcarriers of OFDM and FBMC that induce harmful interfesto PU are “8” and “1”, respectively.
When a low outage probability is required, more subcarejacent to PU should be deactivated or
underutilized for OFDM, which accordingly degrades the amiaf channel capacity. On the other
hand, FBMC exhibits more distinct advantage than OFDM wheough estimated channel gain is
considered. Besides, it can be noted that the performan&BBIC approaches the performance
of the perfectly synchronized case. Fig. 4.10 shows theageel capacities versus different outage
probabilities, where the averaged capacity (with an eséthahannel gain) of OFDM based CR
system collapses when a low outage probability is presdrid@n the contrary, FBMC based CR

1In the special case = 1, the lower incomplete gamma functio,n{l, z)=1—e"".

102



4.5 Numerical Results
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4.6 Conclusion

system is much less vulnerable to different outage proitiakil The effects of the maximum power
levels and the distance between SBS and PBS are illustratie)i 4.11 and Fig. 4.12. As before,
the channel capacities increase as the averaged powereadistince increase.

In our scenario, all the numerical results have been simdlahder the assumption: the primary
system and the secondary cell are regarded as mutually cimeyrized, the Rayleigh channel with
pathloss is considered, and the practical system parasratdiconstraints are used for our simulation,
all of these hypotheses are close to a realistic CR netwaake® on this kind of system model, final
simulation results of different cases indicate that FBMEdabCR network can achieve higher spectral
efficiency than the case of OFDM. Besides, the inserted cyekfix t in OFDM based CR system

lowers the total system spectral efficiency.

4.6 Conclusion

The objective of this chapter is to compare the spectralieffay performance of OFDM and FBMC
based on a realistic uplink CR network. A resource allocatitgorithm with the considerations
of power constraint and interference constraint is propdse evaluating the averaged spectral effi-
ciency. Instead of using the interference due to the outtamfd radiation of the power spectral density,
inter-cell interferences resulting from timing offset ifF-DM and FBMC based networks are consid-
ered in our proposed algorithm. Scenario cases with diffenember of users and spectrum holes
are investigated. Like most of the traditional suboptineslaurce allocation algorithms, our problem
is separated into two steps: subcarrier assignment andr@leeation. In the case of multi-user,
traditional SNR-metric for subcarrier assignment is netagis suitable for CR network because of
the existence of mutual interference between PU and SUythysopose an enhanced AC-metric for
subcarrier assignment, which turns out to be more efficlkeant SENR-metric. Another contribution of
this chapter is that gradient projection method is useddtwirsg the power allocation problem, and
optimal solution can be derived with low complexity.

Final simulation results demonstrate that in our scenaBME offers higher spectral efficiency
and is more applicable for the CR network with small size @ctum holes than OFDM. Moreover,
FBMC can offer higher channel capacity and can achieve muate merformance gain if rough
estimated channel information is considered. Besidespéhimrmance of FBMC is close to that of
the perfectly synchronized case because of its frequerajiation and therefore simplified resource
allocation schemes could be sufficient for FBMC based CR otwASs a result, we conclude that
FBMC has practical value and is a potential candidate fosjalay layer data communication of future
CR networks.

1The spectral efficiency loss due to cyclic prefix is not coasid in this chapter.
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The work in next chapter will focus on the study of a scenarithwnultiple non-cooperative
secondary cells, where game theory is used for solving ¢native resource allocation problem.
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CHAPTERDS

Non-Cooperative Resource Allocation of
FBMC-based CR Systems

In the preceding chapter, the resource allocation issugeicdntext of single Cognitive Radio (CR)
cell was investigated. In order to further study this iss$his,chapter considers the resource allocation
problem in multiple Filter Bank based Multi-Carrier (FBM8ased CR cells with multiple users per
cell, where CR users in different cells reuse the same spactesource to enhance the spectral
efficiency. Therefore, users assigned with the same spediaind will interfere with each other, i.e.
inter-cell interference exists among different CR cellsorf the perspective of applications, a non-
cooperative uplink resource allocation algorithm whigbgrto maximize the total information rate
of each CR cell with power constraint on each user in a digiith way is taken into account herein.
Game Theory (GT), as a robust mathematical tool to analyesactive decision process, is used
for the distributed resource allocation. Since the game@deition for rate maximization of multiple
users in each cell is a non-concave optimization probleritipe Access Channel (MAC) technique
is proposed. With the aid of MAC, we reformulate the game idation as a concave optimization
problem. When there is only one user in each CR cell, Itezat¥ater-Filling Algorithm (IWFA) can
provide a good solution for the multi-cell distributed garkwever, IWFA is no longer suitable for
the case when there are multiple users in a cell becausersebesgsignment issue for multi-user of
each cell is involved. Hence, the proposed algorithm of ¢chipter is a generalization of IWFA for

distributed resource allocation in multi-cell with mulipusers per cell.

This chapter is structured as follows: After a related idtrction in Section 5.1 we provide
the system model and general problem formulatioiséttion 5.2 In Section 5.3we describe the
proposed non-cooperative game theoretic algorithm, twihemaatical solutions of the concave op-
timization problem are presented. Numerical results arergin Section 5.4 Finally, this chapter is

concluded infSection 5.5
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5. NON-COOPERATIVE RESOURCE ALLOCATION OF FBMC-BASED CR SY STEMS

5.1 Introduction

Conventional Orthogonal Frequency Division Multiplexi(@FDM) is regarded as a technology
which is well-matched for CR physical layer. However, ifgdeence avoidance is regarded as an
important issue in CR systems. Due to the significant sgdetakage of OFDM, an accurate time
synchronization is needed in order to avoid the interfezemith licensed system and the interference
between the CR users belonging to different CR cells. As dstnated in the previous chapters,
FBMC with low spectral leakage property is preferred in CRIaations, and therefore is used in
this chapter. With FBMC, no time synchronization or only arse time synchronization is adequate
to suppress the cross-interference between different @R ddeanwhile, FBMC strongly relaxes
the interference constraint on the licensed system. Tinesrdsource allocation strategy without
involving interference constraint for a FBMC-based seeopdystems can be feasidle

Many research studies have been carried out on centralizedoperative resource allocations
[115][116], in which signaling is performed so that res@uatlocation can be conducted in an opti-
mal way, nevertheless, the signalling overhead is extremgbensive for communication. To avoid
excessive signaling and the requirement of coordinatioorgnusers, one of the possible methods to
reduce overhead is to do resource allocation by only usicg loformation. Hence, recent research
focus is casted on the distributed resource allocationowithny cooperation between CR cells. Dis-
tributed resource allocation has been widely recognizesl @®mising candidate for future cellular
systems due to its low-complexity and reasonable overi@ad.of the important strategies to analyze
this distributed problem is to adopt game theory [117], Whsca mathematical model of conflict and
cooperation among intelligent and rational players. Edahgy has to compromise its own demand
with the demands of other players, and then makes decisiocmsompetitive environment using the
results of game theory.

