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DD Delay-Doppler
DCT4 Discrete Cosine Transform type-IV

eMBB Enhanced Mobile Broadband
eUMBB Enhanced Ultra-Mobile Broadband
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FFT fast Fourier transform
FMT Filtered multitone modulation
FBMC/OQAM Filter Bank Multi-Carrier with OQAM
FTN Faster-Than-Nyquist
FDC Frequency Domain Compensation
FS Frequency Spread
FEC Forward Error Correction

HARQ Hybrid Automatic Repeat-Request
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IoT Internet-of-Things
IFFT Inverse Fast Fourier transform
ISI Inter-Symbol Interference
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IAM Interference Approximation Method
ISFFT Inverse Symplectic Finite Fourier Transform
INI Inter-Numerology Interference

KPI key performance indicator

LoS Line-of-sight
LTE Long-term evolution
L𝐶𝑃 CP length
LDPC Low-Density Parity Check Code
LS Least Squares
LRx Linear Receivers
LMMSE Linear Minimum Mean Square Error
LSPs Large-Scale Parameters

MBB Mobile Broadband
MMB4 Martin, Mirabassi, Bellange
MCO Modulation Code Overlapping
MMC Massive Machine Communication
mMTC Massive machine-type communications
MIMO Multiple-input multiple-output
mMIMO massive MIMO
MU-MIMO Multi-user MIMO
MT Mobile terminal
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Résumé long

La cinquième génération (5G) de réseaux mobiles est le standard de communication cellulaire
spécifiquement conçue pour prendre en charge une pluralité de services soumis à des contraintes
diverses et variées. Malgré les avancés technologiques de la 5G, il y a une demande toujours
aussi croissante en terme de données transmises, avec l’émergence de nouvelles applications
et de nouveaux services sans fil. De ce fait, la sixième génération (6G) de réseaux mobiles
devra fournir des débits de données encore plus élevés tout en garantissant une latence plus
faible et une connectivité améliorée pour une gamme d’appareils de plus en plus diversifiée.
Avec des prévisions estimant que la quantité de trafic sans fil sera 10 000 fois plus élevé, la
6G devra prendre en charge des réseaux de plus grande capacité pour répondre au nombre
massif d’appareils qui auront besoin de se connecter. En outre, de nouveaux services tels que
la télémédecine, les véhicules autonomes et les applications de ville intelligente nécessiteront
des niveaux de fiabilité, de disponibilité et de sécurité sans précédent. Ces dernières tendances
en matière de communications sans fil poussent la 5G à ses limites, la rendant incapable de
gérer efficacement le trafic attendu à l’avenir. Par conséquent, la 6G, actuellement en cours de
pré-normalisation, devra proposée une solution efficace pour satisfaire ces tendances émergentes.
Cette nouvelle génération devra prendre en charge de nouveaux services tout en améliorant les
performances des services conventionnels fournis par la 5G, notamment en augmentant les débits
de données, la capacité et la couverture réseau.

Le service enhanced Massive Machine Communication (eMMC) est attendu pour les appli-
cations de type internet des objets en 6G. Ce service est conçu pour répondre aux situations
où un grand nombre de capteurs doivent accéder au réseau sans fil. Le principal défi du service
eMMC est d’assurer une durée de vie de la batterie plus longue qu’en 5G pour les appareils
à faible consommation d’énergie. D’autres applications émergentes nécessitent des communi-
cations à faible latence et à haute fiabilité, telles que l’internet tactile, l’automatisation des
usines et la surveillance des signes vitaux. Pour prendre en charge ces applications, le service
Enhanced Mission Critical Communication (eMCC) est envisagé. Dans le domaine de la 5G,
un service notable concerne les communications véhiculaires, connu sous le nom de service V2X
(Vehicle-to-Anything). Cela correspond à des communications entre plusieurs véhicules, ou en-
tre des véhicules et l’infrastructure. Alors que nous entrons dans l’ère de la 6G, les systèmes
de communication véhiculaires devront évoluer, offrant des services V2X plus avancés avec des
exigences de plus en plus élevées. Cela implique un temps de latence extrêmement faible (0,01
ms) et un débit élevé, ainsi qu’une grande fiabilité (99, 999999%).

1
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Pour exploiter tout le potentiel des services mentionnés, la 6G devra répondre à des indica-
teurs de performance rigoureux, ce qui nécessitera l’exploration de nouvelles technologies, allant
de la couche applicative à la couche physique. Cependant, la forme d’onde actuelle Orthogo-
nal Frequency Division Multiplexing (OFDM), introduite dans la 4G et maintenue dans la 5G,
pourrait ne pas suffire à satisfaire ces exigences strictes. En effet, la coexistence de tous les
nouveaux services, en plus de ceux existant, dans la même bande de fréquences est compro-
mise par l’importante fuite de puissance hors bande de l’OFDM. En outre, l’OFDM nécessite
une synchronisation temporelle et fréquentielle stricte avec la station de base (BS) pour chaque
utilisateur, ce qui entraîne une augmentation substantielle de signaux de synchronisation. Par
conséquent, la latence et la consommation d’énergie sont considérablement affectées.

Dans ce contexte, plusieurs formes d’onde ont été étudiées en tant que candidats potentiels
pour la 5G et maintenant la 6G. Il s’agit notamment :

1. Filter Bank Multi-Carrier with Offset Quadrature Amplitude (FBMC/OQAM),

2. Universal-Filtered Orthogonal Frequency-Division Multiplexing (UF-OFDM),

3. Filtered-Orthogonal Frequency-Division Multiplexing (F-OFDM),

4. Orthogonal Time Frequency Space (OTFS).

Ces formes d’ondes ont pour point commun d’introduire un filtrage comme moyen de remédier
aux inconvénients identifiés de l’OFDM. Cette opération de filtrage réduit considérablement
la fuite de puissance hors bande, améliorant ainsi la capacité de coexistence des services et
atténuant les contraintes de synchronisation. Dans ce travail de thèse, nous avons considéré les
modulations FBMC/OQAM. Une description technique de ces formes d’ondes est donnée dans
la suite de ce résumé.

La forme d’onde FBMC/OQAM et les avancées récentes

Pour la forme d’onde FBMC, un banc de filtres appliquant un filtre prototype (PF) est introduit
pour donner une forme d’impulsion efficace au signal transmis sur chaque sous-porteuse. Ce banc
de filtres joue un rôle important dans le contrôle de la puissance d’émission transportée par les
lobes secondaires de la réponse en fréquence du PF. Il permet en outre une plus grande flexibilité
dans la gestion de la fuite de puissance hors bande au prix d’une complexité matérielle accrue
du côté de l’émetteur et du récepteur. Il s’agit d’une différence majeure par rapport à l’OFDM
qui utilise des des impulsions rectangulaires. L’absence de Cyclic prefix (CP) est une autre
différence par rapport à l’OFDM qui peut conduire à une amélioration de l’efficacité spectrale
(SE), mais demande d’utiliser des techniques de réception plus complexe à implémenter.

Selon le théorème de Balian-low, il est impossible d’atteindre simultanément les trois carac-
téristiques suivantes, quel que soit le système de communications considéré :

1. L’orthogonalité dans le domaine des nombres complexes.
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2. La localisation en temps et en fréquence (filtrage).

3. L’efficacité spectrale maximale.

En ce qui concerne l’OFDM, l’orthogonalité complexe est obtenue au sacrifice de la seconde
propriété qui affecte la localisation fréquentielle et, par conséquent, provoque une fuite de puis-
sance hors bande élevée. De plus, l’OFDM réduit également son efficacité spectrale (troisième
propriété) pour éviter l’interférence entre symboles causée par les canaux multi-trajets, grâce
à l’utilisation d’un préfixe cyclique. Afin de rétablir la deuxième propriété, les modulations
en banc de filtres appliquent un filtrage par sous-porteuse. De ce fait, l’efficacité spectrale ou
l’orthogonalité dans le domaine des nombres complexes doit être abandonnée selon le théorème
de Balian-low.

Traditionnellement, deux types distincts d’implémentation émetteurs-récepteurs FBMC avec
différents niveaux de complexité calculatoire et de performance ont été proposés dans la littéra-
ture : le Polyphase Network (PPN) et le Frequency Spread (FS). Le premier est généralement
utilisé du côté de l’émetteur en raison de sa faible complexité. D’autre part, l’implémentation
FS est principalement adoptée du côté du récepteur à cause de son processus d’égalisation peu
complexe.

Les symboles FBMC transmis se chevauchent dans le temps, de sorte que le signal FBMC
ne soit pas constitué de symboles de blocs successifs et séparés comme pour l’OFDM. Chaque
symbole FBMC, composé de 𝐿 échantillons, transporte jusqu’à 𝑀 sous-porteuses filtrées. Le
nombre de symboles se chevauchant est défini par le facteur de chevauchement 𝐾, qui est le ratio
entre la longueur du filtre prototype 𝐿 et le nombre total de sous-porteuses 𝑀.

Pour assurer l’orthogonalité dans le domaine des nombres réels, le traitement OQAM est
introduit. Tout d’abord, les composantes réelles et imaginaires du signal QAM sont séparées.
Après la rotation de phase, la composante imaginaire est retardée de la moitié de la durée d’un
symbole FBMC. Cette opération est suivie d’un transformé de fourier discrète inverse (IFFT) de
taille 𝑀. Un traitement PPN est ensuite réalisé, où le bloc d’échantillons en sortie de la IFFT
est répliqué 𝐾 − 1 fois. Ensuite, une opération de fenêtrage est appliquée en utilisant la réponse
impulsionnelle du PF ayant une longueur de 𝐿 = 𝐾𝑀. Enfin, les composantes résultantes sont
additionnées pour fournir le signal d’émission.

Côté récepteur, les deux types d’implémentations (PPN et FS) appliquent des opérations in-
versées par rapport à celles effectuées par l’émetteur. Pour l’implémentation basée sur le PPN,
les opérations doivent être effectuées dans l’ordre suivant: PPN, FFT de taille 𝑀, et démappeur
OQAM. Le récepteur FS-FBMC commence par applique une FFT de taille 𝐾𝑀 sur le signal
reçu contenant le symbole FBMC à démoduler, ce qui augmente sa complexité. Pour utiliser un
égaliseur à faible complexité basé sur les sous-porteuses du côté du récepteur, l’étape de filtrage
est déplacée dans le domaine des fréquences. Enfin, les symboles Pulse-Amplitude-Modulation
(PAM) à récupérer sont obtenus en extrayant la partie réelle du signal à rotation de phase en
quadrature et sous-échantillonné.

Grâce à la méthode de l’OQAM, la FBMC présente désormais les caractéristiques suivantes:
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1. orthogonalité dans le domaine réel,

2. une localisation temporelle et fréquentielle améliorée par rapport à l’OFDM, grâce au
filtrage par sous-porteuse,

3. offre une meilleure efficacité spectrale que l’OFDM, car aucun préfixe cyclique n’est trans-
mis.

Outre ces avantages, la FBMC est plus résistante aux synchronisations temps/fréquence im-
parfaites en choisissant le filtre prototype approprié. Par conséquent, la FBMC/OQAM se
positionne comme une technologie prometteuse pour divers services, renforçant la résilience des
systèmes de communication face à différents types de déficiences. À titre d’exemple, la robustesse
de la FBMC/OQAM face au décalage/étirement Doppler peut être exploitée pour prendre en
charge le service V2X. De plus, la prise en charge efficace d’une synchronisation plus souple
peut être envisagée avec la FBMC/OQAM pour les services eMMC, grâce à sa faible émission
de puissance hors bande et sa résistance au décalage temporel.

Cependant, l’introduction de l’OQAM n’est pas sans conséquence. En effet, cela complexi-
fie l’utilisation des techniques d’estimation de canal et des technologies massive Multiple-Input
Multiple-Output mMIMO faisant intervenir un large nombre d’antennes au niveau des stations
de base.

Objectifs de la thèse et contributions

Bien que l’OFDM ait été la technologie de pointe au cours des dernières décennies, elle présente
plusieurs inconvénients qui limitent son efficacité dans certains scénarios. D’autre part, des pro-
jets de recherche ont identifié les formes d’ondes multiporteuses filtrées comme des technologies
de couches physiques prometteuses pour la prochaine génération de réseaux mobiles. Parmi ces
techniques, la FBMC/OQAM a été considérée comme la forme d’onde la plus prometteuse en
raison de son confinement supérieur du spectre, de sa capacité à supporter une synchronisa-
tion imparfaite dans les réseaux denses avec des communications Device-to-Device (D2D) et des
communications asynchrones entre machines, et de sa robustesse dans les scénarios de grande
mobilité tels que les communications entre véhicules.

Au cours des dernières années, l’équipe de recherche d’IMT Atlantique a réalisé des progrès
significatifs dans le développement et de dépôts de brevets sur des contributions innovantes liées
à la FBMC, tant du côté de l’émetteur que du récepteur. Du côté de l’émetteur, un nouveau fil-
tre prototype court a été proposé pour la FBMC, et permet une reconstruction presque parfaite
du signal tout en ayant la même taille qu’un symbole OFDM. Combiné à d’autres techniques
de réception originales, ce filtre devient un avantage majeur pour la plupart des scénarios de
communication mentionnés ci-dessus, permettant en outre de réduire considérablement la com-
plexité du matériel et la consommation d’énergie des émetteurs. Du côté du récepteur, une
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nouvelle technique de réception FBMC adaptée aux filtres courts a également été proposée. Elle
implique l’utilisation d’un égaliseur dans le domaine temporel basé sur l’algorithme Overlap-
Save (OS), qui permet d’effectuer des opérations de convolution rapides, avant la démodulation
FBMC. Il a été démontré que l’égaliseur dans le domaine temporel et le récepteur FBMC peu-
vent être regroupés en une seule structure en raison de la localisation en fréquence du filtre, ce
qui réduit considérablement la complexité calculatoire. Le récepteur qui en résulte améliore con-
sidérablement la robustesse contre les canaux doublement dispersifs quand des filtres courts sont
utilisés, et supporte les communications asynchrones pour ces même filtres. Un autre schéma
OS-FBMC dans lequel les symboles FBMC sont transmis et démodulés par bloc dans le domaine
des fréquences a été dérivé, ce qui dimininue encore plus la complexité.

Cependant, il reste encore quelques aspects importants à résoudre. Certaines techniques util-
isées par l’OFDM ne peuvent pas être directement appliquées à la FBMC en raison du schéma
OQAM, comme la structure des pilotes (PS) pour l’estimation du canal (CE), les techniques
d’estimation conventionnelles utilisées pour l’OFDM, ainsi que la compatibilité avec la technolo-
gie mMIMO qui utilise un grand nombre d’antennes au niveau de la BS. Cette dernière est une
technologie essentielle pour la prochaine génération de réseaux de données sans fil. Elle offre
des avantages substantiels en termes de fiabilité, de données et de SE. Il est donc essentiel de
trouver des solutions appropriées à ces problèmes techniques pour que la FBMC devienne une
solution technologique mature et utilisable dans les futurs systèmes de communication.

Dans ce contexte, l’objectif principal de cette thèse est de proposer des solutions aux défis
mentionnés ci-dessus pour les formes d’ondes multi-porteuses filtrées pour les systèmes utilisant
la technologie mMIMO. Plusieurs objectifs ont été considérés :

1. L’extension aux systèmes mMIMO des progrès récents susmentionnés proposés, en parti-
culier l’utilisation de l’algorithme OS couplé à un filtre prototype court afin de réduire la
latence et la complexité de l’émetteur-récepteur.

2. Support de la synchronisation relaxée, des communications asynchrones et de la résilience
contre les différents types d’interférences pour les systèmes mMIMO.

3. Développement d’un PS qui permet la mise en oeuvre de techniques OFDM convention-
nelles d’estimation de canal pour les systèmes FBMC.

4. Exploiter la robustesse aux interférences de la FBMC/OQAM lorsqu’elle est associée aux
récepteurs avancés, en proposant de nouvelles techniques de transmission efficaces en ter-
mes d’utilisation du spectre.

Structure du manuscrit et résumé des chapitres

Le manuscrit de thèse est composé de cinq chapitres, qui sont résumés dans les paragraphes
suivants.
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Chapitre 1 : Introduction

Le premier chapitre présente le contexte général de ce travail et introduit les bases des contribu-
tions développées dans les sections suivantes. Il décrit ensuite les objectifs de la thèse et fournit
une liste complète des contributions apportées, suivie de résumés concis de chaque chapitre et
d’une liste de publications.

Chapitre 2 : Formes d’onde pour au-delà de la 5G et après-
OFDM

Ce deuxième chapitre présente le contexte scientifique de base pour appréhender les contributions
présentées dans les chapitres suivants. Le chapitre commence par une brève introduction à
l’OFDM, qui est couramment utilisé dans le service eMBB conventionnel de la 5G. Il explique
ensuite les contraintes spécifiques des différents scénarios de la 6G, tels que l’eMMC, le MCC et
les communications V2X. Le chapitre souligne les limites de la modulation OFDM pour répondre
à ces contraintes. Ensuite, le chapitre fournit une description technique de la FBMC/OQAM,
qui est la forme d’onde étudiée dans cette thèse. En outre, un bref aperçu d’autres formes d’onde
prometteuses est présenté. Ce chapitre présente les avantages de l’utilisation de PF courts pour
la FBMC/OQAM, tels que la prise en charge des communications à faible latence, la faible
complexité de calcul et l’efficacité énergétique élevée. Il présente également les inconvénients
associés, notamment une diminution de la robustesse aux canaux à trajets multiples avec un long
étalement des retards et des dégradations de performances dues à de long décalage temporel.
En outre, le chapitre présente les récepteurs FBMC/OQAM pertinents dans la littérature qui
étudient ces questions. Enfin, le chapitre identifie les défis en suspens qui empêchent actuellement
l’adoption à plus grande échelle de la FBMC/OQAM.