This chapter is therefore focused on non-cooperative resaallocation algorithm among mul-
tiple independent secondary cells. Relevant researchsazatk be found in the literature [44]53].
However, so far sophisticated distributed resource dilmedor non-cooperative multi-cell with mul-
tiple users per cell is still an open topic. Herein we invgeke this open issue in the framework
of game theory. Specifically, we propose an uplink non-compe resource allocation algorithm
using game theory and multiple access channel techniqu] firhong multiple FBMC-based CR
cells with multiple users per cell. The secondary baseastati each CR cell, trying to optimize the

requirement of its own users, is a player. The optimizatibmaximizing total information rate of

1At the absence of the interference constraint, traditioesdurce allocation algorithms are suitable for FBMC-Hase
CR systems.
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CR users in one cell is considered, subject to power constoai each CR user. Thanks to the prop-
erty of MAC technique, the rate maximization problem candrenulated as a concave optimization
problem. Since it is complicated to obtain a closed-fornutsoh for multi-user power allocation like
water-filling algorithm for single-user, Lagrangian Algbm (LA) and Gradient Projection Method
(GPM) are employed to solve the concave optimization probleespectively. The proposed dis-
tributed algorithm based on GT and MAC technique, which damulkaneously perform iterative
subchannel assignment and power allocation for multi-tisir regarded as an extension of IWFA
which is conventionally applied for iterative single-ugemwer allocation.

Numerical results show that the game theoretic algorithrichvallows to share one and more
spectrum subchannels for multiple CR users obtains higtiermation rate and better convergence
performance (converge to Nash Equilibrium (NE) with a smalinber of iterations) than the tradi-
tional Frequency Division Multiplexing Access (FDMA) wiimeeds an exhaustive search at each
iteration. Since the implementation of MAC requires addiéil hardware cost in practi¢ea MAC-
FDMA transformation algorithm is therefore proposed, we.transform the final resource allocation
outcome in the form of MAC into FDMA structure. Compared taditional FDMA, this transformed
FDMA from MAC is shown to have better performance especialien the system dimension is high.

5.2 System Model and Problem Formulation

In this section, we illustrate the system model and clati§ycorresponding assumptions. Next, a

general problem formulation is given.

5.2.1 System Model

In the context of FBMC-based CR system, multiple Secondasr&)(SUs) as well as an access point
called Secondary Base Station (SBS) constitu@Racell As shown in Fig. 5.1, a scenario of CR
network consisting of multiple independent CR cells withltiple CR users in each CR cell is illus-
trated. Unlike well-localized Primary Base Stations (PB8® CR cells are assumed to be randomly
distributed and can have heterogeneous cell-dimensioriadile flexible characteristic of CR sys-
tems. We consider a frequency selective channel with flateRgyfading on each subcarrier, and it
is assumed that channel changes slowly so that the channslwg#l be constant during transmis-
sion. Moreover, no interference cancelation techniqueamied out, and the inter-cell interference

is treated by each SBS as additive colored noise.

1The subchannel assignment can be covered by power allncatip. when the allocated power on a subchannel is

zero, the subchannel is not used and vice versa.
2In general, users belonging to the same cell are not allowé@nsmit on the same subchannel.
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PBS PBS

Figure 5.1: A multi-cell CR scenario with multiple CR cells and multipisers per cell

Given the above FBMC-based CR system model, some other pieusare made:

1.

Spectrum sensing has been well implemented, and thebla#pectrum bands obtained by
spectrum sensing are assumed to be fixed and commonly shambthe CR cells, i.e. the

frequency reuse factor is one;

. Since the random distribution characteristic of avédapectrum bands, the channel gains of

the available bands are assumed as stationary independgleidh distribution;

. SUs in each CR cell are synchronized and equalized, artd ®88 has full channel state

information and control of their own attached SUs, but défé CR cells do not share their

information, i.e. there is no coordination among CR cells;

In the context of FBMC-based CR system, we deactivate oheasrier adjacent to Primary
Users (PUs) in all the spectrum hofeghus, the interference from CR cells to primary systems

is assumed to be negligible, and vice versa;

. A coarse time synchronization is implemented, so each @&BSupdate its system resources

by a sensing interval in a sequential wagas shown in Fig. 5.2), and no collision occurs when

different SBSs implement their sensing intervals;

1As highlighted in chapter 4, the number of subcarriers th@mce harmful interference to the primary user for FBMC

iS “177

2\We do not consider the addition or removal of secondary cells
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5.2 System Model and Problem Formulation
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Figure 5.2: Each cell updates its system resource by a sensing intaradixed updating order

6. In each cell, every SU has a constant power constraintateti by”. A number of adjacent
subcarriers are grouped into a subchannel. Assuming theenfitotal available subchannels
(free bands) id";

The main objective is to find a distributed algorithm thatuiegs no cooperation among the SBSs,

and achieve an optimal frequency assignment and powewrdbocfor each CR cell.

5.2.2 Problem Formulation

In the uplink context of CR cells with multiple users per cele generally consider the maximization
of information rate for the whole system as the objectivecfiom, subject to constant power constraint

on each user, this optimization problem is formulated as

N M F
mes : Z Z Z@?mlogﬂl + SINRY™]
n=1m=1 f=1
nmmn,,nm
SINR}™ = -
M Iom ! Io!
072L + Zn’;ﬁn Zm’:l G? " np? "
s.t.
S 0Fm <1, Vn,f
Yyt =P, Vn,m (5.1)
P =0

wherep € P, andP ¢ RVMF js the possible set of power solutiol¥: is the number of CR cells;
M is the number of users per cell; is the number of free bandé;%m is the subchannel assignment
indicator, i.e.07™ = 1ifthe ft" subchannel in the” cell is allocated to then!* CR user;G}"m’" is
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the propagation channel gain from thé" user of then'*" cell to the SBS of thes!” cell in the ft*
band;p} ™" is the power of then’" user of then"" cell in the " band and? is the noise power.

In order to solve (5.1) by centralized constrained optitnizaalgorithms, all the information of
channel gains is indispensable, which causes significanpatational complexity and large amount
of channel estimation overheads especially when the numb@R users is large. Therefore, a

distributed resource allocation algorithm should be mo@apriate in the realistic CR scenatrio.

5.3 Non-Cooperative Game Theoretic Algorithm

Notice that the formulation in (5.1) is an integer optimiaat problem. In order to transform the
above optimization problem into a concave optimizatiorbpgm, we advocate the Multiple Access
Channel (MAC) technique, which signifies that multiple CRnssin the same cell can occupy one or
more spectrum bands.

Simple schemes like Time Division Multiplexing Access (TBMand Frequency Division Mul-
tiplexing Access (FDMA) are used in many practical situasioWwhen MAC technique is allowed for
data transmission in a system, larger capacity region cattaéned than that achieved by TDMA or
FDMA by using a common decoder for all the users of this syqtEIB8][119]. The bound of MAC

capacity region foi\/ users {4 > 2) with powers {1, po, ..., par) iS given by

M

G G G

ZRZ‘SZOQQ[I—Fpl 1+ P2 2; +pm M] (5.2)
0

i=1

whereG; is the fading channel gain of th& user, andV; is the ambient noise power.

Our interest is casted on a game theoretic resource atbocalyorithm without centralized con-
trol or coordination among the multiple CR cells. In our dizited game, the secondary base stations
are the players, which react and compete with each othenéotdmmon resource.

In summary, let§ = {N, {Pn }nen, {un}neN}} denotes the non-cooperative game structure,
whereN = {1,2,--- , N} is the index set of the players (SBSg), = [p}!, p2, ..., ptM, pit, pi2,

., M) € RMF is the power strategy space of thé player, andu,, is the utility function of the
nt" player.

Each CR cell wants to maximize its own information rate bgadting power into different bands

for its own users, regardless of other CR cells in a distebduvay. For thex!” cell, its information
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rate maximization problem with power constraint can be idated as

F
maz :  Up(Pn,P-n) = Zlogg[l + SIN RY]
Pn =1
T Gy
o+ 1"

SINR} =

s.t.

{Z?:lp;ﬁm =P, Vn,m

5.3
i (53)

wherep_,, = (p1,-.-,Pn-1,Pn+1,- - -, PN IS the strategy profiles of all the players except for the
n' player andl; " = 3,4, Shi—y GF ™ py ™ is the inter-cell interference from the others cells
to then!” cell in the f** band, which is treated as additive noise.

The proposed iterative non-cooperative game is implendénta sequential way, i.e. each player

independently updates its strategy according to a fixedtingdarder. This sequential algorithm is
stated in mathematical terms in Table 5.1

Table 5.1: The sequential iterative algorithm

Initialization :
set t=0 ancpflo) = arbitrary feasible power allocatiodn € N;
for t=0T};
for n=1:N
pg+1) = argmaz g+ {un(pﬁt“),pg“), N _7pgir11)7p7(lt}rl7”_7p%)) };
end
end

The outcome of the proposed game involviNgplayers based on utility function,, is expected
to achieve a Nash Equilibrium (NE), which is defined as in Dtdin 1.

Definition 1: A strategy profilep* is a Nash Equilibrium if no unilateral deviation in stratefy any
single player is profitable for that player, that is

un (P PLy) = Un(PnsP-n), Yn,Vp, € P, (5.4)

where?,, is the set of admissible strategies defined in the constcainditions of (5.3).

1Generally, at the final optimal solution, the constraintssatisfied with equality, that is why we set the first conatrai
with equality.
2WhereT;; denotes the prescribed iteration times.
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Existence of NE

Theorem 1: For an utility functionw,, (p,, p—») with a support domairp,, € ?,,, at least a pure
strategy NE point exists for any set of channel realizatiand power constraint, it¥’'n, P, is a
nonempty convex set amgl is continuous and quasiconvex or quasiconcave.

Theorem 1 given in [117] can be applied to prove the existehdde point for the proposed game
theoretic algorithm. The proof af,, being a quasiconcave function is provideddippendix B

5.3.1 Solutions for Concave Optimization Problem

Next problem is how to achieve the optimal solutippin (5.3) which maximizes the utility function
u,. WhenM = 1, the optimal problem in (5.3) is degraded to the Multi-Cathsingle user per cell,
in this special case the known closed-form solution of WFA] [dan be used for solving the single-
user power optimization problem. Nevertheless, in the gdr@ase ofM > 1, traditional WFA
does not work for the power allocation of multi-user case lgsed-form solution for the Multi-Cell
with Multi-User per cell (MC-MU) case seems to be difficultdohieve. A variety of mathematic
methods, known in the literature can be used to efficientlyesthe convex optimization in (5.3),
herein Lagrangian Algorithm (LA) and Gradient Projectioretiod (GPM), are employed to solve
the optimization problem of MC-MU.

Lagrangian Algorithm

The optimization problem in (5.3) is a multi-user nonlineatimization problem with equality and
inequality constraints. Herein the method of Lagrange ipligts and Karush-Kuhn-Tucker (KKT)
conditions [110] are provided as a strategy for finding th&imam of the utility functionu,, subject
to constraints. Defining the Lagrangian function of the peobin (5.3) as

M M F
L(pn, A 1) = tn(PrsPn) + D N(P=pi" —p' - —pF) + > > pipit (5.5)
i=1 i=1 k=1

The KKT conditions are necessary for a solution in nonlingagramming to be optimal, pro-
vided some regularity conditions are satisfied. It is a gaization of the method of Lagrange mul-
tipliers to inequality constraints.