Chapitre 3 : Nouvelle technique de transmission pour formes
d’ondes multiporteuses

Un élément crucial des réseaux de communication cellulaire est l’efficacité spectrale (SE) at-
teignable. En effet, motivée par la croissance continue du trafic de données mobiles dans les
réseaux sans fil, l’amélioration de l’efficacité spectrale a représenté l’un des principaux objectifs
du 3GPP sur plusieurs générations de normes en réseaux mobiles.
Dans ce contexte, un nouveau schéma de transmission appelé Modulation Code Overlapping
(MCO) est proposé dans ce chapitre. La première section commence par présenter les solutions
pertinentes présentées dans la littérature pour l’amélioration de la SE. Dans une seconde section,
la technique MCO est présentée. Il est basé sur le chevauchement intentionnel des sous-porteuses
des utilisateurs adjacents, ce qui permet d’augmenter le débit de données et l’efficacité spectrale
du système. Cela se fait au prix d’un niveau de puissance élevé en interférences. Pour résoudre
ce problème, nous proposons d’optimiser conjointement le taux de codage, la quantité de sous-
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bandes superposées et l’ordre de modulation. Enfin, une dernière section est dédiée à l’analyse
des performances de la technique MCO pour différentes dégradations du canal, y compris les
décalages multi-trajets et temporels. Contrairement aux travaux antérieurs, nous avons effectué
des simulations à l’aide d’un modèle de canal réaliste généré par QuaDRiGa afin de valider le
système proposé. Les résultats révèlent que le récepteur FBMC-OS surpasse l’OFDM sur le
modèle de canal spécifié, permettant d’obtenir un gain en SE remarquable de 66%. Cependant,
dans certaines applications 6G, le gain en SE obtenu en employant l’approche MCO proposée
peut ne pas être suffisant. Par conséquent, dans le chapitre suivant, nous étendons les récep-
teurs FBMC-OS aux systèmes mMIMO afin d’exploiter pleinement le potentiel cette technologie
multi-antennes pour obtenir un gain en SE encore plus élevé.

Chapitre 4 : Récepteurs OS-FBMC pour les systèmes mMIMO

L’utilisation de systèmes mMIMO, caractérisés par un large nombre d’antennes déployés sur les
station de bases desservant de nombreux utilisateurs simultanément, est une solution promet-
teuse pour augmenter plus significativement l’efficacité spectrale. Bien que l’OFDM ait été large-
ment adopté dans la littérature pour l’étude des systèmes multi-utilisateur (MU) mMIMO, cette
forme d’onde est très sensible aux déficiences provoquées par une synchronisation imparfaite. Or,
les gains significatifs en performance des systèmes couplant OFDM et MU-mMIMO sont obtenus
pour des situations où tous les utilisateurs sont parfaitement synchronisés. Pour des procé-
dures de synchronisation relaxées et asynchrones, les performances sont significative dégradées
à moins d’annuler les interférences résultants entre utilisateurs, antennes et sous-porteuses ce
qui augmente massivement la complexité du récepteur OFDM. En revanche, FBMC/OQAM est
reconnue pour être résiliant aux synchronisation imparfaite, en particulier suites aux avancés
récentes sur les techniques de réception. Dans ce chapitre, nous étendons ces progrès récents
sur les récepteurs FBMC au contexte des systèmes MU-mMIMO, afin de profiter pleinement de
l’avantage de ces deux technologies.

La premier partie de ce chapitre présente les émetteurs-récepteurs multiporteurs de la lit-
térature pour le MIMO massif ainsi que leurs inconvénients. Ensuite, de nouveaux récepteurs
FBMC basés sur l’algorithme OS sont proposés, suivis d’une étude analytique en présence de
différentes dégradations du canal. La dérivation analytique proposée du SINR réduit consid-
érablement le temps de calcul nécessaire à la sélection des paramètres du récepteur OS lors de
la recherche du meilleur compromis performance/complexité adapté à l’application envisagée. Il
est démontré que l’OS-FBMC améliore de manière significative les performances en taux d’erreur
binaire sur des canaux à trajets multiples, par rapport à l’OFDM. En outre, le récepteur proposé
supporte les communications asynchrones en plus d’accroître la robustesse contre les décalages
de fréquence dans le contexte des systèmes MU-mMIMO.
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Chapitre 5 : Nouvelles structures pilotes et technique d’estimation
du canal associée pour les systèmes FBMC/OQAM mono- et
multi-utilisateurs

La précision de l’estimation du canal (CE) joue un rôle crucial pour pleinement profiter des
gains apporté par la technologie mMIMO, comme l’amélioration du SE et de la résilience face
aux perturbations provoqués par des conditions de propagation canal difficiles. Contrairement
à l’OFDM, le FBMC/OQAM ne présente qu’une orthogonalité dans le champ des nombre réels.
Par conséquence, les signaux reçues, incluant les pilotes, souffrent d’interférences intrinsèques,
ce qui rend les techniques de CE plus contraignante à concevoir pour FBMC.
Ainsi, dans ce chapitre, nous proposons une nouvelle structure de pilote (PS) ainsi qu’une
technique de CE associée pour les systèmes FBMC/OQAM pour le cas d’une transmission avec
un seul utilisateur. Contrairement aux méthodes existantes, le modèle proposé n’impose pas que
l’intervalle en temps entre les symboles soit beaucoup plus long que le délai d’étalement maximal
du canal. Nous avons ensuite étendu ces contributions aux systèmes MU-mMIMO, dans lesquels
les pilotes des différents utilisateurs sont entrelacés en fréquence par un simple décalage circulaire
sans qu’il soit nécessaire d’utiliser des symboles de garde entre eux. Il en résulte une forte
réduction du nombre de signaux de préambules transmis, particulièrement lorsque le nombre
d’utilisateurs est conséquent. De ce fait, la méthode proposée améliore considérablement le SE
par rapport aux solutions disponibles dans la littérature qui nécessitent un grand nombre de
bande de gardes pour séparer les pilotes des différents utilisateurs, tout en offrant la meilleure
performance réalisable connue à ce jour si la complexité n’est pas une contrainte.

Chapitre 6 : Conclusions et travaux futurs

FBMC/OQAM offre des avantages significatifs par rapport à l’OFDM, tels qu’une fuite de puis-
sance hors bande plus faible et une meilleure résistance aux erreurs de synchronisation. Cepen-
dant, l’ajout d’un étage de filtrage complique l’adoption de certaines techniques supportées par
l’OFDM, telles que l’estimation de canal et l’implémentation de la technologie mMIMO. Grâce
aux nouveaux algorithmes proposés dans ce manuscrit, la FBMC/OQAM peut être facilement
couplé à la technologie mMIMO et surpasse en performance l’OFDM pour différentes dégra-
dations due au canal de propagation. De plus, l’efficacité spectrale peut être encore améliorée
grâce à la technique MCO proposée dans cette thèse, ouvrant ainsi la voie à des systèmes de
communication mobile plus efficaces.

Des pistes d’améliorations peuvent être envisagées pour la suite des travaux de cette thèse. Ces
dernières années, l’équipe de recherche à IMT Atlantique a développé une plateforme capable
de simuler des scénarios 5G avec des récepteurs FBMC conventionnel de type PPN et FS. Une
amélioration possible consiste donc à concevoir et à implémenter des architectures matérielles
optimisées pour les récepteurs FBMC de cette plateforme. De plus, la plateforme ne prend en
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charge que la communication SISO. Étant donné que les techniques mMIMO sont largement
adoptées dans la 5G, une amélioration significative de la plateforme impliquerait l’intégration
de la prise en charge de la technologie mMIMO avec les récepteurs proposés dans ce manuscrit.
Cela impliquerait principalement de modifier la plateforme RF actuelle, qui n’intègre qu’une
seule antenne pour l’émission et une pour la réception.

Enfin, la procédure MCO proposée a été initialement conçue pour les transmissions SISO. Éten-
dre la procédure MCO au contexte des systèmes mMIMO permettrait d’augmenter davantage
l’efficacité spectrale des systèmes de communication.



Chapter 1

Introduction

1.1 Next generation communication networks and services

The Fifth Generation (5G) New Radio (NR) is the first cellular network standard that was
specifically designed to support multi-service communication, comprising services with diverse
and varying requirements. It introduces service classes such as Ultra-Reliable Low-Latency
Communication (URLLC) and Machine-Type Communication (MTC) alongside enhanced Mo-
bile BroadBand (eMBB) to cater to the different communication needs of users. Despite the
perceived step forward thanks to the introduction of 5G, with the ever-growing demand for
data and the emergence of new wireless applications and services, it is expected that the Sixth
Generation (6G) mobile networks will need to deliver even higher data rates, lower latency,
and improved connectivity for an increasingly diverse range of devices. With predictions of up
to 10, 000 times increase in wireless traffic [1, 2], 6G will need to support higher capacity net-
works to accommodate the massive number of devices that will need to connect. Furthermore,
new services such as telemedicine, autonomous vehicles, and smart city applications will require
unprecedented levels of reliability, availability, and security. These latest trends in wireless com-
munications are pushing the 5G to its limits, making it unable to efficiently handle the expected
traffic in the future. As a result, the 6G of wireless communication networks, currently in the
process of pre-standardization, is expected to offer an efficient solution to these emerging trends.
This new generation is anticipated to support emerging services while also enhancing the capa-
bilities of the conventional eMBB service provided by 5G, including higher data rates, capacity,
and coverage [2]. This new service in 6G is referred to as enhanced Ultra-Mobile Broadband
(eUMBB).

The enhanced Massive Machine Communication (eMMC) is a new service expected for Internet-
of-things (IoT) applications in 6G. It represents a revolutionary advancement over the Massive
Machine Communication (MMC) service in 5G, to cope with the anticipated massive connec-
tivity requirements that can reach 107 devices/km2 [3], while prioritizing power consumption
and Spectral Efficiency (SE) besides low hardware cost [3]. Similar to MMC, this service is
designed to cater to situations where a large number of sensors and actors need to access the
wireless network, but each device requires a relatively low data rate. The transmission of data

10
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is sporadic and involves small packets per connection. Unlike the eUMBB service, the main
challenge for the eMMC service is to ensure extended battery life compared to that in 5G for
low power devices. The objective is to achieve a battery life that can last for a week or even
longer [4]. This necessitates reducing energy consumption by minimizing signaling overhead and
optimizing hardware implementation.

Other emerging applications require low latency communications with high reliability, such
as tactile Internet, factory automation, and monitoring of vital signs. These types of applications
impose a constraining set of technical requirements to ensure that data is transmitted quickly and
accurately. In order to support such applications, the Mission Critical Communication (MCC)
service has been introduced in the 5G known as URLLC in 3rd Generation Partner Project
(3GPP) terminology. In 6G wireless networks, the evolution of URLLC services to Enhanced
Ultra Reliable Low Latency Communications (eURLLC) is expected. It aims to achieve end-to-
end latency, and reliability requirements of 0.01 ms, and 99.99999%, respectively [5] [6]. This
envisioned target service of 6G networks has the potential to revolutionize various aspects of
our lives, such as self-driving vehicles and tele-surgeries [7].

In the realm of 5G, a notable service revolves around vehicular-based communications
known as Vehicle-to-Anything (V2X) service [8]. It corresponds to communications between
two vehicles Vehicle-to-Vehicle (V2V), or between a vehicle and the infrastructure Vehicle-
to-Infrastructure (V2I). As we move into the 6G era, vehicular communication systems are
expected to evolve, offering more advanced V2X services with increasingly demanding require-
ments. This entails extremely low latency (0.01ms) and high throughput along with high re-
liability (99.999999%), with the aim of accommodating a wide range of potential applications
associated with future vehicles, including autonomous and intelligent vehicles. Furthermore,
the transportation industry is a critical sector for 6G, with Connected Autonomous Vehicles
(CAVs) being one of its most demanding areas due to the various required service qualities [9].
Initially, autonomous and connected vehicles were developed independently but combining them
in CAVs is expected to address their inherent limitations and to help solve transportation chal-
lenges. CAVs have many promising applications, such as smart intersections, cooperative per-
ception, and cooperated platooning, which can significantly enhance road safety, fuel/battery
consumption, and congestion. To harness the complete capabilities of CAVs, 6G needs to meet
the aforementioned more stringent connectivity Key Performance Indicators (KPIs) along with
extremely massive instant access anytime and anywhere, a concept referred to as Grant Free
(GF) [2].

To unleash the full potential of the aforementioned services, 6G would have to meet the
corresponding stringent KPIs, thereby resorting to the exploration of novel methods, spanning
from the application to the physical layer. However, the current Orthogonal Frequency Divi-
sion Multiplexing (OFDM) waveform, introduced in 4G and kept in 5G, may not be sufficient
to satisfy these stringent demands. Despite its robustness against multipath channels thanks
to its Cyclic Prefix (CP), its orthogonality in both the time and frequency domains, its effi-
ciency in supporting numerous Multiple-Input Multiple-Output (MIMO) techniques [10], like
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spatial multiplexing and MIMO diversity scheme employing Alamouti code [11], its simple one-
tap equalizer and implementation through Fast Fourier Transform (FFT), OFDM may not be
versatile enough to support all demanding constraints.

However, the coexistence of the above services within the same frequency band, as envisioned
in 6G, is jeopardized by the high Out-Of-Band-Power Leakage (OOBPL) associated with OFDM.
Moreover, OFDM requires fine time and frequency synchronization with the Base Station (BS)
for each user, leading to a substantial increase in signaling overhead. As a result, both latency
and energy consumption are significantly affected.

In this context, various waveforms have been explored as potential candidates for 5G and
now 6G. These include Filter Bank Multi-Carrier with Offset Quadrature Amplitude modulation
(FBMC/OQAM), Universal-Filtered Orthogonal Frequency-Division Multiplexing (UF-OFDM),
Filtered-Orthogonal Frequency-Division Multiplexing (F-OFDM), and Orthogonal Time Fre-
quency Space (OTFS). They introduce filtering as means to address the identified drawbacks
of OFDM. The filtering operation is carried out in the digital domain before transmitting the
baseband discrete signal to the Digital to Analogue Converter (DAC). This filtering step signifi-
cantly reduces the OOBPL, thereby enhancing the service coexistence capability and mitigating
the synchronization constraints.

The primary distinction between these waveforms is based on the filtering operation type,
which could be applied per subcarrier or per group of subcarriers (subband), and the orthog-
onality property. For example, FBMC/OQAM uses per subcarrier filtering while maintaining
orthogonality in the real field. UF-OFDM and F-OFDM both use subband filtering, but the
latter is not orthogonal.

1.2 Objectives of the thesis

While OFDM has been the state-of-the-art technology for the past few decades, it has several
drawbacks that limit its efficiency in certain scenarios. On the other hand, recent research
projects have identified filtered multi-carrier waveforms as next-generation enabling technolo-
gies at the physical layer. Among these techniques, FBMC/OQAM was considered as the most
promising waveform during the drive for 5G. It was preferred over OFDM, which is currently the
state-of-the-art technology, thanks to its superior spectrum confinement, ability to withstand
imperfect synchronization in dense networks with Device-to-Device (D2D) and asynchronous
machine communications, and its robustness in high-mobility scenarios such as vehicular com-
munications.

Over the past few years, the research team at IMT Atlantique has made significant progress in
developing and patenting innovative contributions related to FBMC at both the transmitter and
receiver sides [12,13]. At the transmitter side, a novel short Prototype Filter (PF) for FBMC that
enables near-perfect reconstruction while having the same size as one OFDM symbol has been
proposed. When combined with other original receiver techniques, it becomes a major enabler for
most of the communication scenarios mentioned above, while also significantly reducing hardware
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complexity and energy consumption. At the receiver side, a novel FBMC receiver technique that
is suitable for short filters has been also proposed [13]. It involves using a time-domain equalizer
based on the Overlap-Save (OS) algorithm, which allows for fast convolution operations, before
the FBMC demodulation. It has been demonstrated that the time-domain equalizer and the
FBMC receiver can be merged into a single structure due to the frequency localization of the
filter, significantly reducing computational complexity. An alternative FBMC-OS scheme where
FBMC symbols are transmitted by block and demodulated all at once in the frequency domain
has been derived, further reducing complexity and enabling efficient Alamouti-based MIMO
support. The resulting receiver greatly improves robustness against doubly dispersive channels
for short filters and supports asynchronous communications.

Yet, there are still some important issues that need to be resolved. Some techniques used for
OFDM cannot be directly applied to FBMC due to the OQAM scheme, such as Pilot Structure
(PS) for Channel Estimation (CE), along with conventional estimation techniques used for
OFDM, added to the compatibility with massive Multiple-Input Multiple-Output (mMIMO).
The latter with a large number of antennas at the BS is a critical technology for the next
generation of wireless data networks [14,15]. It offers substantial benefits in terms of reliability,
data rates, and SE/energy efficiency. Therefore, it is crucial to find appropriate solutions for
these technical issues if FBMC is to be used for certain services in future communication systems.

In this context, the main goal of this thesis is to propose solutions to the above-mentioned
challenges for filtered multi-carrier waveforms targeting mMIMO systems. Several objectives
were considered:

• Extension to mMIMO of the methods proposed in [13] that involve the use of the Overlap-
Save algorithm, specifically by utilizing a short prototype filter to reduce latency and the
complexity of the transceiver.

• Support of relaxed synchronization, asynchronous communications, and resilience against
different interference types.

• Development of a PS that enables the implementation of conventional OFDM CE tech-
niques for FBMC systems.

• Leveraging the robustness to interference of FBMC/OQAM when associated with the
advanced receivers in new Bandwidth (BW) efficient transmission techniques.

1.3 Thesis contribution

In pursuit of these objectives, this PhD thesis has proposed several novel contributions:

• A novel transmission technique for multi-carrier systems is proposed for Single-Input-
Single-Output (SISO) transmissions. It is based on partially overlapping adjacent sub-
bands by overlapping a portion of the corresponding subcarriers. A procedure is then
proposed to compensate for the overlapping-induced interference while enhancing the SE.
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Employing the OS-FBMC and the OFDM receivers, the proposed technique achieves new
tradeoff levels between error rates and SE.

• The OS-based FBMC receivers with short filters are extended to the context of Multi-User
(MU)-mMIMO systems. We investigate their advantages in comparison to OFDM under
different channel impairments. Signal-to-Interference Ratio (SIR) expressions are derived
analytically under several channel impairments such as Timing Offset (TO) and Carrier
Frequency Offset (CFO). Furthermore, we conducted an asymptotic study on the per-
formance of FBMC augmented with the proposed receivers in the context of mMIMO
systems.

• A novel spectrally efficient PS for improving CE in mMIMO-FBMC/OQAM is proposed.
It is based on interleaving users’ pilots in frequency by introducing a circular shift. In addi-
tion to improved performance, the proposed pilot structure reduces the training overhead
while reducing the complexity by enabling the employment of conventional OFDM CE
techniques, particularly the Least Squares (LS) method in the context of Single-User (SU)
and MU scenarios.

1.4 Manuscript Organization

The rest of this dissertation is organized as follows:

Chapter 2 provides a detailed explanation of the emerging services forseen in 6G. It is
shown that the current OFDM technology may not be sufficient to support all of these services.
Therefore, alternative waveforms have been explored and some of these, such as FBMC/OQAM,
are described. This is followed by discussing the motivations for employing short PFs with
FBMC/OQAM. Specifically, the challenges associated with FBMC/OQAM are highlighted and
how can short PFs provide a suitable solution. Then, relevant state-of-the-art equalizer tech-
niques such as the time domain equalizer in [16] and the OS equalizer [13] are introduced. This
chapter ends by discussing the open issues for FBMC/OQAM which is still hindering it from a
wide adoption.

Chapter 3 starts by reviewing the existing SE enhancement techniques in the literature.
Then, a novel transmission technique called Modulation Code Overlapping (MCO) is proposed.
The proposed method is flexible since it can achieve new tradeoff levels between error rates and
SE. Finally, to illustrate the benefits of the proposed contribution, several channel impairments
are considered such as TO, and multipath channel condition. It is shown that, FBMC aug-
mented by the OS receiver outperforms OFDM. In particular, the FBMC transceiver offers up
to 66% higher SE gain compared to OFDM. Although the proposed MCO approach enhances
the SE for SISO systems, but some 6G applications demand even higher levels, and mMIMO
may be a promising solution for that. Therefore, the extension of the OS-based receivers to the
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context of mMIMO systems is tackled in the next chapter.

Chapter 4 reviews the relevant receivers in mMIMO literature. Then, the OS-based FBMC
receivers are extended to mMIMO systems. Finally, several performance metrics are evaluated
and compared to illustrate the benefits of the proposed contribution. In this regard, several chan-
nel impairments are considered such as TO, CFO, adjacent interference, asynchronous trans-
missions and multipath channel conditions. Performance results are compared with mMIMO
OFDM and FBMC/OQAM receivers. Simulation and analytical results reveal the superiority
of the proposed receivers to those in mMIMO literature. So far, the Channel State Informa-
tion (CSI) is assumed to be perfectly estimated at the receiver side. However, the potential
of mMIMO technology highly relies on the accuracy of the CE. To this end, CE issue is ad-
dressed in the next chapter.

Chapter 5 provides general overview on the CE techniques for FBMC/OQAM systems
found in the literature. Then, a novel PS design is proposed. The main idea is to interleave
the users’ pilots in frequency domain by applying a simple circular shift. The proposed PS
enables the employment of conventional CE methods used for OFDM by eliminating the noise
correlation and intrinsic interference. Moreover, it improves the SE by eliminating the Guard
Band (GB)s between users’ pilots. To exemplify the benefits of the proposed PS over those in
the literature, several channel metrics are considered, such as, Normalized Mean Square Error
(NMSE) and Sum-Rate (SR). Simulation results reveal how the proposed method outperforms
state-of-the-art techniques while enhancing the SE.

Chapter 6 summarizes the work presented in this dissertation and discusses some interest-
ing directions for future research in the scope of this dissertation.
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Chapter 2

Beyond 5G and post-OFDM
waveform candidates

The development of 6G mobile network technologies is being driven by the complex demands
of emerging mobile applications, such as digital twins and extended reality, which require capa-
bilities beyond what 5G can offer. Although 6G is still in its conceptualization stage, some of
the top vendors have released initial proposals for technology-based KPIs for 6G, which include
achieving a peak data rate of 1 Tb/s, radio latency of 0.01 ms [5], a maximum of one outage per
million, 10 times greater energy efficiency, a battery life of 20 years [17], and a connection density
of 107 devices per square km compared to 5G [18]. It is important to note that these require-
ments are not necessarily expected to be fulfilled by a single device. To unleash the full potential
of the emerging applications, 6G needs to fulfill the aforementioned more stringent KPIs.

Waveform design is an important technology component, and the OFDM waveform, which
is used in 5G, has some drawbacks in terms of spectrum usage and its ability to handle syn-
chronization errors. To address these limitations and meet the 6G requirements, researchers
have conducted various studies to develop new waveforms. These new candidates, known as
post-OFDM waveforms, use multicarrier modulation with a specific filtering scheme applied on
top of the OFDM basis.

The chapter starts by providing a brief introduction to OFDM, which is commonly used in
conventional eMBB service in 5G. It then explains the specific demands of various scenarios in
6G, such as eMMC, MCC, and V2X communications. The chapter highlights the limitations of
OFDM modulation in addressing these requirements. Next, the chapter provides a technical de-
scription of FBMC/OQAM, which is the waveform addressed in this thesis. Additionally, a brief
overview of other promising waveform candidates is given. The chapter discusses the advantages
of using short PFs for FBMC/OQAM, as well as the associated drawbacks. Furthermore, the
chapter presents relevant FBMC/OQAM receivers in the literature that address these issues.
Finally, the chapter identifies the outstanding challenges that are currently preventing the wider
adoption of FBMC/OQAM waveform.

17
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2.1 Beyond 5G scenarios and system constraints

The section discusses three primary 6G communication scenarios, namely, (1) enhanced Massive
Machine Communications, (2) Mission-Critical communications, and (3) Vehicular-to-Anything
communications. The KPIs of the aforementioned 6G scenarios will be much more stringent
than those considered for 5G and include a diverse set of novel metrics not considered before.
This section gives a concise overview of these scenarios and also provides some background on
the utilization of OFDM in traditional eMBB services in 5G.

2.1.1 Enhanced mobile broadband service and OFDM in 5G

The scenario known as Mobile Broadband (MBB) communications pertains to the conventional
mobile Internet access service, which was introduced for the first time in 1991 as part of the
second generation mobile networks (2G). With the advent of the third (3G), fourth (4G), and 5G
generations, higher speeds were established. In the 6G, this scenario is referred to as eUMBB,
which expands upon the conventional eMBB in 5G by improving data rates, capacity, and
coverage. This scenario is typically utilized for activities such as multimedia streaming, voice-
over-IP, internet browsing, videoconferencing, file downloads, and so on.

OFDM is the foundation of 5G downlink radio transmission, where data is transmitted
through a large number of parallel narrow-band subcarriers. The use of relatively narrowband
subcarriers in combination with a CP makes OFDM transmission robust to time dispersion
on the radio channel without requiring advanced and potentially complex receiver-side channel
equalization. For the uplink, where the available transmission power is significantly lower than
for the downlink, Single-Carrier Orthogonal Frequency-Division Multiplexing (SC-OFDM) is
used. This transmission mode is based on Discrete Fourier Transform (DFT)-precoded OFDM
and has a smaller Peak-to-Average Power Ratio (PAPR) than conventional OFDM, thus enabling
less complex terminals and the use of low cost amplifiers.

OFDM modulation

OFDM was first suggested by Weinstein and Ebert in 1971 [19], and since then it has been
extensively employed in wireless communication systems [20]. Some examples of these systems
include the Digital Video Broadcasting-Terrestrial standard, the IEEE 802.11 standard (Wi-Fi),
4G/LTE and the 5G standards. OFDM is a multi-carrier modulation technique that partitions
the available BW into numerous narrow-bands known as subcarriers.

The subcarriers in OFDM are modulated by complex valued symbols obtained from a con-
ventional digital modulation scheme such as Quadrature Amplitude Modulation (QAM), which
carry the data to be transmitted. Each transmitted subcarrier creates a cardinal sine function
spectrum with side lobes that result in overlapping spectra between subcarriers in the frequency
domain. The subcarriers are evenly spaced such that the peaks of individual subcarriers align
with the nulls of other subcarriers, with subcarrier frequency spacing denoted by Δ𝐹. This or-
thogonality allows for the symbols to be received without interference in both time and frequency
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Frequency range 𝜇 Δ𝐹 = 2𝜇 .15 kHz 𝑁𝑠𝑙𝑜𝑡𝑠
𝑠𝑢𝑏 𝑓 𝑟𝑎𝑚𝑒

𝑁
𝑠𝑦𝑚𝑏𝑜𝑙𝑠

𝑠𝑙𝑜𝑡𝑠

FR1
0 15 1 14
1 30 2 14
2 60 4 12 or 14

FR2 3 120 8 14
4 240 16 14

Table 2.1: Multi-numerology parameters in 5G

domains.
To implement an OFDM transmitter, an Inverse Fast Fourier Transform (IFFT) is used with

a size of 𝑁, where 𝑁 represents the total number of subcarriers that can be transmitted. A subset
of these subcarriers is selected to carry 𝑁𝐶 QAM symbols for transmission, and these subcarriers
are known as the allocated subcarriers. The 𝑁𝐶 QAM symbols are fed to the corresponding input
of the IFFT, while the remaining subcarriers are set to zero. After the IFFT is performed, a
time domain signal consisting of 𝑁 samples is obtained. A CP of length 𝐿𝐶𝑃 is then inserted
before the first samples by copying the last 𝐿𝐶𝑃 samples of the obtained time domain signal.
The resulting time domain signal is composed of 𝐿𝐶𝑃 + 𝑁 samples, representing the OFDM
symbol. These steps are repeated for each OFDM symbol to be transmitted.

Multi-numerology is a key technology in 5G networks that enables them to handle various
applications and services, such as low-latency or high-bandwidth communications. It achieves
this by providing flexibility in the choice of the OFDM waveform parameters, which can be
adapted to the propagation environment. These parameters primarily depend on the selected
frequency range, where 5G networks operate on two different frequency bands: sub-6 GHz (FR1)
and Millimeter-Wave (mmWave) (FR2).

Sub-6 GHz operates within a frequency range of 410 MHz to 6 GHz, while mmWave operates
above 24 GHz. Although mmWave provides high bandwidth capacity, its coverage is limited
due to the high frequency and low penetration through obstacles. Among the configurable
parameters, the CP length and the subcarrier spacing Δ𝐹 are crucial. The latter can be selected
from a set of values, such as {15𝜇 | 𝜇 = 0, 1, .., 4} kHz, as defined in the standard [21].

This flexibility in parameter selection offers a more adaptable frame structure that can be
customized according to the chosen numerology as shown in Figure 2.1. The 5G frame structure
comprises 10 subframes, each lasting 1 ms. The number of slots in each subframe (𝑁𝑠𝑙𝑜𝑡𝑠

𝑠𝑢𝑏 𝑓 𝑟𝑎𝑚𝑒
)

and the number of symbols per slot (𝑁𝑠𝑦𝑚𝑏𝑜𝑙𝑠
𝑠𝑙𝑜𝑡

) depend on the selected numerology. Table 2.1
presents the specific values of these parameters for each numerology.

To transmit an OFDM symbol, each sample is sent at a sampling frequency 𝐹𝑠, which allows
us to determine the duration of one OFDM symbol, given by 𝑇 = (𝑁 + 𝐿𝐶𝑃)/𝐹𝑠 seconds where
𝐹𝑠 is measured in Hz. The subcarrier frequency spacing Δ𝐹, which determines the BW used,
is given by Δ 𝑓 = 𝐹𝑠/𝑁 Hz. Thus, for a given number of subcarriers 𝑁𝐶 , the total BW used is
𝑁𝐶Δ 𝑓 Hz.

In 5G, the choice of parameters depends on the selected numerology and BW. Table 2.2
presents the 5G set of parameters for the first numerology (𝜇 = 0) Δ 𝑓 = 15 kHz. Unlike
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Figure 2.1: 5G frame structure.

4G/LTE, where the minimum size of an RB covers 12 consecutive subcarriers over a subframe
duration, 5G RBs are defined only by the same BW definition; their duration is not fixed, as
shown in Table 2.1.

From Table 2.2, we determine the effective BW in 5G using the expression 𝑁𝑐Δ 𝑓 = 12𝑁𝑅𝐵Δ 𝑓 ,
where 𝑁𝑅𝐵 is the number of allocated RBs. However, the BW configuration only specifies the
OFDM parameters to be used for transmission within the available BW. Due to the introduc-
tion of a GB to limit out-of-band radiation, the effective BW obtained is always less than the
available BW in 5G. For instance, when the 5 MHz BW configuration is used, a maximum of
25 Resource Blocks (RBs) (i.e. 300 subcarriers) are allocated, and since the subcarriers are
spaced by Δ𝐹 = 15 kHz, the resulting effective BW is 4.5 MHz.

After the OFDM symbol is generated, the resulting baseband signal is sent to the Radio
Frequency (RF) interface, which consists of several components. First, the digital baseband
signal is converted to the analog domain using a DAC. Then, an analog filter is used to minimize
the OOBPL. Next, a High Power Amplifier (HPA) is employed to amplify the power of the signal.
A frequency mixer is used to shift the baseband signal to the desired carrier frequency. Finally,
the signal is converted into radio waves by the antenna.

The radio waves are transmitted through the channel, but the ideal propagation scenario
is only achievable in Line of Sight (LoS) conditions where the signal travels directly from the
transmitter antenna to the receiver antenna. However, in practical wireless communications,
the channel environment is more complicated and involves the reflection or diffraction of the
signal by various obstacles, such as buildings, trees, and vehicles. This results in the creation of
multiple paths, each with its own propagation delay, amplitude, and phase distortion. Therefore,
if we denote the transmitted OFDM signal as 𝑠, the channel impulse response as ℎ, and the delay
spread as 𝜏 (which is the difference between the arrival time of the earliest and latest significant
multipath components), then the signal received at a specific time 𝑡, denoted by 𝑟 (𝑡), is the sum
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BW configuration (MHz) 5 10 15 20
Fs (MHz) 7.68 15.36 23.04 30.72
IFFT size M 512 1024 1536 2048
Number of available RB 25 52 79 106
CP length 36 72 108 144
Effective bandwidth (MHz) 4.5 9.37 14.22 19.08

Table 2.2: 5G set of parameters for some available configurations considering the first numerology
(𝜇 = 15 kHz)

of the signals carried by each of these paths as shown below:

𝑟 (𝑡) =
∫ 𝜏

0
ℎ(𝜏)𝑠(𝑡 − 𝜏)𝑑𝜏 (2.1)

Following the RF interface, the received signal 𝑟, represented by 𝑟 (𝑘) in the discrete domain
(where 𝑘 represents the sample number), can be expressed as the convolution of the transmitted
signal 𝑠 with the channel impulse response ℎ as follows

𝑟 (𝑘) =
𝐿𝐷𝑆−1∑︁
𝑙=0

ℎ (𝑙𝑇𝑠) 𝑠 ((𝑘 − 𝑙)𝑇𝑠) + 𝑤(𝑘), (2.2)

where 𝑇𝑠 = 1/𝐹𝑠 is the sampling time, and 𝐿𝐷𝑆 is 𝜏 in samples. A noise term 𝑤 is added due to
the imperfection of electronic components and residual RF interferences. The multipath channel
may introduce Inter-Symbol Interference (ISI), however, the CP acts as a guard interval and
helps to avoid ISI if 𝜏 is shorter than the CP duration. The CP also facilitates equalization
since it converts the linear convolution introduced by the channel at the FFT input to a circular
convolution. The received OFDM symbol is demodulated by applying the dual operation of the
transmitter, which involves removing the 𝐶𝑃 and applying a FFT of size 𝑁. Therefore, with 𝐻

being the frequency response of the channel, 𝑆 the transmitted QAM symbols, and the 𝑊 the
noise term, the symbols at the output of the FFT module can be expressed mathematically as
follows:

𝑌 (𝑚) = 𝐻 (𝑚)𝑆(𝑚) +𝑊 (𝑚) (2.3)

Finally, the equalized symbols 𝑆(𝑚) are obtained by using a simple per-subcarrier equalizer
applied on the received signal 𝑌 as follows:

𝑆(𝑚) = 𝐶 (𝑚)𝑌 (𝑚) (2.4)

with 𝐶 (𝑚) being the equalizer coefficient at subcarrier 𝑚. One way to express 𝐶 (𝑚) is 1/𝐻 (𝑚)
when using the Zero-Forcing (ZF) equalizer. Another option is to use the coefficients of the Min-
imum Mean Square Error (MMSE) equalizer, which aims to reduce the squared mean of the
noise-induced errors. In this case, we have:

𝐶 (𝑚) = 𝐻∗(𝑚)
∥𝐻 (𝑚)∥2 + 𝜂 (2.5)
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where ∥𝐻 (𝑚)∥2 = 𝐻 (𝑚)𝐻∗(𝑚) represents the absolute value of 𝐻 (𝑚), and 𝜂 is defined as
the reciprocal of the Signal-to-Noise Ratio (SNR) when using an Additive White Gaussian
Noise (AWGN). However, computing the coefficients of the MMSE equalizer involves estimating
the SNR beforehand, which introduces additional complexity and may lead to approximation
errors that could hinder its effectiveness.