Supposing that the objective function to be maximized,iand the equality and inequality con-
straint functions aré; (i = 1,2,...,m) andg;(j = 1,2,...,n), respectively. Further, supposing
they are continuously differentiable at a poirit If =* is a local minimum that satisfies some reg-
ularity conditions, then there exist constant$i = 1,2,...,m) andpu;(i = 1,2,...,n), such that
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Vo f (@) + 2005 XV hi(2%) + 320 1 Vargj(2%) = 0
hi(z*) =0, g(z*) >0
Ai>0, p; =0
pig;(@*) =0 (¥3,5)
whereV is the gradient operator. These formulas above are thekmelkn KKT conditions, which

(5.6)

are necessary for a solution to be optimal.

In some cases, the necessary KKT conditions are sufficiengléal optimality. This is the
case when the utility function and the inequality constsaare continuously differentiable concave
functions and the equality constraints are affine functiddisice we already prove the concavity of
utility function u,, in (5.3), the KKT condition is sufficient for the uniquely apial solution of (5.3).

In order to guarantee a maximum pairitbe KKT, it should satisfy some regularity condition, the
most used is Linear Independence Constraint Qualificatit@@). The constraint functions satisfy
the LICQ if

[Varg;(z"); Veehi(z)]T Vi, j (5.7)
has full column rank, i.e., the gradients of the active iradityy constraints and the gradients of
the equality constraints are linearly independentat For the optimization problem in (5.5), with
gi(pn) = P (Vi, k) andh; = (1 — p — pit--- — p) (Vi). Assumingp;; is the optimal solution,
according to (5.7), we get

Rank{[Vp; gk(r); Vpy hi(Pp)] "} = M x F (5.8)

satisfies the LICQ.
Consequently, the KKT conditions in (5.6) can be used foguely solving the global point of
(5.3), the Lagrangian functions of the optimal allocatisoljpem can be obtained as

0%+I;n-l—(pzlGi’jf”+...+p}r€z]\lGZMn) : logi@) —Ai +up, =0,
1fp?2—p32"'—p%’20, 59)
pypyt =0,
Ai>0, pp>0, ppi>0,  (Vik)

wherei = 1,2,.--, M andk = 1,2,--- , . Under the assumption that aggregated inter-cell inter-

ferencel, " can be measured locally and the SBS knows all the channeimaton of its own users,
the optimal frequency allocation and power control can emtively computed between distributed
CR cells according to (5.9).

Unfortunately, for a CR cell with\/ users and” free bands, the number of equations in (5.9) is
M x (2F + 1), which indicates a huge computational complexity in patéicwhen the values af/
andF are high.
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Gradient Projection Method

Due to the computation limit of Lagrangian optimization hed in (5.9) to high-dimension system,
we resort to Gradient Projection Method (GPM) for the lilgapnstrained problem. Rosen’s gradi-
ent projection method [110] is based on projecting the $ediection into the subspace tangent to
the active constraints. We define the constrained optiiizgiroblem as

max :  Up(Pn)

Ep, =
st Pn=¢ (5.10)
Ap, <b

whereA is aM F' x M F coefficient matrix of the inequality linear constraints dhd rows ofE are
the coefficient vectors of the equality constraints. Conmggf5.10) with (5.3), we can obtain

r A MFxMF
—1 0 0 MFx1
0
0 -1
A= b= |:
0 0
o ... 0 -1
- - MxMF
0 AP R Mx1
P
0 0 0 0
E= ,e=|:

Let p,, be a feasible solution and suppasep,, = by, Asp,, < by, whereAT = (AT AT and
b” = (b{,bl). Supposing tham” = (AT ET), then the iterative gradient projection algorithm is
given in Table 5.2.

Table 5.2: Iterative steps of gradient projection algorithm

Step 0 Initialization:
set t=1, ancp%l)z any feasible power allocation;
Step1 Calculate projection matrig?) = QVu,, according to (4.9).
If |s®]| < e, 0rt > Tpae, terminate.
If not, go to step 2.
Step 2 Determine the maximum step size and solve the line-search
problem fora according to (4.10)(4.12).
Step3  Setp!! TV = p¥ 4 as®, t=t+1, and go to step 1.
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Given a proper threshold, GPM is an efficient way for the optimization problem withdar
constraints. To summarize, the above statements show fhad bnly applied for low dimension
systems due to its computation complexity. Conversely, GlaMbe used to solve the optimization

problem of high dimension systems.

5.4 Numerical Results

In the context of cognitive radio, we assume that some liegrspectrum band resources are al-
ready obtained by CR spectrum sensing. The channels ofbl@aispectrum bands are considered
as stationary independent Rayleigh distribution becafiskeorandom distributed characteristic of
spectrum holes. The main objective of this section is todrgedmonstrate more optimal sum-rate and
stabler convergence using MAC compared to traditional FDIAnulations are divided into two

parts: low-dimension systems and high-dimension systems.

5.4.1 Simulations for Low-dimension Systems

Since low-dimension systems with small number of CR usersspeondary cell are considered,
Lagrangian solution in (5.9) can be used for solving the asa®ptimization in (5.3). More specific,
two-cell and five-cell cases are considered (see Fig. 5.if), two users or three users uniformly
distributed within a cell range (0.841.1 £m). Assuming the power density of thermal noise is -174
dBm/Hz, in the case of uplink, each user is equipped to transmitasigith fixed P = 1 watt
power. As the increase of transmission distance, the attemualso increases due to the propagation
pathloss. The pathloss of received signal at a distdriee is [114]

P(d) = 128.1 + 37.6 - logio(d) dB (5.11)

by this Macro propagation model the SNR value of the usetdatat the border of cell (assuming the
radius of cellR=1.1%m) fluctuates around 2@B when the Rayleigh fading channel is considered.
In order to evaluate the proposed MAC game theory (MAC-Ggjpathm, a FDMA based game
theory (FDMA-GT) is also implemented in such a way that eadtoadary base station exhaustively
searches for the optimal FDMA strategy which maximizes thele information rate in a sequential
way. Firstly, the numerical results for two-cell case asptiyed. In Fig. 5.3, the averaged sum-rate
of the whole system with 2 users per cell versus the distdndetween base stations is compared
for FDMA-GT and MAC-GT, where the optimal centralized algiom * performance for MAC and

In this case, all the channel information among different s is assumed to be known by using a centralized
controller, thereby the optimal centralized resourcecalfion can be implemented.
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5.4 Numerical Results

FDMA is also given for comparison purpose. 1000 independetwork topologies and channel real-
izations are averaged for two bands and three bands, reshgclt can be seen that a large distance
can increase sum-rate performance significantly. The reagbat there exists little interference from
other cells when the cells are far away from each other.