OFDM has several attractive features that make it a viable solution for the eUMBB scenario.
These include its orthogonality in both time and frequency domains, which enables it to be highly
robust against multipath channel conditions, as well as its ease of implementation using FFT
and its ability to apply per-subcarrier equalization.

However, with the emergence of multiple new services and requirements in the beyond 5G
and 6G systems, will OFDM be capable of effectively addressing all the challenges that arise?

2.1.2 Massive machine communications

MMC can be regarded as a component of MTC [22]. Its corresponding 3GPP term is massive
MTC (mMTC). It pertains to the deployment of a large number of sensors or actors throughout
a landscape, all requiring access to a wireless network. This scenario is commonly known as IoT.

Smart metering, natural ecosystem monitoring, remote maintenance/control, and remote
diagnostics are some typical use cases for MMC. It is commonly assumed that communication
in MMC is primarily unidirectional, with uplink communication being the dominant mode [23].
The transmission is sporadic and involves relatively small packets per connection, resulting in
a low required data rate of around 1 kb/s to 10 kb/s per device. However, the user density in
MMC is much higher than what is typically assumed for eUMBB services. In this regard, it
is estimated that the number of connected devices in 6G will grow three-fold compared to the
current generation [23]. Such a massive number of devices needing to communicate within a
single cell goes beyond 5G system capability [24]. Additionally, sensors in MMC have limited
hardware resources and must operate on long battery life [17], so the complexity and energy
consumption of hardware implementation for modulation techniques must be kept to a minimum.

To minimize energy consumption in the scenario of MMC involving a large number of devices,
it is important to minimize the signaling overhead introduced by the synchronization procedure.
Therefore, the ideal transmission scheme for MMC should follow these steps to minimize energy
consumption:

1. The sensor/UE wakes up from sleep mode.

2. It transmits the data to the BS.

3. It returns to sleep mode.

Achieving this ideal transmission scheme is difficult in practice since it requires support
for asynchronous communications where there is no prior synchronization with the BS. This
means that the relative delays between the received user signals are random and can be higher
than the symbol duration, making it unsuitable for OFDM modulation which relies on strict
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Figure 2.2: Example of MCC service.

orthogonality between users. An alternative solution is synchronizing each sensor with the BS
using downlink reference signals. However, since each user is located at different distances
from the BS, they can have different propagation delays. This results in the received signals
sharing the same time base overlapping at the BS, leading to time misalignment and potential
interference across all users. Figure 2.2 illustrates an example where two devices, identified as
UE1 and UE2, transmit an OFDM signal through their corresponding channels with propagation
delays of 𝜏1 and 𝜏2, respectively. The use of a CP allows the received data of each device to
be perfectly recovered if the TO between devices Δ𝜏 is lower than the CP duration 𝑇𝐶𝑃, which
occurs when 𝑇𝐶𝑃 > |𝜏1 − 𝜏2 |. To achieve this, a circular shift operation must be applied to the
OFDM symbol for each device. This operation is efficiently implemented after the FFT, in the
frequency domain, using a simple Linear Phase Rotation (LPR) operation.

However, if Δ𝜏 > 𝑇𝐶𝑃, the processing window at the BS for some devices will not be aligned
with the OFDM symbol (including CP) for demodulation. This means that part of the next
(or previous) OFDM symbol will be included in the processing window. Therefore, devices
with a TO higher than the CP duration will suffer from severe performance loss because the
processing window at the BS will not be aligned with the OFDM symbol for demodulation. As
a result, orthogonality is lost, and devices occupying adjacent subcarriers introduce Inter-User
Interference (IUI), even if they are perfectly synchronized.

In 5G, the Timing Advance (TA) mechanism is used to solve this issue. The BS estimates
the relative propagation delay of each device and transmits this information back to the corre-
sponding device. At the next uplink transmission, each device applies a delay such that all the
signals received by the BS are correctly aligned in time. Since the TA mechanism involves a
feedback transmission, it corresponds to a closed-loop synchronization technique.

The main problem with the TA mechanism is the significant amount of required signaling,
especially when a device is in motion and the TA value needs to be updated. This results
in increased power consumption due to the frequent re-transmission of TA values through the
downlink channel. As a result, a less strict synchronization approach is necessary for MMC.

Open-loop synchronization is a technique where each device is synchronized in time with
the BS without any feedback information transmitted to the device. Therefore, the relative TO
between devices must be estimated and compensated for at the BS.

One possible approach to estimate the TO value, is to use CE techniques to evaluate
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the Channel Impulse Response (CIR) between the BS and each device, and then estimate
the corresponding propagation delay. The BS can then apply a common TO correction for
all received signals, based on the estimated propagation delays. This approach can reduce the
signaling overhead associated with the TA mechanism since it does not require any feedback
information from the devices.

However, open-loop synchronization has its own challenges. For example, the accuracy of
the TO correction depends on the accuracy of the CE, which can be affected by various factors
such as fading and interference. In addition, since the compensation of TO is applied at the
receiver, it can introduce additional processing delay, which can affect the overall system latency.

An alternative possible approach to deal with the TO issue in OFDM is to increase the
duration of the CP through multi-numerology so that it can accommodate any propagation
delay. However, in a multi-user uplink scenario, users face different channels, hence experience
different effects of frequency selectivity. Therefore, the user suffering the most from selectivity
determines the required target CP length for all users sharing the same received OFDM symbol
slot. However, this yields a SE loss since the other users do not require such a long CP length.
Furthermore, any attempt to adapt the CP length to each user’s channel condition leads to
interference and performance degradation for the subset of users suffering from longer delay
spread channels. Therefore, a compromise between interference-limited performance and SE
needs to be set for OFDM. Thus, alternative modulation techniques may need to be considered
to support open-loop synchronization while maintaining high data rates and energy efficiency.

2.1.3 Mission critical communications

MCC is a type of MTC that requires wireless connectivity with very low latency and high
reliability for transmitting sensor and actor messages between communication partners [25].
The 3GPP term for this is URLLC. In the context of 6G, eURLLC refers to the evolution of
concepts already present in the definition of URLLC in 5G. MCC is used in various applications
such as factory automation, vital sign monitoring, and safety and security applications like video
surveillance.

The flexibility offered by the multi-numerology in 5G copes with such applications that
require ultra-low-latency. In contrast to 4G, where the latency, related to the Time Transmission
Interval (TTI), is fixed at 1 ms [26], 5G introduces the use of specific numerology for each
unitary signal, enabling variable latency ranging from 1 to 0.125 ms. This flexibility allows
for the transmission of composite signals comprising multiple unitary ones sharing contiguous
sub-bands within a common band, as depicted in Figure 2.3.

Looking ahead to 6G, the expected latency is 100 times less than that in 5G, reaching
0.01 ms for specific applications [5]. However, the minimum achievable latency in 5G is still
0.125 ms, without considering propagation delay, hardware latency, and re-transmission mech-
anisms. Consequently, the overall end-to-end communication latency in 5G is higher than 0.01
ms [5], making it difficult to fulfill the MCC latency requirement in 6G. As a result, 5G cannot
support time-critical applications which require instantaneous communication with negligible
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Figure 2.3: Example of different services employing distinct numerology.

latency such as autonomous driving or real-time healthcare assistance, as their required delay
falls below 0.1 ms.

In addition to the aforementioned considerations, multi-numerology signals suffer from Inter-
Numerology Interference (INI) due to the loss of orthogonality between neighboring signals that
do not share the same numerology. The issue of INI in multi-numerology OFDM-based systems
has been extensively studied, and various techniques have been proposed to reduce INI [27,
28]. One of the most common techniques involves inserting GBs between sub-bands at the
cost of SE [29]. For instance, reference [30] shows that up to 300 kHz of guard-band (20
subcarriers) must be inserted between two users to obtain a Packet Error Rate (PER) of 10−9.
This corresponds to the case where one user has a typical subcarrier spacing of Δ𝐹 = 15 kHz,
while the second has Δ𝐹 = 60 kHz, both using a convolution Forward Error Correction (FEC)
code with 1/2 Coding Rate (CR) and a 64-QAM constellation. An alternative solution to address
the SE issue, data subcarriers can be inserted within the GB, with their indices chosen according
to a limited increase of INI [31]. Other methods include the windowed-OFDM scheme to mitigate
INI along with an iterative algorithm at the receiver side to cancel remaining interference, or
pre-equalization at the transmitter side when the transmitted data is known [27] at the cost
of high complexity. Furthermore, the authors in [32] propose power scheduling or scheduling
managed by machine learning algorithms to reduce INI. Unfortunately, all of the aforementioned
techniques present some drawbacks, they either suffer from high complexity or SE loss and are
only based on OFDM systems. Therefore, alternative modulation techniques may be required
to support mixed-numerology systems for low-latency communications for 6G MCC.
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2.1.4 Vehicular-to-anything communication

The V2X service refers to communications between two vehicles, also known as V2V, or between
a vehicle and infrastructure, also known as V2I. V2X is part of intelligent transportation sys-
tems and includes use-cases with high-speed nodes [33]. V2V communications provides several
benefits, including reducing traffic accidents, improving traffic efficiency, and enabling new ap-
plications [34]. The technical requirements for V2X are often combined with those of other 6G
services, such as MCC and eUMBB. Composite services are created by combining more than one
core service, such as pay-as-you-drive, which combines V2X with MCC, and infotainment [35],
which combines V2X with eUMBB.

The 5G-NR V2X system provides improved performance and advanced services compared
to 4G/LTE, but this is achieved by investing more in spectral and hardware resources while
maintaining the underlying mechanisms and system architectures of 4G/LTE-based V2X [36].
As the number of autonomous vehicles increases, there will be a surge in communications devices
and digital applications to enable intelligent autonomous vehicles, as well as emerging services
ranging from 3-D displays to immersive entertainment, which will pose new communication
challenges to the V2X network [6, 36]. All of these advances are expected to push the capacity
limits of existing wireless networks, requiring a significant paradigm shift towards more versatile
and diversified network approaches.

The upcoming 6G wireless communications network aims to combine terrestrial and non-
terrestrial communication networks and is expected to enable genuinely intelligent and ubiqui-
tous V2X systems with enhanced reliability, security, extremely high data rates, and adaptive
learning capabilities. Furthermore, the 6G wireless communication network is envisioned to
provide ultra-reliable high-rate V2X communications in high-mobility environments, where con-
nected vehicles and high-speed trains are moving at speeds of 1000 km/h or even higher [37,38].
However, such high speeds are not supported by the current 5G standard, where the mobility
limit is considered to be 500 km/h [39]. Consequently, high speeds can cause a significantly
reduced channel coherence time, resulting in rapidly time-varying vehicular channel fading coef-
ficients. While OFDM is commonly used for high-rate transmissions in 4G/LTE and 5G NR, it
is sensitive to the Doppler effect, which can hinder multicarrier orthogonality and increase Inter-
Carrier Interference (ICI) and ISI. Consequently, the complexity of the OFDM receiver is greatly
increased to cope with such challenges. Moreover, the orthogonality between users is compro-
mised since the amplitude peaks and the zeros of the cardinal sine pulse conveyed by each
subcarrier are frequency-shifted. Again, novel advanced multicarrier waveforms are required to
cope with these scenario-specific drawbacks in 6G V2X communications.

2.1.5 5G Quadriga channel

The Quasi Deterministic Radio Channel Generator (QuaDRiGa) [40] is a simulation platform
that is recommended by the 3GPP standardization organization for use in 5G-and-beyond wire-
less communication systems. It is a complete geometry-based 3D stochastic channel model that
extends the WINNER II/WINNER+ [41] and 3GPP-3D models and incorporates many features
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included in the Spatial Channel Model (SCM) and WINNER channel models, as well as some
novel modeling approaches.

The modeling approaches used in QuaDRiGa provide features that make the multilink track-
ing of users accurate and qualitative in changing environments. To obtain different channels,
QuaDRiGa randomly determines channel parameters, such as the delay/angle spread and Cross-
Polarization Ratio (XPR), based on real-world measurements extracted from statistical distri-
butions.

QuaDRiGa is capable of supporting arbitrary carrier frequencies from 0.45 to 100 GHz with
up to 1 GHz radio frequency bandwidth. The simulation platform allows for the continuous
time evolution of channel parameters, such as time delay, power, angle, shadow fading, and the
Ricean K-factor through the positions of the scattering clusters and users.

When it comes to user mobility, the user track is divided into multiple segments, and the
length of each segment is linked to the decorrelation distances of the Large-Scale Parameters
(LSPs). In each segment, a scenario (e.g., LoS or Non Line of Sight (NLOS)) is assigned, the LSPs
vary steadily, and the Wide-Sense Stationary (WSS) condition is satisfied. The segments are
then combined into a continuous channel. The spatially correlated modeling of LSPs in the LoS
and NLOS scenarios is determined by the Sum-Of-Sinusoids (SOS) approach to simulate a
Gaussian random process to ensure the spatial consistency of Small-Scale Parameters (SSPs).

Procedure to generate channel coefficients and delays

The input variables such as network layout, terminal trajectories, antenna patterns, and the
propagation scenario are required for generating the channel coefficients and delays. The Mobile
Terminal (MT) trajectory is split into segments. A segment can be seen as an interval in which
the LSPs do not change considerably. Hence, after the computation of the LSPs for each MT,
the channel traces are generated independently for each segment following the summarized
procedure below:

1. Determination of the initial delay and path angles of each Multi-Path Component (MPC)
for each MT separately.

2. Definition of the power for each MPC.

3. Application of the K-factor, delay spread, and angular spreads. The channel coefficients
are then calculated by updating the initial characterization parameters.

4. Drifting of delays, angles, and phases over a short segment in case of mobility.

5. Computation of polarized channel coefficients using the Jones calculus [42]

6. Recalculation and application of the LSPs to the channel coefficient because the LSPs such
as the K-factor will change with the movements of the user.

Finally, each segment of the user’s trajectory is combined into a continuous channel. A
smooth transition between segments is made through the birth-death procedure of clusters.
More details of the QuaDRiGa modeling process can be found in [40].
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2.2 Post-OFDM waveforms

In recent years, several waveforms have been studied as potential alternatives for OFDM in
the context of 6G. These include FBMC/OQAM, UF-OFDM, F-OFDM, and OTFS. In this
doctoral research, the focus has primarily been on investigating FBMC/OQAM, which involves
adding a subcarrier filtering stage to OFDM. This section will provide a technical explanation
of the FBMC/OQAM waveform, as well as an introduction to the few aforementioned promising
waveforms under consideration.

2.2.1 UF-OFDM waveform

The initial name given to the UF-OFDM modulation was Universal Filtered Multi-Carrier
(UFMC). This modulation technique separates complex information-carrying samples into mul-
tiple subbands, with each subband comprising 𝑄 subcarriers. These samples may originate from
a QAM constellation. The number of subbands that can be used is limited to a maximum of
⌊𝑁/𝑄⌋, where 𝑁 represents the total number of subcarriers and ⌊𝑥⌋ denotes the largest integer
less than or equal to 𝑥. To suppress the secondary lobes of each subband, a filter of length
𝐿 samples is used to independently filter each subband [43]. The filtered subbands are then
combined to form the UF-OFDM symbol, which comprises 𝑁 + 𝐿 − 1 samples.

The operating principle of the UF-OFDM transmitter is depicted in Figure 2.4, which in-
volves the following steps:

1. Complex information samples are mapped to their corresponding subcarrier indexes within
each subband.

2. An IFFT of size 𝑁 is conducted for each allocated subband.

3. A linear convolution operation is performed for each subband for the filtering stage.

4. All filtered subband signals are combined through a summation operation, producing a
UF-OFDM symbol.

The aforementioned steps must be repeated for each UF-OFDM symbol. It is important to note
that UF-OFDM symbols lack a CP [43], however, a slight data rate loss is observed due to the
ramp-up and ramp-down transition of the subband filtering. Indeed, if the filter length is 𝐿,
then 𝐿 − 1 additional samples are added to the 𝑁 time-domain samples carrying information.
Typically, the filter length is designed to produce an equivalent data rate loss to the 𝐶𝑃 in
OFDM, with 𝐿 = 𝐿𝐶𝑃 + 1.