In the case of two bands, the optimal centralized sum-ratemeance of MAC (MAC-optimal)
outperforms that of FDMA-optimal due to the larger capaoggion of MAC. These dashed optimal
curves in Fig. 5.3 can be used as performance bounds for tlalieed game theory algorithm. As
expected, MAC-GT always has a better sum-rate performdnaceRDMA-GT. However, we observe
that MAC-GT has low sum-rate compared to its optimal curveemvkistanceD becomes small,
which can be explained by the greedy property of each playgaime theory, in the presence of
small distance (i.e. significant interference), the outearhthe non-cooperative game will finally
converge to an inefficient NE point. The same performanceltsesan happen to the case of three
free bands, the only difference is that for FDMA, unlike twanlls for two users, each user can use
one or two bands, e.g. for the user who occupies two bandsaiecation will be implemented on
these two bands with a fixed power constraint, which can ingtbe performance of FDMA. This is
the reason why in Fig. 5.3 there is less performance difterdretween MAC and FDMA compared
to the case of two bands.

For the simple case of two cells and two users per cell, bothlAEST and MAC-GT can con-
verge with a rapid convergence speed (2 iteration roundsyt,the case of five cells with three users
per cell is considered. As shown in Fig. 5.4, sum-rate Cutiveldistribution Functions (CDFs) of
FDMA-GT and MAC-GT algorithms with three available bandsldinree different distance caseds3 (
=0, 2.2 and 4.4m) over 200 independent channel realizations are compandtielcase of distance
D =0km, these two algorithms both suffer from significant integfezes, which causes that the final
solution converges to some undesired NE points. In the aafsewre practical distanced = 2.2
km andD = 4.4 km, the performance difference between MAC-GT and FDMA-GTabserved to
be larger than the case of two cells with two users per celign 5.3. This is expected because the
capacity region disparity between MAC and FDMA increasethasncrease of users’ number.

The convergence rates for FDMA-GT and MAC-GT algorithmshia five-cell case are presented
in Table 5.3 and Table 5.4, respectively. It can be noticed, thhore iterations are needed if the
distanceD is enough small (which means significant interference betvweells). Although FDMA-
GT has a little more rapid convergence speed than that of NEACthere exists some Nonconvergent
Points (NPs) resulting from some channel situations. Csel MAC-GT can always converge to
a NE point within a limited iteration times. Hence, we candade that MAC-GT can exploit more
information rate and better convergence stability than FPDRGIT, especially if the number of users
in the network is large. In the subsequent part, practiggthHgiimension system with large number
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of CR users per cell is simulated, it will be demonstrated kingher information rate is achieved for

MAC-GT compared to FDMA-GT in the context of high-dimensisystems.

Table 5.3: Iteration situation for FDMA-GT algorithm in low-dimensisystems

(d = 0km) (d =2.4km) (d = 4.8km)
Iterations Percent Iterations Percent lterations Percent
3 40.50% 3 79.00% 3 98.50%
4 45.50% 4 19.00% 4 1.50%
5 11.00% 30 0.50% NP 0.00%
NP 3.00% NP 1.50% - -

Table 5.4: Iteration situation for MAC-GT algorithm in low-dimensi@ystems

(d = 0km) (d = 2.4km) (d = 4.8km)
Iterations Percent Iterations Percent lterations Percent

3 13.00% 3 34.00% 3 92.50%
4 45.50% 4 62.00% 4 7.50%
5 29.00% 5 4.00% NP 0.00%
6 8.00% NP 0.00% - -
7 3.50% - - - -
8 0.50% - - - -
9 0.50% - - - -

NP 0.00% - - - -

5.4.2 Simulations for High-dimension Systems

In order to generalize the application of the proposed MATCa®jorithm, as shown in Fig. 5.5, a

seven-cell CR scenario (each cell contains a large numb@Raisers) with a wrap-around structure

is considered, in which the seven base stations who knowrtpagation channels of their own users

are the playersX=7) of the game, and maximize their information rate acecgydbd a sequential

updating order. In each CR cell, multiple CR users are umifprdistributed within the cell range

(0.01~1.1 km). The transmitted power of each user is fixed at a more pedatadue P = 20mW.

The pathloss model of the received signal in (5.11) is adplie
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Figure 5.5: A regular seven-cell CR scenario with wrap-around structur

Naturally, the computational complexity increases with iticrease of system dimension. Thus,
Lagrangian algorithm is no longer efficient for solving thatimization problem in (5.3). Alterna-
tively, we prefer to select GPM in Tab 5.2 to solve the conaaptmization problem, where we set
the threshold parameter10—3, and7},.. = 500.

In the first study, we hypothesize that the number of bandsvesya equal to the number of users
per celll (M = F). We perform several simulations to corroborate the themeresults. Firstly,
the simulation results with small number of CR users perarelldisplayed. In Fig. 5.6, the sum-rate
of the whole system with 3 users per cell as well as 5 usersaikversus the distancP between
base stations is compared for FDMA-GT and MAC-&T500 independent network topologies and
channel realizations are averaged for these two casegctasly. We can see that MAC-GT always
has a better performance than FDMA-GT. Besides, due to therlaapacity region for MAC, MAC-
GT benefits more than FDMA-GT with the increase of free badsshown in Fig. 5.6, for the case
of 5 free bands, there is more performance gap between MAGGITFDMA-GT compared to the
case of three free bands.