In contrast, the implementation of the UF-OFDM receiver differs from that of its transmit-
ter [44] and comprises the following steps:

1. The 𝑁 + 𝐿 − 1 samples constituting the received UF-OFDM symbol are isolated.

2. 𝑁 − 𝐿 + 1 zeros are appended to the end of the isolated samples, yielding a signal of 2𝑁
samples.
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Figure 2.4: Illustration of UF-OFDM transmitter.

3. An FFT of size 2𝑁 is applied to the zero-padded signal to obtain the frequency domain
signal.

4. The odd FFT output indexes are discarded (down-sampling by 2) to keep the even indexes
where the main lobe of each transmitted subcarrier is concentrated.

The frequency-domain signal obtained in the previous step can be subjected to the same
types of processing techniques as those used in OFDM, including equalization.

It is possible to apply a windowing operation to the time-domain samples between steps 2
and 3 prior to computing the FFT in UF-OFDM. Although this step is optional according to [44],
it is highly recommended since it can improve the performance of the UF-OFDM receiver in
case of relaxed synchronization as stated in [45]. Compared to the standard OFDM receiver, the
UF-OFDM receiver requires a larger FFT size, which slightly increases its complexity. However,
due to the fact that 𝑁 − 𝐿 + 1 input samples of the FFT are zero-valued and half of its outputs
are discarded, there are redundant operations. In fact, it has been demonstrated in [33] that
the FFT size can be reduced to 𝑁, the same size as used in the OFDM receiver, thus avoiding
the need for zero-padding the 𝑁 + 𝐿 − 1 received UF-OFDM symbol samples. Indeed, rather
than using zero-padding on the 𝑁 + 𝐿 − 1 samples of the received UF-OFDM symbol, the last
𝐿 − 1 samples can be combined with the first 𝐿 − 1 samples. If a windowing operation is to be
employed, it should be done prior to this step. The resulting 𝑁 samples can then be directly
computed using a FFT of size 𝑁. As a result, the UF-OFDM receiver has nearly the same
complexity as the OFDM receiver.

The primary drawback of the UF-OFDM waveform resides in its increased susceptibility to
frequency selective fading. This is due to the use of subband filtering instead of per-subcarrier
filtering. As a result, when a subcarrier in a subband experiences fading, the corresponding data
symbol carried by that subcarrier is destroyed or potentially lost. Additionally, since the data
symbols within the subband are filtered collectively, the filter also distorts the remaining data
symbols in the same subband, leading to the occurrence of ISI.
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Figure 2.5: Transformation from TF to DD domain.

2.2.2 F-OFDM

F-OFDM, as described in [46], is a promising candidate waveform for beyond 5G. It employs
subband filtering, similar to UF-OFDM, but there are some significant differences. First, F-
OFDM incorporates a 𝐶𝑃 of length 𝐿𝐶𝑃. Second, the subband filter length 𝐿 exceeds the
𝐶𝑃 length. The impulse response coefficients of this filter are devised to concentrate most
of the energy on 𝐿𝐶𝑃 samples to avoid severe ISI. Moreover, the filter is designed to have a
flat frequency response over the supported subband bandwidth. The third difference is the
use of a matched filter on the receiver side. F-OFDM has shown promising results in relaxed
synchronization scenarios. Nevertheless, its complexity, particularly on the transmitter side, is
an issue that needs to be addressed.

2.2.3 OTFS

OTFS modulation was proposed by Hadani et al. in WCNC’2017 [47] as a multiplexing scheme
suited for doubly-selective channels. Unlike conventional modulation techniques such as OFDM,
OTFS modulates information bits in the Delay-Doppler (DD) domain instead of the Time-
Frequency (TF) domain. The key idea behind OTFS is to use a transformation that establishes
a relationship between the wireless channel and the information symbols in the DD domain. This
transformation is achieved using the Symplectic Finite Fourier Transform (SFFT) as shown in
Figure 2.5. This enables OTFS to multiplex information symbols effectively in the DD domain
using localized pulses as basis functions. This approach results in greater resilience to DD shifts
caused by the channel.

Figure 2.6 portrays the block diagram of the OTFS transceiver. To transmit information
bits 𝒙, 𝑀×𝑁 classic Amplitude Phase Modulation (APM) symbols are used, where 𝑀 represents
the number of subcarriers, and 𝑁 is the size of time slots. After operating the 2-D ISFFT, the
DD 𝒙 symbols are transformed to a 2-D TF symbols as follows



Chapter 2. Beyond 5G and post-OFDM waveform candidates 31

𝑥𝑘,𝑙

𝑘 ∈ 0,1, … ,𝑀 − 1
𝑙 ∈ 𝑂, 1, … , 𝑁 − 1

𝑥 =

𝑥1,1 𝑥1,2 … 𝑥1,𝑁
⁞ ⁞ ⋱ ⁞

𝑥M,1 𝑥M,2 … 𝑥M,𝑁

ISFFT
𝑈m,𝑛 Heisenberg

Transform

s 𝑡

𝑠 𝑡 =
𝑛=0

𝑁−1


𝑚=0

𝑀−1

𝑈𝑚,𝑛𝑔𝑡𝑥 𝑡 − 𝑛 𝑇 𝑒𝑗 2 𝜋𝑚Δ𝑓 𝑡−𝑛 𝑇

Transmit window function

Channel
ℎ 𝜏, 𝜈

Wigner 
Transform

Time-frequency domain

Delay-Doppler domain

𝑌m,𝑛

𝑌𝑚𝑛 = න𝑔𝑟
∗ 𝑡−𝜏 𝑟 𝑡 𝑒−𝑗 2 𝜋𝑣 𝑡−𝜏 𝑑𝑡 ⎹⎸𝜏=𝑛 𝑇,𝑣=𝑚 Δf

Receive window function

SFFT
𝑦𝑘,𝑙

𝑦𝑘 𝑙 =
1

𝑁𝑀


𝑛=0

𝑁−1


𝑚=0

𝑀−1

𝑌𝑚 𝑛 𝑒
−𝑗 2 𝜋

𝑛𝑘
𝑁
−
𝑚𝑙
𝑀

𝑈𝑚,𝑛 =
1

𝑁𝑀


l=0

𝑁−1


k=0

𝑀−1

𝑥k,l 𝑒
𝑗 2 𝜋

𝑛𝑘
𝑁
−
𝑚𝑙
𝑀

Figure 2.6: OTFS transceiver.
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where 𝑥𝑘,𝑙 is an element of 𝒙.
Next, Heisenberg transform and a 2-D windowing are applied for the DD symbols as below

𝑠(𝑡) =
𝑁−1∑︁
𝑛=0

𝑀−1∑︁
𝑚=0

𝑈𝑚𝑛𝑔tx (𝑡 − 𝑛𝑇)𝑒 𝑗2𝜋𝑚Δ 𝑓 (𝑡−𝑛𝑇 ) (2.7)

where 𝑔𝑡 𝑥 is the impulse response of the transmit filter.
After that, the signal 𝑠(𝑡) will be transmitted over the time-variant channel as shown below

𝑟 (𝑡) =
∬

ℎ(𝜏, 𝑣)𝑠(𝑡 − 𝜏)𝑒 𝑗2𝜋𝑣 (𝑡−𝜏 )𝑑𝜏𝑑𝑣 (2.8)

along with

ℎ(𝜏, 𝑣) =
𝑃∑︁
𝑖=1

ℎ𝑖𝛿 (𝜏 − 𝜏𝑖) 𝛿 (𝑣 − 𝑣𝑖) (2.9)

where 𝑃 is the total number of paths, 𝜏𝑖 and 𝑣𝑖 are the path delay and Doppler shift of the 𝑖𝑡ℎ

path.
At the receiver side, the Wigner transform is initially applied to the received signal, followed
by SFFT for signal recovery as follows

𝑌𝑚𝑛 =

[∫
𝑔∗rx (𝑡 − 𝜏)𝑟 (𝑡)𝑒− 𝑗2𝜋𝑣 (𝑡−𝜏 )𝑑𝑡

] ����
𝜏=𝑛𝑇,𝑣=𝑚Δ 𝑓

(2.10)

𝑦𝑘𝑙 =
1

√
𝑁𝑀

𝑁−1∑︁
𝑛=0

𝑀−1∑︁
𝑚=0

𝑌𝑚𝑛𝑒
− 𝑗2𝜋( 𝑛𝑘

𝑁
−𝑚𝑙

𝑀 ) (2.11)

OTFS offers several advantages, such as managing high Doppler effects [48] and supporting



Chapter 2. Beyond 5G and post-OFDM waveform candidates 32

mMIMO [49, 50]. However, in the presence of a time-variant channel, OTFS experiences ISI
and ICI, as mentioned in [51]. Moreover, the conventional data detection methods proposed for
OTFS, including MMSE, Maximum Likelihood (ML), and Message Passing (MP) are known for
their effectiveness in mitigating the impact of high Doppler effects, however, they suffer from
high computational complexity due to the large size of the Delay-Doppler matrix [51].

In particular, traditional detectors designed for the classic OFDM system, which rely on
single-tap frequency-domain channel equalization, may not be suitable for OTFS. A basic
matched filter receiver, as described in [52], fails to adequately suppress interference caused
by ISI and ICI in OTFS. Two types of receivers are commonly considered: Linear Receivers
(LRx) and Non-Linear Receivers (NLRx). NLRx, like that in [53] and [54], offer performance
close to ML but are computationally complex due to their iterative structure. On the other
hand, LRx have simpler structures but exhibit relatively poorer performance compared to NLRx.
Despite their linear processing requiring matrix inversion and multiplication, LRx still pose a
computational burden on OTFS due to the large time-frequency grid size.

The Linear Minimum Mean Square Error (LMMSE) receiver is recognized for its interference
cancellation capabilities [55, 56]. However, directly implementing the LMMSE receiver results
in computational complexity on the order of 𝑂 (𝑀3𝑁3). Indeed, when 𝑀 and 𝑁 are in the order
of hundreds, the complexity of the LMMSE receiver becomes excessively large.

Therefore, the current study items list for OTFS waveforms is still large and extensive
research is needed to design detection schemes that offer less complexity while maintaining good
performance.

2.2.4 FBMC/OQAM waveform

FBMC emerged as a candidate waveform to OFDM largely thanks to the results provided by
the PHYDYAS project [57]. In FBMC waveform, a filter-bank applying a PF is introduced to
effectively pulse-shape the transmitted signal over each subcarrier. It plays a significant role in
controlling the amount of transmit power carried by the secondary pulse lobes. This provides
greater flexibility for managing the OOBPL at the cost of added complexity at the transmitter
and receiver sides. Also, this represents a major difference with respect to the rectangular pulse-
shaping of OFDM [58]. The absence of a CP is another difference to OFDM that can lead to
improved SE at the cost of more complex equalizer schemes.

Traditionally, two distinct FBMC transceiver implementation types with different levels
of complexity and performance were proposed in the literature: Poly-Phase Network (PPN)-
based [59] and Frequency Spread (FS)-based [60]. The first is usually employed at the transmit-
ter side due to its lower complexity [61]. On the other hand, the FS implementation is mostly
adopted at the receiver side thanks to its low-complexity equalization process [62,63].

Fig. 2.7a depicts the PPN-based implementation. To support orthogonality in the real
domain, OQAM processing is introduced [64]. First, the real and imaginary components of
the QAM signal must be separated as shown in Fig. 2.7a. After phase rotation, the imaginary
component is time delayed by half of the duration of a FBMC symbol. This is followed by
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Figure 2.7: Overall original FBMC system illustration: (a) PPN-based FBMC transmitter im-
plementation, (b) PPN and FS-based receiver implementations.

a size-𝑀 IFFT. A PPN processing is implemented next, where the IFFT output is replicated
𝐾 − 1 times, with 𝐾 being the overlapping factor. After, a windowing operation is applied using
the impulse response of the PF having a length of 𝐿 = 𝐾𝑀. Finally, the resulting components
are summed up to provide the transmit signal. As shown in Fig. 2.7a, the transmitted FBMC
symbols overlap in time, hence the FBMC signal is not made up of successive and separate block
symbols.

To use a low-complexity subcarrier-based equalizer at the receiver side, the filtering stage
was moved into the frequency domain for the FS implementation. As depicted in Fig. 2.7b,
both receiver-side implementations apply dual operations with respect to the ones performed
by the transmitter. For the PPN-based implementation, the operations must be performed in
the following order: PPN, FFT of size 𝑀, and OQAM demapper. The FS-FBMC receiver first
applies an FFT of size 𝐾𝑀 on the received signal containing the FBMC symbol to demodulate,
comparatively increasing its complexity. This is followed by a filtering stage in the frequency
domain. Finally, the recovered pulse amplitude modulated symbols are obtained by extracting
the real part of the quadrature phase rotated and down-sampled signal.

The rest of the section provides a mathematical background of the PPN-FBMC transceiver
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and the FS-FBMC receiver.

2.2.4.1 Poly-Phase Network-FBMC transceiver

If 𝑀 is the total number of available subcarriers and 𝑎𝑛 (𝑚) the Pulse-Amplitude Modulated
(PAM) symbol at subcarrier index 𝑚 and time slot 𝑛, then the baseband signal 𝑠(𝑘) can be
mathematically expressed as follows:

𝑠(𝑘) =
+∞∑︁
𝑛=−∞

𝑔

(
𝑘 − 𝑛𝑀2

)
𝑥𝑛 (𝑘) (2.12)

𝑥𝑛 (𝑘) =
𝑀−1∑︁
𝑚=0

(−1)𝑛𝑚𝑎𝑛 (𝑚)𝜙𝑛 (𝑚)𝑒𝑖2𝜋
𝑘𝑚
𝑀 (2.13)

where 𝜙𝑛 (𝑚) = 𝑖𝑛+𝑚 is the quadrature phase rotation term to preserve the orthogonality in
the real filed, 𝑔 is the impulse response of the PF, with 𝑔(𝑙) = 0 when 𝑙 ∉ [0, 𝐿 − 1] and 𝐿 = 𝐾𝑀

where 𝐾 is the overlapping factor.
The receiver-side implementation involves performing dual operations with respect to the

transmitter. Consequently, if 𝑟 represents the received signal, then the recovered PAM symbols
𝑎𝑛 (𝑚) can be expressed as follows:

𝑢𝑛 (𝑚) =
𝐾−1∑︁
𝑙=0

𝑔(𝑘 + 𝑙𝑀)𝑟
(
𝑘 + 𝑀2 (2𝑙 + 𝑛)

)
(2.14)

𝑈𝑛 (𝑚) = 𝐶𝑛 (𝑚)
𝑀−1∑︁
𝑘=0

𝑢𝑛 (𝑚)𝑒𝑖2𝜋
𝑘𝑚
𝑀 (2.15)

𝑎𝑛 (𝑚) = ℜ
(
𝜙∗𝑛 (𝑚)𝑈𝑛 (𝑚)

)
(2.16)

where the superscript ’∗’ represents the complex conjugate operation, and 𝐶𝑛 (𝑚) is the ZF
equalizer coefficient used to compensate for the impairments introduced by the channel.

2.2.4.2 Frequency Spread receiver

As mentioned previously, the FS-FBMC implementation is typically performed at the receiver
side thanks to its advantages in terms of complexity and equalization efficiency [62, 63]. The
FS-FBMC receiver implementation illustrated in Figure 2.7b can be described mathematically
as follows:

𝑋𝑛 (𝑚) = 𝐶𝑛 (𝑚)
𝐿−1∑︁
𝑘=0

𝑟

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝜋
𝐿
𝑘𝑚 (2.17)

𝑌𝑛 (𝑚) =
𝐿
2 −1∑︁
𝑙=− 𝐿

2

𝐺 (𝑙)𝑋𝑛 (𝑚 − 𝑙) (2.18)

𝑎𝑛 (𝑚) = ℜ
(
𝑌𝑛 (𝐾𝑚)𝜙∗𝑛 (𝑚)

)
(2.19)
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where 𝐺 is the frequency response of the PF. The FS-FBMC implementation may initially
appear complex. However, due to the frequency localization of the PF 𝐺, it contains many zero
coefficients. As a result, the PF G can be truncated to have 𝑁𝐺 coefficients and equation (2.18)
becomes:

𝑌𝑛 (𝑚) (𝑘) =
Δ−1∑︁
𝑙=−Δ

𝐺 (𝑙)𝑋𝑛 (𝑚 − 𝑙) (2.20)

where Δ = (𝑁𝐺 − 1)/2 with 𝑁𝐺 being an odd number.

2.3 Limitations and recent advances of FBMC/OAM systems:
Short PF design and equalizers

The overlapping factor 𝐾 of the PF has a significant impact on the complexity of the FBMC
transceiver. The most known PFs are the long Isotropic Orthogonal Transform Algorithm [65]
[66] [67], and the long Martin, Mirabassi, Bellange (MMB4) PFs. The latter has an overlapping
factor of 𝐾 = 4 times larger than an OFDM symbol and is the most adopted in the literature [68]
[69] [70] [71]. The MMB4 PF is highly localized in the frequency domain since the interference
is limited to only one adjacent subcarrier. Nevertheless, it is highly advantageous to have 𝐾 as
low as possible, specifically when 𝐾 = 1. This enables various benefits, including the support
for short frame sizes that facilitate low-latency communication and the reduction of transmitter
power consumption. On the other hand, there are limitations to using short PFs, and recent
research advancements have been made to overcome these drawbacks [13]. The subsequent
sections will provide further discussion on these topics. For clarity, filter configurations with
𝐾 > 1 will be referred to as long filters, while filters with a duration equal to one OFDM symbol
will be referred to as short filters.

2.3.1 Relevant short PFs

We present in this section some relevant short PFs including, the Time Frequency Localization
1 (TFL1), the Quadrature Mirror Filter 1 (QMF1), and the Near Perfect Reconstruction 1
(NPR1).

2.3.1.1 TFL1

The TFL1 PF is widely recognized as one of the prominent short PF designs in the literature [72].
It offers both time and frequency localization for FBMC modulation. It has already been
successfully integrated into hardware platforms [73]. The analytical expression for the TFL1
PF [74] can be expressed as follows:

𝑔(𝑘) = 𝜋

2 (1 − 𝑥) + 𝛾0𝑡 + 2𝑡
(
𝑡2 − 1

) (
𝛽1 + 4𝛽2𝑡

2
)

(2.21)
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Figure 2.8: Comparison of considered PFs: (a) impulse response, (b) truncation impact on
near-perfect reconstruction property.

where 𝑥 = 2𝑘+1
𝑀

with 𝑘 ∈ [0, 𝑀2 − 1], 𝑡 = 2𝑥 − 1 and

𝛾0(𝑘) =
1

𝑋0 + 𝑋1
𝑀
2

𝛽1(𝑘) = 𝑋2 +
1

𝑋3 + 𝑋4
𝑀
2

𝛽2(𝑘) = 𝑋5 +
1

𝑋6 + 𝑋7
𝑀
2
,

2.3.1.2 QMF1

The QMF1 PF [75] was adapted for use in FBMC, resulting in a modified version known as
Lapped-OFDM modulation [76]. Its corresponding analytical expression is:

𝑔(𝑘) = 𝑠𝑖𝑛( 𝜋𝑘
𝑀

) (2.22)

2.3.1.3 NPR1

Lately, by inverting the time and frequency axes of the filter-bank impulse response of the MMB4
PF [57], the NPR1 short PF was proposed in [12] with a high time localization since the inter-
ference is limited to only adjacent FBMC symbols (see Fig. 2.8a). Its corresponding analytical
expression is:

𝑔(𝑘) =

√√√
1 − 2

2∑︁
𝑙=0

𝑃𝑔 (𝑙) cos
(
2𝜋𝑘 (2𝑙 + 1)

𝑀

)
𝑃𝑔 (0) = 0.564447

𝑃𝑔 (1) = −0.066754

𝑃𝑔 (2) = 0.002300

(2.23)
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The obtained SIR for the proposed NPR1 PF is 73 dB [12], which is of the same order
of magnitude as for the MMB4 PF (70 dB) [57] corroborating the near-perfect reconstruction
property of the NPR1 PF.

To improve the appeal of the short PF-based FBMC systems, the complexity of the FS
receiver should be further reduced. Truncating the PF frequency response is one way to achieve
this aim as discussed in Section 2.2.4.2. However, this aggravates the penalty of the non-perfect
reconstruction at the receiver side, degrading performance. Therefore, a suitable compromise
between complexity and performance should be targeted.

The 5G system error vector magnitude requirement for a reliable communication is 3.5% for
a 256-QAM [21], which corresponds to a SIR of 30 dB. Therefore, each system block should
achieve a larger SIR to adhere to the aforementioned overall system requirement. A residual
SIR of 55 dB after truncation should be sufficient to avoid further degradation stemming from
channel and hardware impairments. Fig. 2.8b evaluates the effect of the number of non-zero
filter coefficients on the SIR for various short PFs. The NPR1 filter requires only 7 non-zero
coefficients for a target SIR of 55 dB, as opposed to the 31 and 41 required coefficients by the
other short PFs. Hence, the NPR1 filter offers a better compromise between complexity and
performance. Furthermore, it shows improved robustness to CFOs and TOs [12]. Added to its
comparatively reduced OOBPL [12], these advantages advocate for the use of the NPR1 PF.

2.3.2 Motivation for using short PF with FBMC

2.3.2.1 Efficient channel estimation

The introduction of OQAM for FBMC complicates the adoption of certain techniques supported
by OFDM. We can mention here specific techniques related to CE: the use of scattered pilot
patterns and the nature of the pilot values. Indeed, the transmitted pilots should be real-valued
to prevent interference with the transmitted data. However, the received signal is still corrupted
by imaginary-valued interference due to transmitted data on adjacent subcarriers.

To estimate the Channel Frequency Response (CFR), Successive Interference Cancellation
(SIC) methods like those proposed in [77] can be used. This requires the introduction of iter-
ative CE using FEC techniques. Hence, the resulting complexity is highly increased. Another
approach, called the Interference Approximation Method (IAM), utilizes a block-type PS. IAM
exploits the interference caused by adjacent data symbols and allows for power recovery, which
improves estimation accuracy. However, IAM is susceptible to high PAPR and nonlinear distor-
tions caused by HPAs. Nonetheless, IAM is applicable only in flat fading channels and may not
perform well in other channel conditions.

In fact, FBMC can use complex-valued pilots. These latter should be shielded from inter-
ference. This can be done by keeping the neighboring FBMC subcarrier positions vacant or
inactive at the cost of a data rate loss. However, for short PFs, where just one FBMC symbol
is required as a guard interval to properly shield the pilots, the rate loss is negligible compared
to long PFs. This makes short PFs more suitable than long PFs for CE techniques employing
block-type PS.
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2.3.2.2 Low computational complexity

Explained in Section 2.2.4.1, the PPN processing is heavily dependent upon the PF length since
the applied processing involves the filtering stage. From the PPN processing, we can conclude
that the windowing operation applies 2𝐾𝑀 real multiplications per FBMC symbol, assuming
that the impulse response of the PF is typically real-valued. Additionally, the summation
operation requires 2𝐾𝑀 real additions.

We recall that the overlapping factor of the PF is denoted as 𝐾 = 𝐿/𝑀. For long PFs,
𝐾 = 4, while for short PFs, 𝐾 = 1. Naturally, the computational complexity is significantly
reduced for short PFs compared to long PFs. Specifically, the number of real multiplications
is divided by 4. This lower computational complexity implies the potential for lower power
consumption. Considering the FS implementation, an IFFT of size 𝐾𝑀 is required. Nonetheless,
by utilizing a short PF, the IFFT size can be decreased to 𝑀, resulting in a significant reduction
in complexity [78].

These general conclusions regarding the complexity analysis are also applicable at the re-
ceiver. However, no accurate complexity values can be put forward without considering other
essential processing units such as the equalizer and without comparing the achieved performance
of both short and long PFs under the relevant transmission scenario.

2.3.2.3 High energy efficiency

Multi-carrier modulations are typically susceptible to non-linear distortions due to their PAPR [79].
For instance, the distortion caused by the non-linearity of the HPA can degrade the Bit-Error
Rate (BER) performance. To reduce the PAPR in OFDM systems, a precoder applying the DFT
to QAM symbols can be used before their allocation to subcarriers. However, since orthogonal-
ity is restricted to the real domain for FBMC/OQAM, a different precoder is required. In this
case, the Discrete Cosine Transform (DCT) can be employed. Nevertheless, other techniques
are available [80,81].

Fig. 2.9 depicts the Complementary Cumulative Distribution Function (CCDF) of OFDM
and FBMC/OQAM signals with and without precoding. The choice of the PF has a negligible
impact on the PAPR for FBMC/OQAM systems without precoding, as shown in the figure.
However, compared to OFDM, the PAPR of the FBMC/OQAM signal is slightly increased due
to the presence of a ramp-up and ramp-down at the beginning and end of the frame [82].

All precoded signals exhibit a significant reduction in PAPR compared to their non-precoded
counterparts. However, the efficiency of the precoding technique in FBMC/OQAM depends on
the choice of the PF. Employing a long PF results in a larger PAPR than a short one, even when
the same precoder is used. This is because precoding techniques are typically applied to each
FBMC symbol independently, while the FBMC symbols overlap before transmission through
the channel and the number of overlapping symbols increases with the filter length. Since short
PFs can achieve lower PAPR, higher power efficiency can be obtained when compared to long
PFs.



Chapter 2. Beyond 5G and post-OFDM waveform candidates 39

1 2 3 4 5 6 7 8 9 10

Exceeding average power (dB)

10-5

10-4

10-3

10-2

10-1

100

C
C

D
F

FBMC-NPR1, without precoding
FBMC-MMB4, without precoding
OFDM, without precoding
FBMC-NPR1, DCT-precoding
FBMC-MMB4, DCT-precoding
OFDM, DFT-precoding

Figure 2.9: CCDF comparison between the considered receivers with and without precoding.

2.3.2.4 Support of short frame sizes for low-latency communication

One of the main challenges of using FBMC/OQAM with long PFs is the significant ramp-up
and ramp-down at the beginning and end of each transmitted frame [46]. This poses a problem
for FBMC/OQAM in supporting low-latency communications required in scenarios like MCC.

To address this concern, several solutions have been proposed in the literature. One simple
approach is to truncate the PF impulse response for the first and last transmitted symbols [83].
This technique is easy to implement and does not incur additional complexity. However, trun-
cating the impulse response can increase the OOBPL due to sharp transitions. To mitigate this,
a windowing operation can be applied instead of hard truncation, smoothing the transition us-
ing coefficients obtained for instance from a raised-cosine function [84]. However, this technique
compromises orthogonality and introduces interference, with higher interference levels as more
filter coefficients are truncated.

Another technique proposed to reduce the filter transition is the transmission of virtual
symbols [49]. These additional FBMC symbols are transmitted before the first and after the
last symbols in a frame and do not contain any information. They are designed to suppress the
ramp-up and ramp-down transitions of the PF. Subsequently, the first and last samples of the
frame, which are nearly zero-valued, can be truncated or windowed. However, this technique
increases complexity, requiring additional real addition and multiplication operations. Indeed, it
was evaluated that at least 36% more real addition operations and 14% more real multiplication
operations are required [85].

In conclusion, efficiently supporting short-frame sizes with long PFs remains an open issue.
However, this is not the case for short PFs, since their duration is divided by 4 compared to long
PFs with 𝐾 = 4, resulting in reduced computational requirements in terms of real multiplication
operations.
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Figure 2.10: Next-generation overlap-save FBMC receiver development: (a) original FBMC
receiver augmented with the time-domain equalizer [87], (b) Intermediate stage of the FBMC-
OS receiver development (c) FBMC-OS receiver, (d) FBMC-OSB receiver.

2.3.2.5 Limitations of short PFs

Despite the aforementioned advantages, several open issues still need to be addressed. The first
resides in lower robustness to TOs since, for long PFs, the signal information is replicated and
transmitted during a longer period of time. The second is lower robustness to long delay spread
channels [86]. In fact, system performance is highly dependent upon the ratio between the
channel delay spread and the PF length [12]. Hence, long PFs offer improved robustness in this
regard. However, these problems were tackled through advanced receiver techniques as shown
in the next section.

2.3.3 Relevant FBMC receivers

Two main advantages motivate the introduction of advanced receiver techniques: improved
robustness to long delay spread channels and TOs up to the support of asynchronous commu-
nications.
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2.3.3.1 Time domain equalizer

Improved robustness is achieved by the introduction of a time-domain equalizer prior to the
original FBMC receiver [87] as shown in Fig. 2.10a. Although system performance is improved
compared to a conventional FS-FBMC receiver, the resulting complexity is prohibitive for prac-
tical applications due to the required computation of several FFT blocks. Nevertheless, when
coupled with a short PF and a FS implementation, it is possible to significantly reduce its
complexity [13]. The OS algorithm can be used to decompose and simplify the time-domain
equalizer, efficiently performing fast convolution. This leads to the Overlap-Save FBMC receiver
design, explained next.

2.3.3.2 Overlap-Save FBMC receivers

First, the IFFT of size 𝑁 is decomposed by its decimation in time to obtain several IFFTs of
size 𝐿 = 𝐾𝑀 followed by a radix-2 stage as shown in Fig. 2.10b. The number of IFFTs is equal
to 𝑁𝑈𝐹 = 𝑁/𝐿. Next, the summation of the selected radix-2 stage is moved after the FBMC
receiver to obtain 𝑁𝑈𝐹 FBMC receivers before the final summation stage. In fact, the LPR
terms of the radix-2 stage can be seen as a frequency shift and can be incorporated into the
PF coefficients. Thus, both are shifted to the frequency domain after the FFT. As a result, the
multiplications before FFT become circular convolutions. Hence, all IFFTs and FFTs of size 𝐿
can be simplified as marked by the red-dotted lines. Fig. 2.10c shows the final structure of the
FBMC-OS receiver for SISO transmissions, where the equalizer is directly integrated into the
FBMC receiver, largely reducing complexity.

Despite this major step forward, the complexity of the proposed OS receiver is still dominated
by the FFT size 𝑁. The latter depends on the up-sampling factor 𝑁𝑈𝐹 which provides a
compromise between system performance and complexity. Indeed, the factor 𝑁𝑈𝐹 represents
the number of FBMC symbols considered for processing only one FBMC symbol. As a means to
achieve several trade-off levels between performance and complexity, it was proposed to flexibly
modify the number of FBMC symbols 𝑁𝑠 to be processed simultaneously by the receiver as
shown in Fig. 2.10d. The newly introduced parameter 𝑁𝑠 is related to the up-sampling factor
𝑁𝑈𝐹 as follows

𝑁𝑈𝐹 =
𝑁𝑠 + 1

2 .

Indeed, an FFT of size 𝑁 = 𝑁𝑈𝐹𝑀 is computed only once per block regardless of the value of 𝑁𝑠,
which significantly reduces complexity. The rest, however, is computed for each FBMC symbol
as depicted in Fig. 2.10d. This receiver type is denoted by Overlap-Save Block (OSB).

One of the most interesting results is that the FBMC-OS receiver can support asynchronous
communications when short PFs are employed, while the OSB-FBMC receiver supports relaxed
synchronization [13]. When facing multipath channel conditions with long delay spreads, it is
shown that both FBMC-OS and FBMC-OSB receivers achieve similar BER performance com-
pared to the FS-FBMC receiver with the MMB4 long PF while outperforming OFDM [13].
Considering the additional advantages brought by the proposed contributions in [13], the limi-
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tations of FBMC with short PFs cited in section 2.3.2.5 were overcome.

2.4 Open issues

While considerable improvements were achieved by the aforementioned contributions, several
research challenges and study item opportunities are still to be tackled when targeting 6G
applications.

2.4.1 Increasing the spectral efficiency

The radio spectrum resource is of fundamental importance for wireless communications, espe-
cially since it is becoming scarce [88] [21]. In fact, future wireless networks are expected to face
worsening congestion levels than nowadays [89]. Therefore, enhancing SE becomes crucial for
the development of beyond 5G wireless communication systems. Multi-carrier systems, such
as OFDM and FBMC/OQAM, divide the available frequency spectrum into multiple subcar-
riers to transmit data simultaneously. However, the efficient allocation of these subcarriers is
essential to maximize the utilization of the limited spectrum resources. Improving SE in multi-
carrier systems enables higher data rates, improved system capacity, and increased network
throughput. This is particularly significant in modern wireless communication scenarios with
the ever-increasing demand for high-speed data transmission. Furthermore, enhancing SE fa-
cilitates better coexistence and interference mitigation in MU environments, enabling multiple
users to share the same frequency band while maintaining high-quality communication. Con-
sequently, continuous research and development efforts focus on advancing modulation schemes
and intelligent interference management techniques to enhance the SE of multi-carrier systems.
These efforts aim to meet the growing demands of today’s data-intensive applications.

2.4.2 Massive MIMO support

The 6G cellular network is expected to offer higher spectral and energy efficiencies with reduced
latency, hence achieving an improved Quality of Service (QoS) compared to the 5G [90]. Fully
exploiting mMIMO systems where the BS is equipped with a large number of antennas and serves
several users simultaneously represents one of the promising solutions to address part of these
requirements [14, 15]. Indeed, mMIMO is already considered as one of the main technologies
for 5G networks since MU interference can be rendered relatively negligible by increasing the
number of BS antennas [91].

In contrast to OFDM, the OQAM-based FBMC adopts real symbols since the orthogonality
holds in the real field only [92]. The resulting intrinsic interference renders the association of
FBMC with mMIMO systems challenging [93]. Hence, it is not always possible to extend the
existing analysis of OFDM-based mMIMO systems to that of the mMIMO-FBMC systems. Thus
the performance of FBMC-based mMIMO systems calls for a meticulous evaluation considering
the chosen system parameters. Indeed, the prior art on FBMC-based mMIMO being still in
its early stages, these systems require careful examination and investigation before drawing
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definitive conclusions.