The corresponding convergence rates for FDMA-GT and MACdRjbrithms are presented in

The general case wheXl # F has high simulation complexity but still applies the progdalgorithm.
2Here we don't give the numerical results of the optimal calited algorithm because it requires a global exhaustive
search, which has a high computational complexity for ldghension systems.
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Figure 5.6: Averaged sum-rate of whole system vs. distance

Fig. 5.7 and Fig. 5.8, respectively. The same as the nunheeisalts for low-dimension systems, we
observe that more iterations are needed when the distanmecomes small. FDMA-GT converges
a little faster than MAC-GT, but there exists some NPs, tlie od which augments as the increase
of users’ number. Conversely, MAC-GT can guarantee thahtimecooperative game converges to a
NE point within a small iteration times.

Secondly, for larger number of CR users per cell, a compmurtgiroblem appears for FDMA-GT
algorithm, because during each iteration process we havg &ll the possible FDMA candidates to
obtain the optimal FDMA solution. This exhaustive searctkkesaFDMA-GT impractical and some
heuristic strategies are expected to solve the high diraenmioblem of FDMA-GT algorithm. In
this chapter, thanks to the MAC-GT algorithm, we propose aOviFDMA transformation algorithm.
An illustration of this MAC-FDMA algorithm is described inigz 5.9. Based on the final MAC-GT
result, we firstly search the strongest power value in the Ma&le, this value (0.9) corresponds the
second band and the first user, therefore we allocate theddmmd to the first user, and eliminate
the second column and the first row from the MAC table. Then ardioue to search the strongest
power value in the rest of the MAC table, and conduct the presioperation until all the bands are
allocated. The experimental results of MAC-FDMA for 3 usansl 5 users are shown and compared
with FDMA-GT in Fig. 5.6. It is interesting to find that MAC-R@A algorithm outperforms the
exhaustive FDMA-GT algorithm when the number of users insygem increases. In the rest of the
simulation, we use MAC-FDMA algorithm to replace the exhimasFDMA-GT algorithm.

122


5/figures/Chapter5_Figure2.eps

5.4 Numerical Results

7 Base Stations, 3 users per cell, 3 Bands

g 25 T T T T T T
£ —6— FDMA-GT
PSRN —*%— MAC-GT
e 2
<
g
® 15
(o]
(5
g
< j j j ‘ : ;

1.2 1.4 1.6 1.8 2 2.2 2.4

Distance / R

o 01 ‘ ‘
® —6— FDMA-GT
g 008 —%— MAC-GT ]
é, 0.06 R
9]
Z 0.04 i
o
o
L 002 i
o
Z 0 e L SR Il SR Il SR Il

1.2 1.4 1.6 1.8 2 2.2 2.4

Distance / R

Figure 5.7: Convergence property of the case with 3 bands and 3 userglper c

7 Base Stations, 5 users per cell, 5 Bands

8 3 T T T T T T

= —O6— FDMA-GT

= 2.5 —*— MAC-GT

il

©

L 2

e}

(0]

215 k

g

< 1 i i i i —(
1.2 1.4 1.6 1.8 2 2.2 2.4

Distance / R

—6— FDMA-GT
—*— MAC-GT [

Non-convergence rate

oy I

®
®

12 14 16 18
Distance / R

N

2.2 2.4

Figure 5.8: Convergence property of the case with 5 bands and 5 userglper ¢

123


5/figures/Chapter5_Figure3.eps
5/figures/Chapter5_Figure4.eps

5. NON-COOPERATIVE RESOURCE ALLOCATION OF FBMC-BASED CR SY STEMS

Bands
01 0.9 0 0 0 g
0.1 on 0.2 0.6 0
MAC 0.8 0.1 0.1 0 0
0 ( 0.1 0.2 0.7
0.5 on 0.3 0.1 0
v Users
Bands
0 1 0 0 0 g
0 0 0 1 0
FDMA 1 0 0 0 0
0 0 0 0 1
0 0 1 0 0
v Users

Figure 5.9: A transformation illustration from MAC to FDMA

Next, the situation of a practical distanc® € 2R) with different number of CR users per cell is
considered. As shown in Fig. 5.10, the sum-rate CDFs andviieged user-rate of MAC-FDMA
and MAC-GT algorithms with 3, 5, 8 and 10 CR users per cell adistanceD = 2.2 km over 200
independent channel realizations are displayed, respdctilhe performance of MAC-GT algorithm
is much better than MAC-FDMA algorithm, and once again, tbdgrmance gaps between MAC and
FDMA for high user dimension are observed to be larger tharcfse of small user dimension.

The corresponding convergence properties in Fig. 5.10rasepted in Table 5.5. The higher the
user dimension is, the more interference between CR cdilss,Tmore iteration times are needed for

large user dimension system, which can explain the diffecenvergence rates in Table 5.5.

Table 5.5: Iteration situation for MAC-GT algorithm in high-dimensisystems

Users per cell (3) (5) (8) (10)

lterations Percent Percent Percent Percent

1 76.50% 45.00% 16.50% 1.00%
2 22.00% 45.00% 51.00% 30.50%
3 1.00% 9.50% 28.00% 41.50%
4 0.50% 0.50% 3.00% 22.50%
5 - - 1.50% 4.50%

124


5/figures/Chapter5_mac-fdma.eps

5.5 Conclusion

Empirical CDF
1 T P e M |
P + T
0.9 e i
2 -~
0.8F . i
I

0 0.7 b
3 —> 10 users per cell
% 06 il
}é 8 users per cell
S 051 R b
g > 5 users per cell
9 041 b
'E 3 users per cell
o 03 - .