2.4.3 Improving the accuracy of channel estimation

To concretely achieve the promising advantages of mMIMO, accurate CE is necessary. Addi-
tionally, satisfying the constraints of future wireless networks in terms of reliability and latency
calls for the use of precise CE techniques with minimal training overhead, particularly in MU
situations. A salient drawback of FBMC/OQAM signals is that only real-field orthogonality
can be kept, leading to the intrinsic imaginary interference being a barrier for high-performance
CE. This advocates for devising specific sophisticated CE techniques devised for FBMC.

Existing CE methods proposed for FBMC primarily rely on the IAM introduced in [94], which
assumes a flat gain approximation for the channel response over each subcarrier band. IAM is a
frequency domain technique and requires the maximum channel delay spread to be significantly
smaller than the symbol interval. Consequently, IAM produces inaccurate channel estimates
when this condition is not met. To address this issue, time domain CE techniques were proposed
in [95] [96]. In [95] and [97], authors propose time domain CE techniques that employ guard
symbols to separate pilots from different users. However, this approach leads to a SE loss,
which is undesirable when the number of users increases. An alternative time domain CE
method for FBMC, as well as its extension to mMIMO channels, was proposed in [98] and
further investigated in [96]. This method involves transmitting pilots for each user on all the
subcarriers, with the users’ pilots multiplexed in the code domain to enable sharing of the same
time-frequency resources for CE. However, this solution requires a significant computational
load at the receiver to demultiplex channel responses from different users based on their code
sequences. Unfortunately, these prior solutions are either limited to frequency flat channels at
the subcarrier level, require high complexity, or suffer from poor SE, especially in multi-user
scenarios. In this regard, alternative PSs and CE approaches must be explored to address the
aforementioned drawbacks.

2.5 Summary

This chapter represents an introduction to the scientific background related to the contributions
presented in subsequent chapters of the PhD work. Initially, we discussed the principles of
OFDM, which is commonly used in the conventional eMBB service of 5G. Subsequently, we
delved into the specific new requirements anticipated in 6G scenarios, namely eMMC, MCC,
and V2X communications. We highlighted the limitations of OFDM modulation in meeting
these requirements. For eMMC, where the uplink is dominant, relaxation of the synchronization
procedure is necessary to reduce signaling overhead. However, OFDM cannot accommodate
such relaxed synchronization if the resulting TOs exceed the CP duration. In MCC, the use
of mixed numerology can help reduce communication latency, but OFDM faces limitations due
to its low spectral confinement, necessitating a large number of subcarriers as GBs to mitigate
interference. In V2X, high mobility is a critical requirement, including vehicle speeds beyond
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what OFDM in 5G can support. In this context, OFDM introduces significant ICI, compromising
orthogonality between users. Consequently, alternative modulation techniques are required to
efficiently overcome the specific limitations posed by these scenarios.

This was followed by a technical description of the FBMC/OQAM waveform in addition to a
brief survey of other promising waveform candidates for beyond 5G. The chapter concluded with
a detailed analysis aimed at highlighting the benefits of using short PFs for the FBMC/OQAM
waveform including, support for low-latency communications, low computational complexity,
high energy efficiency, and efficient block-based CE. However, the limitations associated with
the use of short PFs were also summarized. Despite these limitations, recent advancements per-
taining to the FBMC/OQAM waveform were discussed along with open issues. The subsequent
chapters propose original contributions to overcome the remaining open issues.



Chapter 3

Novel transmission technique for
multi-carrier waveforms

A crucial element of cellular communication networks is the achievable SE. Indeed, motivated by
the continuous growth in mobile data traffic in wireless networks, improving SE has represented
one of the key goals of the 3GPP along several generations of communication standards. In
this context, a novel transmission scheme denoted as MCO is proposed in this chapter. The
proposed scheme is based on intentionally overlapping the subcarriers of adjacent users consid-
ering two state-of-the-art waveforms: the OFDM and the FBMC/OQAM. We investigate the
achievable SE improvement of the proposed transmission scheme in the presence and absence
of TO impairments under the 5G QuaDRiGa channel.
The chapter starts by introducing the existing techniques for SE enhancement in the litera-
ture. Next, the novel transmission scheme is proposed. Finally, several performance metrics are
evaluated and compared to illustrate the benefits of the proposed contribution.

45
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3.1 Relevant SE enhancement techniques

In the literature, techniques known as “Partially Overlapping” (PO) have been introduced tak-
ing into account both the waveform and the network. A systematic model for PO is presented
in [99], which demonstrates that the use of overlapped channels can improve spectrum utiliza-
tion. In [100], the potential benefits of PO are studied, showing that it can lead to greater
flexibility in resource allocation and result in up to a 100% increase in overall network capac-
ity compared to conventional design. Additionally, [101] proposes channel allocation and link
scheduling algorithms for partially overlapped channels at the MAC layer.

Besides of these approaches, the Nyquist pulse-shaping criterion emphasizes the orthogonal-
ity of signals to avoid ISI. However, applying this criterion sets major constraints since it requires
a minimum distance to be respected between neighboring symbols in time and frequency, which
reduces SE. To enhance SE while maintaining the orthogonality condition, one method is to
increase the constellation order. However, high-order constellations are more susceptible to non-
linear effects. At this point, one can raise an important question: For a given data rate, is
it possible to reduce the minimum distance between neighboring symbols in time and frequency
below the limits specified by the Nyquist criterion to increase the capacity? In fact, loosening
the orthogonality condition is a different technique to increase the SE of low-order modula-
tions. These relevant existing methods for improving SE can be classified into two categories:
non-overlapping and overlapping enhancement techniques. The rest of the section provides a
background on these techniques.

3.1.1 Non-overlapping techniques

One of the well-known SE enhancement techniques that loosen the orthogonality condition is
the Faster-Than-Nyquist (FTN) signaling approach [102, 103]. It reduces the spacing between
two adjacent pulses in the time domain considerably below the Nyquist rate. Therefore, con-
trolled ISI is introduced.

3.1.1.1 Faster than Nyquist signaling approach

The conventional technique of using Nyquist pulses to transmit data through a channel with
a BW of 𝑊 = (1/2𝑇) Hz is well-established and eliminates ISI. The received pulse train can be
therefore expressed as follows:

𝑢(𝑡) =
√
𝐸

𝑁2∑︁
𝑛=𝑁1

𝑎𝑛𝑔(𝑡 − 𝑛𝑇) (3.1)

where 𝑛 is the time index, 𝑎𝑛 is the transmitted data on the 𝑛𝑡ℎ index, 𝐸 is the energy of the
data sequence, 𝑇 is the symbol duration, along with the Nyquist pulse 𝑔 given by

𝑔(𝑡) = sin(𝜋𝑡/𝑇)
(𝜋𝑡/𝑇) (3.2)
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(a) Nyquist transmission
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(b) FTN transmission

Figure 3.1: Illustration of Nyquist and FTN transmission, with T = 1: (a) 𝜖 = 1, (b) 𝜖 = 0.82.

When dealing with AWGN with a two-sided spectral density of 𝑁0/2, the optimal detector will
have a Probability of Error (Pe) given as follows:

𝑃e = 𝑄

(
2
√
𝐸

√
2𝑁0

)
(3.3)

along with
𝑄(𝑥) = 1

√
2𝜋

∫ ∞

𝑥

𝑒−𝑣
2/2𝑑𝑦 =

1
2 erfc 𝑥

√
2

(3.4)

where erfc denotes the complementary error function.
Assume that (3.1) is transmitted and the achieved performance from (3.3) surpasses the

target error rate of the system. One possibility to increase the SE would be to trade this
improvement in error rate for SE. For instance, a Pe of 10−6 or 10−7 can be potentially achieved
when a Pe of 10−5 would be sufficient. Therefore, is it possible to trade some of the extra
achieved performance through transmitting the signal (which may have a lower error rate than
necessary) for an increased data rate? To do this, FTN considers replacing the value of 𝑇 with a
smaller value 𝑇 ′ < 𝑇 in equation (3.1), while keeping the transmitted power the same. Therefore,
the FTN signalling which was proposed initially in [104] can be expressed as follows:

𝑢(𝑡) =
√
𝐸𝜖

∞∑︁
𝑛=−∞

𝑎𝑛𝑔(𝑡 − 𝑛𝜖𝑇), with 0 < 𝜖 < 1 (3.5)

where 𝜖 is the squeezing factor and 𝑇 ′ = 𝜖𝑇 .
The difference between Nyquist (𝜖 = 1) and FTN transmission (𝜖 = 0.82) using sinc pulses

with transmitted data {1,1,1,-1,1} is illustrated in Figure 3.1. ISI is not observed when 𝜖 is
equal to 1. However, if we decrease 𝜖 to 0.82, we can observe the presence of ISI as depicted in
Figure 3.1b. Since the symbol duration for FTN signaling is only 0.82𝑇 , the data rate will be
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approximately 1.22 times that of the Nyquist rate. This results in a 22% increase in data rate.
In fact, the introduced ISI in FTN systems must be effectively addressed to obtain such

promising results and ensure good error performance. As a result, considerable effort has been
devoted to developing advanced equalization and detection algorithms for the receiver side.
For instance, a new M-algorithm has been proposed in [105], which uses low-complexity turbo
equalization to handle severe ISI caused by coded FTN signaling. The resulting FTN turbo
equalizer can provide up to 4 dB energy savings and 35% BW reduction compared to binary
orthogonal signaling. However, it may not be applicable in all scenarios due to its limited
performance under severe channel conditions.

A new method called l∞-minimization has been proposed in [106] for recovering uncoded
binary symbols in FTN signaling with a better trade-off between signal recovery accuracy and
computational complexity than successive interference cancellation in [107]. However, it may not
be practical for systems with higher-order modulation due to its high computational complexity.
In [108], a multi-band architecture called block-SEFDM and an FFT-based soft detector have
been analyzed for uncoded systems. However, it may also require complex hardware implemen-
tation, limiting their applicability in practical systems. The authors in [109] proposed a trans-
mission technique that combines precoded FTN and OFDM with OQAM. Their approach, called
sparse interference pre-cancellation, focuses on reducing interference caused by FTN signaling at
the transmitter. To enhance receiver performance, they suggested additional improvements to
the channel encoder, including modifications to the bit-to-symbol mapping and the mapping of
symbols to time-frequency positions. Single-Carrier with Frequency-Domain Equalization (SC-
FDE) using FTN signaling has been proposed for higher spectrum efficiency in [110]. However,
its performance can be severely affected by deep fading and poor channel conditions, requir-
ing additional techniques such as Diversity Combining (DC) Hybrid Automatic Repeat-Request
(HARQ) [111]. Overall, while these techniques have shown promising results, their limitations
and drawbacks need to be carefully considered before their implementation in practical FTN
systems. Indeed, Nyquist’s first criterion has been widely applied in traditional communication
systems motivated by the limitations of hardware implementations caused by the complexity of
the ISI cancellation algorithms.

3.1.2 Methods based on overlapping

In addition to the aforementioned approach, SE enhancement based on overlapping techniques
has been studied in the literature. Relevant studies related to this approach include those in [112]
and [113] which will be discussed next.

3.1.2.1 High compaction multi-carrier modulation

The authors in [113] proposed a multi-carrier transmission scheme called High Compaction
Multi-Carrier Modulation (HC-MCM) to improve the SE of the OFDM waveform. HC-MCM is
primarily characterized by modulation indices of Δ𝐹𝑇 < 1. It can easily attain a high transmis-
sion rate by arbitrarily overlapping the spectra of its subcarriers with a technique that involves
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Figure 3.2: DFT-based HC-MCM transmitter.

truncating the transmitting signal with a rectangular window in the time domain. This is illus-
trated in Figure 3.2. To avoid frequency domain aliasing caused by the IFFT and interpolate
samples in the time domain, 𝐾0 zeros are padded to the subcarrier messages 𝑥(𝑘) at the input of
the IFFT, and (𝐾+𝐾0−𝑀) samples are removed from the IFFT output. When all IFFT samples
are transmitted, the transmitter output 𝑦(𝑡) matches the OFDM waveform. In the HC-MCM,
only a portion of the IFFT output samples (𝑀 out of 𝐾+𝐾0) are transmitted by truncating them
with a rectangular window function in the time domain. As a result, the bandwidth of each sub-
carrier becomes larger than in the OFDM system, allowing the signal waveform corresponding
to the spectrum illustrated in Figure 3.3 to be generated.

Figure 3.3b illustrates the spectrum of HC-MCM for a modulation index of Δ𝐹×𝑇 = 1/4. The
transmission rate for this case is the same as that of OFDM illustrated in Figure 3.3a because
the bandwidth of each subcarrier is identical to that of OFDM, but the frequency spacing is
smaller (Δ𝐹 = 1/4𝑇) than that of the OFDM. As a result, HC-MCM can achieve the same
transmission rate as OFDM with a narrower bandwidth. Figure 3.3c shows another type of
HC-MCM spectrum with the same modulation index as Figure 3.3b. In this case, the frequency
spacing is the same as that in OFDM. However, the transmission rate can be increased by a
factor of 4 compared to OFDM because each subcarrier has a larger bandwidth.

However, similarly to OFDM, the proposed multicarrier transmission scheme still suffers from
a high OOBPL, hence requiring GBs that waste spectrum resources. Moreover, it reveals to be
vulnerable to TO impairments which is expected to hinder its ability of managing/cancelling
the overlapping-induced interference. Furthermore, the work in [113] was limited to the study
of such a system under an AWGN channel, neglecting the effect of multipath.

3.1.2.2 Intentional-overlapping based on user-specific filters

As an alternative, the authors in [112] proposed a multicarrier transmission technique that
incorporates partial overlap between adjacent symbols in both the time and frequency domains
to take advantage of MU diversity and achieve higher SE. In fact, in MU scenarios, different users
may have channels with varying degrees of dispersion in time and frequency. To ensure that all
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Figure 3.3: Illustration of signal spectra of OFDM and HC-MCMs: (a) OFDM (Δ𝐹 × 𝑇 = 1);
(b) HC-MCM, smaller Δ𝐹 compared to OFDM (Δ𝐹 × 𝑇 = 1/4) and (c) HC-MCM, same Δ𝐹 as
OFDM (Δ𝐹 × 𝑇 = 1/4).
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users have a desired SIR, conventional systems consider the user with the worst-case channel
and design the entire system accordingly. However, this results in an over-designed system
that unnecessarily protects users with low-dispersion channels. To address this issue, user-based
precautions that involve pulse shape filtering are proposed. Therefore, rather than a fixed PF, the
authors propose to employ user-specific filters to provide more flexibility in overlapping, which
reduces the BW needed to achieve the same data rate. The Filtered Multitone Modulation
(FMT) is employed with the Root-Raised-Cosine (RRC) filter. The parameter that makes
the RRC filter specific to the user is its roll-off factor 𝛼 which also determines its corresponding
time–frequency characteristic.
The mathematical representation of the transmitted signal at the baseband, incorporating 𝑁

subcarriers, can be expressed as follows:

𝑥(𝑡) =
∞∑︁

𝑚=−∞

𝑁−1∑︁
𝑘=0

𝑋𝑚𝑘𝑔𝑚𝑘 (𝑡) (3.6)

where 𝑝𝑚𝑘 (𝑡) is the synthesis filter and 𝑋𝑚𝑘 is the complex symbol at the time index 𝑚 and the
frequency index 𝑘, along with

𝑔𝑚𝑘 (𝑡) = 𝑝𝑚𝑘
(
𝑡 − 𝑚𝜏0

)
𝑒 𝑗2𝜋𝑘𝜈0𝜏0 (3.7)

Assuming linear time-varying wireless channel, the received signal is expressed as

𝑦𝑖 (𝑡) =
∫
𝜏

∫
𝜈

𝐻𝑖 (𝜏, 𝜈)𝑥(𝑡 − 𝜏)𝑒 𝑗2𝜋𝜈𝑡 d𝜈d𝜏 (3.8)

where 𝐻𝑖 (𝜏, 𝜈) is the Fourier transform of the CIR of 𝑖𝑡ℎ user. The received symbol 𝑋𝑛𝑙 located
at frequency bin 𝑙 and time index 𝑛 can be obtained by projecting the received signal on the
analysis function 𝑔′

𝑛𝑙
(𝑡) as follows:

⟨𝑦𝑖 (𝑡), ¤𝑔𝑛𝑙 (𝑡)⟩ ≜
∫
𝑡

𝑦𝑖 (𝑡) ¤𝑔∗𝑛𝑙 (𝑡)d𝑡

= 𝑋𝑛𝑙𝐻𝑛𝑙𝑛𝑙 +
∑︁

(𝑚,𝑘 )≠(𝑛,𝑙)
𝑋𝑚𝑘𝐻𝑛𝑙𝑚𝑘

(3.9)

where
𝐻𝑛𝑙𝑚𝑘 =

∫
𝜏

∫
𝜈

𝐻𝑖 (𝜏, 𝜈)
∫
𝑡

𝑔𝑚𝑘 (𝑡 − 𝜏)𝑔∗𝑛𝑙 (𝑡)𝑒
𝑗2𝜋𝜈𝑡 d𝑡 d𝜈d𝜏 (3.10)

which captures the interference from the symbol (𝑚, 𝑘) to the desired symbol (𝑛, 𝑙).
The SIR can be expressed as 𝛾𝑖 = 𝜎2

S,𝑖/𝜎
2
I,𝑖 , where

𝜎2
S,𝑖 =

∫
𝜏

∫
𝜈

𝑆𝑖 (𝜏, 𝜈) |𝐴(𝜏, 𝜈) |2 d𝜈d𝜏 (3.11)

and
𝜎2

I,𝑖 =
∑︁

(𝑚,𝑘 )≠(0,0)

∫
𝜏

∫
𝜈

𝑆𝑖 (𝜏, 𝜈) |𝐴 (𝑚𝜏0 + 𝜏, 𝑘𝜈0 + 𝜈) |2 d𝜈d𝜏 (3.12)
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along with
𝐴(𝜙, 𝜓) ≜ 𝑒− 𝑗2𝜋𝜌

∫ ∞

−∞
𝑝𝑚,𝑘 (𝑡 − 𝜙)𝑝∗𝑟 𝑥 (𝑡)𝑒 𝑗2𝜋𝜓𝑡 d𝑡 (3.13)

with 𝜌 = 𝑘𝑣0𝜏 [114].
Note that the SIR is a function of not only 𝜈0,𝜏0, and 𝐻𝑖 (𝜏, 𝜈) but also Λ, where Λ = [𝛼1, 𝛼2, . . . , 𝛼𝑀 ]𝑇

and Γ = [𝛾1, 𝛾2, . . . , 𝛾𝑀 ]𝑇 being the vectors for the users-specific roll-off factors and correspond-
ing SIRs. Hence, the authors maximize the SIR of the user in the worst case by finding optimum
roll-off factors for a given time interval and frequency spacing. This translates mathematically
as follows:

Λ = arg max{min(Γ)} (3.14)

The authors, however, simply considered an exponentially decaying channel in their simulations.
Therefore, the results may differ over more realistic channels. Moreover, the FMT modulation
is less BW efficient than other filtered multicarrier waveforms due to the roll-off factor of the
pulse-shaping filter. For all these reasons, considering other filtered multicarrier waveforms to
address these drawbacks reveals to be interesting in order to achieve the highest SE gain.