0.2F b

0.1 MAC-FDMA [

- — — MAC-GT
0 s s s I ‘
0 50 100 150 200 250 300 350

SumRate, Mbits / s

Figure 5.10: Sum-rate CDFs of MAC-FDMA and MAC-GT algorithms

Finally, higher user dimension system with more than 10auger cell is considered. In this case,
the GPM with the hard threshotd= 10~3 prevents the MAC-GT algorithm from efficiently operating,
i.e., large iteration times are needed to achieve the fimalargence. To reduce the iteration times
and achieve a fast convergence rate, we enlarge the thdehel= 1. By using this much more
relax threshold, the sum-rate CDFs of MAC-GT algorithmdaw@if 10, and 20 CR users per cell and
a distanceD = 2.2 km over 200 independent channel realizations are display&egin5.11, and its
corresponding convergence properties are presented ie &b In contrast to Fig. 5.10 and Table
5.5, it is interesting to find that this soft-threshold MAC-@Gan achieve almost the same sum-rate
performance with faster convergence rate, which indicttas the whole system sum-rate of our
MAC-GT algorithm can reach a desired performance after @y 3 iteration times. Herein we have
not given out more numerical results for high user dimensigsiem. Higher user dimension system

with more than 20 users per cell can be implemented in the saaydy changing the threshoid

5.5 Conclusion

In this chapter, we propose a non-cooperative MAC-GT allgorito perform uplink resource al-
location with power constraint in the context of multi-cBIBMC based CR network. A convex

optimization problem is formulated by taking advantage dk@®Aitechnique. We have derived the
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Figure 5.11: Sum-rate CDFs of MAC-GT algorithm with large number of CRngse

Table 5.6: Iteration situation for MAC-GT algorithm in high-dimensigystems witte = 1

Users per cell (8) (10) (20)

lterations Percent Percent Percent

1 87.50% 42.00% 35.00%
2 12.50% 57.00% 62.00%
3 - 1.00% 3.00%

optimization solutions of the proposed algorithm using laagiian algorithm and gradient projec-
tion method. The MAC-GT algorithm for iterative multi-uspower allocation is an extension of
IWFA which is applied for iterative single-user power abdion. Besides, since the high implemen-
tation cost of MAC scheme, we propose a heuristic MAC-FDMangformation algorithm to avoid
costly implementation of MAC and also to solve the exhaegssigarch problem of traditional FDMA
strategy. Final numerical results exhibit that the distiglol MAC-GT and MAC-FDMA algorithms
deliver robust convergent behavior and achieve superiorsiie performance than the traditional
FDMA-GT algorithm especially for a high-dimension netwavith a large number of CR users per
cell.

In our CR scenario using FBMC technique, the proposed nopeamative resource allocation
algorithm and the experimental simulation are both basetherassumption that the interference
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from CR cells to primary system is neglected by deactivating subcarrier in the two sides of each
spectrum hole. This hypothesis is not far from a realisticr@Rvork without involving interference
issue. Nevertheless, there exists significant interferemoong the CR cells if OFDM technique is
applied. As noted in chapter 4, in order to avoid interfeeswith primary system, “8” subcarriers in
the spectrum holes should be deactivated, which subdtardiecreases the capacity of CR system.
In summary, FBMC highly relaxes the interference to primsygtem, and thus can be considered as
a potential candidate for future CR physical layer data comoation.
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CHAPTER®G

Conclusions

It is anticipated that in the future life, the emerging Cdiyei Radio (CR) techniques will play a key
role in the field of wireless communications due to the insire@ wireless services, and a physical
layer best suited to CR is needed. In view of this expectatiorhis dissertation, we develop a
CR framework that advocates Filter Bank based Multi-Car(iBMC) for opportunistic spectrum
access. The objective of this dissertation is to propose EBdA the future CR system that is more
efficient and flexible than the conventional Orthogonal Esggpy Division Multiplexing (OFDM)
based CR system. Recently, a great deal of research hagdbitssttention on OFDM for wireless
applications, but few studies in the literature have cargid FBMC, especially Offset Quadrature
Amplitude Modulation (OQAM), and relatively limited attéon from the CR community is received.
Thus, another objective of this dissertation is to disseameirthe basic knowledge of FBMC and to
motivate wireless researchers to strengthen FBMC invegtitig in the literature.

As a potential candidate of the next generation commumicatystem, FBMC maintains not only
the most appealing features of OFDM, e.g. high data ratejstabss to multipath fading, flexible
spectral shaping, etc., but also improves the weak poinBRIPM thanks to its inherent capabil-
ities. Firstly, FBMC permits to maximize the spectral effiaty of CR system by eliminating the
Cyclic Prefix (CP). Secondly, FBMC exploits the low specteslkage of its prototype filter, which
shows a higher robustness to residual frequency offsetbettet Inter-Symbol Interference (ISI) and
Inter-Carrier Interference (ICI) suppression than OFDMurbbver, no guard bands are needed for
guaranteeing the service quality of licensed system, aniwtly of CR system throughput can be
hence promoted. Lastly, it has been shown that filter bankssease as an accurate spectrum ana-
lyzer and reception simultaneously at virtually no additibcost, which eases the requirement on the
hardware. In this dissertation we show that the analyses fildnks at the receiver can achieve greater
dynamic spectrum range than the conventional Fast Fourgsiorm (FFT) in OFDM. Besides,
compared to OFDM, FBMC can allow a very flexible frequency agament on a carrier-by-carrier
basis and can provide a more flexible spectral shaping ofdinemitted signal that fills the spectrum
holes without interfering with the licensed users.

In a word, FBMC techniques offer higher spectrum resolytligher spectrum efficiency, more
flexible spectral shaping, and require only a little inceeascomputation complexity as opposed to
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OFDM. All these important properties of FBMC make it a promgsCR physical layer candidate
and better suited to the new concept of dynamic access spectr
In the following, we review the major contributions of thisskertation and discuss some topics

of further research.

6.1 Contributions

After giving the introduction involving motivation, resea scope, literature review, thesis outline,
and publications in Chapter 1, then an overview of CR andiMidirrier Modulation (MCM) schemes
are briefly described in Chapter 2, where we describe whattislly meant by cognitive radio, its
developments, its applications in different wireless meks, and some research challenges in the
deployment of the real-life CR scenario have been outlinstdast, the strengths and weakness of
OFDM and FBMC are highlighted. Based on the preliminary drabtetical knowledge provided in
the first two chapters, three research issues includingctrgpe sensing, spectrum efficiency com-
parison, and resource allocation in FBMC-based CR contextanalyzed and investigated in the
subsequent chapters.

In Chapter 3, we first provide a literature review which cevitre major categories of traditional
transmitter detectors, and discuss their adaptabilithenGR system. Next, this chapter proceeds by
proposing a cyclostationary signature based single-batettbr and a multi-band detection architec-
ture based on polyphase filter bank. Chapter 4 emphasizehdmmel capacity comparison between
OFDM-based CR systems and FBMC-based CR systems underiak sgenario. In the last Chapter,
we propose a non-cooperative resource allocation algornithing game theory to efficiently perform
uplink frequency allocation and power control for FBMC-bdsnulti-cell CR systems.

In this dissertation, a number of original contributionsydndeen obtained in the area of FBMC-
based CR systems, which are summarized as below:

e Spectrum Sensing At first, spectrum sensing as a crucial element of cognitioterms of
spectrum awareness is explored. The spectral correlatiaracteristics of MCM signals are
investigated by Linear Periodic Time-Variant (LPTV) modeld explicit theoretical formulas
of spectral correlation functions are derived. In orderteroome the limitations of energy
detector in CR applications, a Cyclostationary Signat@®)(detector based on the theoretical
spectral analysis is proposed. This CS detector is denatedtto be more robust against noise
uncertainty, and can discriminate different primary slgnaoise and interference. What is
worth mentioning is that this CS detector is a good contigiouespecially for FBMC signal
detection since FBMC signal does not exhibit strong cyekishary feature like OFDM signal.
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Additionally, the sensing feature of FBMC is discussed. Atirhand sensing architecture built
on Polyphase Filter Bank (PFB) is analyzed and compared TddaBed sensing structure. Itis
shown that spectral estimation can benefit from PFB due tuigts containment of prototype

filter, which yields better performance results than FFT.

Spectral Efficiency ComparisonThe ideal situation of a CR system the researchers expect is
maximum throughput for the CR system and minimum interfeeefor the licensed system.
Since the CR system will inevitably cause some interferdadbe licensed system, it always
needs to make a tradeoff between interference and throughpwur dissertation, the inter-
cell interference resulting from timing offset for OFDM aR8MC are demonstrated, and the
mean interference tables for OFDM and FBMC are quantitigtiobtained. It has been proven
that OFDM causes very significant interference level to thighboring subcarriers, whereas
FBMC causes very small interference. In order to furthewig® an insight into the spectrum
efficiency, the capacities of OFDM and FBMC based CR systemsxamined and compared
based on their mean interference tables. Numerical resotis again verify that FBMC can
offer higher channel capacity and can achieve much moreimeaice gain if rough estimated
Channel State Information (CSI) is considered.

Resource AllocationHerein we emphasize on the Non-cooperative Resourcealmt(NRA)
based on Game Theory (GT) in FBMC based multi-cell CR systémmwilti-user per cell. As
discussed in the preceding chapter, FBMC is proven to shawstino cross-interference with
neighboring subcarriers (i.e. only one secondary sularaadjacent to Primary Users (PUSs)
causes interference to PUs). Therefore, our NRA strategyoigosed under the assumption
that the subcarrier adjacent to PUs is deactivated and tlt@gphawsecondary cells are coarse-
synchronized. Benefiting from these assumptions, thef@rtrce constraint is omitted, and
a sequential distributed resource allocation algorithfiedsible. In contrast to existing algo-
rithms based on Frequency Division Multiple Access (FDMilag proposed NRA algorithm
formulates a concave optimization by using Multiple Acc€ssinnel (MAC) technique, which
significantly decreases the non-convergence probabiliig proposed MAC based NRA algo-
rithm for distributed multi-user power allocation gen&es Iterative Water-Filling Algorithm
(IWFA) which is applied for distributed single-user powdbeation. Besides, we propose a
pragmatic MAC-FDMA transformation method, which not onko#ds costly implementation
of MAC but also solves the exhaustive search problem ofticadil FDMA strategy. Final
numerical results exhibit that MAC and MAC-FDMA based garhearetic algorithms can
achieve more stable convergence and higher sum-rate penfice than the traditional FDMA
algorithm especially for high dimension systems.
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According to above descriptions, we demonstrate that wisem @R data communication tech-
nique, FBMC offers higher spectral resolution and spedfiitiency than OFDM. As a result, the
conclusion can be reached that FBMC is a very appropriatdidate for physical layer data com-
munication in CR systems. Although there is a little additibcomplexity for FBMC due to the
implementation of equalization, it is profitable for achieybetter spectral efficiency. Furthermore,
the research in this dissertation has significantly advétice state of the art of FBMC in CR com-

munications.

6.2 Future Research

FBMC has the potential to fulfil the requirements of CR congcbpt a major research effort is nec-
essary for full exploitation and optimization of FBMC tedtpmes in all aspects of the CR context.
Consequently, advances in FBMC-based CR systems areesfillred to make it useful for future

radio systems. On the basis of the research issues studibis idissertation, there exists a number
of topics that could be continued. Some suggestions of [plessktension on existing work are given

below:
e Spectrum Sensing

1. The period of one MCM symbol is assumed to be known to CRvectr cyclostation-
ary detection in Section 3.2, which is an unrealistic assionpn most of CR scenarios.
Thus, it would be interesting to develop sophisticated wa@sho predict the signal sym-
bol period [120];

2. In Section 3.2, future work could be undertaken to expluit use of pilots for generat-
ing cyclostationary signatures instead of using transomsdata, which will significantly
increase the useful data rate;

3. In Section 3.3, for the sake of simplicity, we compare thdtihsensing performance of
PFB and FFT only in white noise environment. However, th&sténg, multipath fading
and interference aggregation show large effect on perfiocmaln order to accommodate
for practical implementation aspects, future work will cem the effect of High Power
Amplifier (HPA), shadowing, fading, and interference rethto the utilization of PFB;

4. With respect to spectrum sensing, there are a number #ébas involving Doppler
fading, hidden transmitter, interference from other CRraisetc., which will result in
less reliab