3.2 The proposed MCO transmission technique

3.2.1 Description of the proposed overlapping scheme

We consider a scenario where 𝑈 users transmit data on different adjacent frequency bands (or
sub-bands). We propose to partially overlap adjacent sub-bands by fully overlapping a portion
of the corresponding subcarriers. This results in two possible types of overlap: two-sided (2S) or
one-sided (1S) overlap as shown in Figures 3.4a and 3.4b respectively. Therefore, if 𝑂𝐿 denotes
the number of overlapped subcarriers per user, and 𝑆𝐵 the number of subcarriers allocated for
each user, then the SE gain 𝑮𝑺𝑬 thanks to the overlap is

𝑮𝑺𝑬𝑶𝑳 =
𝑂𝐿

𝑆𝐵
, 𝑂𝐿 ∈ ⟦0, ..., 𝑆𝐵⟧ (3.15)

It is crucial to select the appropriate scheme that results in a lower level of interference in
order to improve system performance. The overlap between adjacent data symbols located at
frequency bin 𝑝 and time 𝑞 can be used to calculate the induced interference 𝐽𝑛 (𝑚) for the
data symbol at symbol 𝑛 and frequency bin 𝑚. In fact, by taking the weighted sum of the
neighboring overlapped data symbols, denoted as 𝑑𝑛+𝑞 (𝑚 + 𝑝) with the weights given by the
ambiguity function of the PF, denoted as 𝐴𝑔 (𝜏, 𝜇), we can compute

𝐽𝑛 (𝑚) =
∑︁

(𝑝,𝑞) ∈Ω∗
𝑑𝑛+𝑞 (𝑚 + 𝑝)𝐴𝑔 (−

𝑞𝑀

2 ,
𝑝

𝑀
) (3.16)

along with
𝐴𝑔 (𝜏, 𝜇) =

∫ +∞

−∞
𝑔𝑡 (𝑡 + 𝜏/2)𝑔∗𝑟 (𝑡 − 𝜏/2)𝑒𝑖2𝜋𝜇𝑡𝑑𝑡 (3.17)
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𝑢 = 1 𝑢 = 2 𝑢 = 3 𝑢 = 4

(a) Two-sided (2S) overlapping

𝑢 = 1 𝑢 = 2 𝑢 = 3 𝑢 = 4

𝑖 = 0 𝑖 = 1

(b) One-sided (1S) overlapping

Figure 3.4: Illustration of the proposed overlapping transmission schemes with 𝑂𝐿 = 2.

where 𝑔𝑡 and 𝑔𝑟 are the transmit and receive PFs respectively, Ω = ⟦−∞, +∞⟧⟦−𝑀2 ,
𝑀
2 ⟧, and

Ω∗ = Ω\(0, 0).

Note that,

𝑑𝑛 (𝑚) =


1, 𝑚 ∈ Ω𝑐

0, otherwise

where Ω𝑐 is Ω1 for the 1S scheme (Figure 3.4b) and Ω2 for the 2S scheme (Figure 3.4a), with

Ω1 = ⟦0, ..., 𝑂𝐿 − 1⟧

Ω2 = ⟦0, ..., 𝑂𝐿2 − 1⟧ ∪ ⟦𝑀 − 𝑂𝐿
2 , ..., 𝑀 − 1⟧

Therefore, the interference power 𝜎2 induced from overlapping by 𝑂𝐿 subcarriers can be com-
puted as follows:

𝜎2 = 𝐸 [𝐽𝑛 (𝑚)2]

=
∑︁

(𝑝,𝑞) ∈Ω∗
𝐴𝑔 (−

𝑞𝑀

2 ,
𝑝

𝑀
)2 (3.18)
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where 𝑚 − 𝑝 ∈ Ω𝑐
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Figure 3.5: Interference power comparison of the proposed one-sided and double-sided trans-
mission schemes with CR = 1.

Hence, using (3.18) and by employing the NPR1 short PF [12], we compare in Figure 3.5
the interference power versus 𝑂𝐿 of the two proposed overlapping transmission schemes with
CR = 1. Since the NPR1 PF is highly localized in time, the interference is limited to only
adjacent FBMC symbols. Therefore, Ω = ⟦−1, 1⟧⟦−𝑀2 ,

𝑀
2 ⟧. Both schemes display an increase

in interference level with 𝑂𝐿, while the 2S overlapping suffers from a higher level of interference
than the 1S. Consequently, we chose the 1S scheme for the rest of the study. In this case, the
set of overlapped users is indexed by 𝑖. Therefore, the FBMC/OQAM transmit signal 𝑠(𝑘) in
(4.2) will be modified as follows:

𝒔(𝑘) =
𝑈∑︁
𝑢=1

∞∑︁
𝑛=−∞

∑︁
𝑚∈F𝑢

𝑎𝑛 (𝑚 − 𝑓𝑢)𝑔𝑚,𝑛 (𝑘) (3.19)

along with
F𝑢 = { 𝑓𝑢, ...., 𝑓𝑢 + 𝑆𝐵 − 1}

𝑓𝑢+1 − 𝑓𝑢 =


1 + 𝑆𝐵 +𝑂𝐿, if 𝑖𝑢+1 − 𝑖𝑢 = 0

𝑆𝐵, otherwise

where 𝑓𝑢 is the 𝑢𝑡ℎ user starting subcarrier index, and 𝑖𝑢 is the solution set index of the 𝑢𝑡ℎ user.
Similarly, the OFDM transmit signal 𝒔(𝑘) considering the proposed overlapping transmission

scheme can be expressed mathematically as shown below

𝒔(𝑘) =
𝑈∑︁
𝑢=1

∞∑︁
𝑛=−∞

∑︁
𝑚∈F𝑢

𝑎𝑛 (𝑚 − 𝑓𝑢)𝑒 𝑗2𝜋
(𝑘−𝐿𝐶𝑃 )𝑚

𝑀 (3.20)
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where 𝑎𝑛 (𝑚) are the complex user’s transmitted symbols on the 𝑚𝑡ℎ subcarrier within the 𝑛𝑡ℎ

OFDM symbol, and 𝐿𝐶𝑃 is the cyclic prefix length.

3.2.2 Proposed MCO procedure for SE enhancement

OFDM is vulnerable to Adjacent Channel Interference (ACI) due to its low frequency localiza-
tion, necessitating the introduction of guard bands. The added guard bands reduce the data
rate and, therefore, the SE. Thanks to the introduced filtering stage, FBMC/OQAM is more ro-
bust against ACI. Therefore, overlapping-induced interference management can be more efficient
with the FBMC/OQAM waveform by exploiting its inherent advantage. The introduction of
channel coding can help combat interference. In what follows, we propose a step-by-step MCO
procedure for SE enhancement.

1. Selection of best tuple

If 𝐶𝑅𝑂𝐿 is the coding rate relevant to 𝑂𝐿, and 𝐾 the modulation order, the tuple
(𝐶𝑅∗, 𝐾∗, 𝑂𝐿∗) should be chosen such that the ratio of the energy per bit to the spec-
tral noise density 𝐸𝑏

𝑁0 is minimized for a target SE 𝛼 as

(𝐶𝑅∗
𝑂𝐿 , 𝐾

∗, 𝑂𝐿∗) = argmin
𝑆𝐸=𝛼

(𝐸𝑏
𝑁0 (𝐶𝑅𝑂𝐿 , 𝐾, 𝑂𝐿)). (3.21)

2. Coding rate optimization

The 𝐶𝑅∗
𝑂𝐿

of the selected combination is optimized to maximize the SE for a target BER
= 𝛽 at 𝐸𝑏

𝑁0 = 𝛾. Target 𝛽 and 𝛾 values are issued from the non-overlapping case (𝑂𝐿 = 0).
This translates mathematically as follows:

𝐶𝑅
′
𝑂𝐿 = argmax

𝐵𝐸𝑅=𝛽, 𝐸𝑏
𝑁0=𝛾

(𝑆𝐸 (𝐶𝑅0, 𝐾, 0)). (3.22)

3. Spectral efficiency gain

Eventually, the SE gain corresponding to the selected combination can be computed as
follows:

𝑮𝑺𝑬𝑶𝑳 =
𝐶𝑅

′
𝑂𝐿

− 𝐶𝑅∗
𝑂𝐿

𝐶𝑅∗
𝑂𝐿

. (3.23)

3.3 Application example

We first describe our simulation setup. Then, the performance of the FBMC-OS receiver using
the NPR1 short PF is compared to OFDM considering the proposed MCO transmission scheme.
In our simulations, the CSI is assumed to be perfectly estimated at the receiver side. Further-
more, the number of non-truncated filter coefficients is set to 𝑁𝐺 = 7 for a SIR of 55 dB [12].
The total number of users is 𝑈 = 4 where the transmit powers of all transmissions are equal and
normalized to 0 dBW. For the FBMC-OS receiver, 𝑁𝑈𝐹 is set to 4 leading to the FBMC-OS4
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Parameters Value
Carrier frequency 3.5 GHz
Cyclic prefix 36
Channel model TDL-B
Channel type NLOS
Total number of subcarriers 512 subcarriers
Sub-band size per user 128 subcarriers
Number of UE 4
BS height 25 m
Interleaver type Short-random
Modulation schemes 16QAM, 64QAM

Table 3.1: SISO simulation parameters

receiver notation. This choice represents a good compromise between system performance and
complexity.

At the receiver, one reference set of overlapped users was processed to simplify the perfor-
mance analysis and to reduce the simulation time. In Figures 3.4a and 3.4b, the set centered on
user 𝑢 = 2 or 𝑢 = 3 can be considered a reference.

3.3.1 Simulation setup

The Tapped Delay Line B (TDL-B) multipath 3GPP channel model is used for our simulations
considering a delay spread 𝜏 of 1𝜇s. Chosen parameters follow the 5G standard [21]. The 5G
New Radio Low-Density Parity Check Code (LDPC) is used in our simulations [115] with base
graph 1. A short-random interleaver is considered rather than a long one since the interference
pattern is well-defined, allowing for lower latency. Simulation parameters are summarized in
Table 3.1.

3.3.2 Selection of the best tuple

We consider now (3.21) for selecting the best tuple of (𝐶𝑅∗, 𝐾∗, 𝑂𝐿∗) leading to the highest SE
gain. We plot in Figure 3.6 the required 𝐸𝑏

𝑁0 versus 𝑂𝐿 for different tuples achieving the same
SE with the FBMC-OS4 and OFDM receivers and a target BER of 10−4.

To achieve a target SE gain, we consider 𝐾 = 4, 16, and 64. For 𝐾 = 4, the target 𝑆𝐸 is
not achievable by any tuple, since the 𝐶𝑅 cannot exceed 1. On the other hand, the target
BER is not achievable by any tuple when 𝐾 = 64, and therefore its corresponding curve is not
shown in the figure. Therefore, we provide an in-depth analysis for 𝐾 = 16. Regarding the
FBMC-OS4 receiver, 𝐸𝑏

𝑁0 initially increases with 𝑂𝐿. After 𝑂𝐿 = 4, it decreases until reaching
a minimum value of 15.8 dB at 𝑂𝐿 = 24 and 𝐶𝑅 = 1/2. The performance starts to degrade
after 𝑂𝐿 = 24, showing that the maximum value of 𝑂𝐿 for exhibiting the best performance is
24 subcarriers. Similar interpretation can be made when considering the OFDM receiver, where
𝐸𝑏
𝑁0 starts increasing with 𝑂𝐿 until 𝑂𝐿 = 16, and then reaches a minimum value of 17 dB at



Chapter 3. Novel transmission technique for multi-carrier waveforms 57

0 5 10 15 20 25 30

OL (in number of subcarriers)

20

25

30

35

40

E
b/

N
0 

(d
B

)

FBMC-OS4

OFDM

Figure 3.6: 𝐸𝑏/𝑁0 vs 𝑂𝐿 of the considered receivers over the TDL-B 5G QuaDRiGa channel
for a target BER of 10−4.
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Figure 3.7: BER performance comparison of the OS4-FBMC and OFDM receivers over the
TDL-B 5G QuaDRiGa channel with different tuples achieving the same SE.

𝑂𝐿 = 24 and 𝐶𝑅 = 1/2. Note that FBMC can attain lower values of 𝐸𝑏
𝑁0 than OFDM for the

same value of 𝑂𝐿 thanks to its inherent capabilities to combat interference. To summarize, the
tuple (𝐶𝑅∗, 𝐾∗, 𝑂𝐿∗) = (1/2, 16, 24) is selected for the rest of the work.

3.3.3 Simulation results over the 5G multipath channel

In order to provide a more detailed understanding of the efficiency of the proposed approach,
we also compare in Figure 4.3 the BER performance as a function of the 𝐸𝑏/𝑁0 of both the
OFDM and FBMC-OS4 waveforms for the considered scenario. Several combinations of 𝐶𝑅𝑂𝐿
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Figure 3.8: SE improvement capability for the proposed transmission technique for the OFDM
and FBMC-OS4 receiver over the TDL-B 5G QuaDRiGa channel, with 𝑂𝐿 = 24.

and 𝑂𝐿 (in number of subcarriers) are considered targeting the same SE with 𝐾∗ = 16.
When the subcarriers do not overlap (i.e., 𝑂𝐿 = 0) and a CR of 8/9 is used, both waveforms

exhibit the worst BER performance. Increasing the amount of overlap between subcarriers re-
sults in a higher degree of interference, making it necessary to reduce the CR while maintaining
the same SE. This, in turn, leads to a significant improvement in BER performance, as illus-
trated in the same figure for various combinations of 𝑂𝐿 values, specifically 12, 16, 20, and 24.
In particular, overlapping by 24 subcarriers yields the best performance, providing a gain of ap-
proximately 5.2 and 4 dB in 𝐸𝑏/𝑁0 for FBMC and OFDM, respectively. This finding confirms
the conclusions drawn in Section 3.3.2 from Figure 3.6.

3.3.4 Spectral efficiency gain

We use (3.22) to evaluate the SE gain of the best overlapping case of 𝑂𝐿 = 24 relative to the
non-overlapping scenario. Figure 3.8 depicts the BER performance for 𝑂𝐿 = 24 with increasing
𝐶𝑅24 values. We determine the SE gain once the BER performance of both scenarios is nearly
identical for a target 𝐸𝑏

𝑁0 (𝛾 = 21 dB). As shown in Figure 3.8, the curve corresponding to the
non-overlapping scenario intersects with the one corresponding to the overlapping scenario at
𝐶𝑅

′
24 = 3/5 for FBMC/OQAM and 14/25 for OFDM, resulting in a 20% and 12% SE gain

for FBMC/OQAM and OFDM, respectively. Therefore, FBMC/OQAM augmented with the
FBMC-OS receiver provides superior performance and a higher SE gain compared to OFDM.

An alternative and simple method to improve the SE could be to increase the modulation
order. Therefore, we compare in Figure 3.9 the BER performance with equal SEs of 64QAM with
non-overlapping subcarriers (i.e., 𝑂𝐿 = 0) and 𝐶𝑅 = 16/27 to that of 16QAM with 𝐶𝑅 = 8/9.
As depicted in the figure, 64QAM performs similarly to 16QAM for a target BER of 10−4,
confirming the efficiency of our proposed transmission scheme to improve the SE.
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Figure 3.9: BER performance comparison of the OFDM and FBMC-OS4 receiver over the TDL-
B 5G QuaDRiGa fading channel, with 16QAM and 64QAM modulation schemes, and same SE.
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Figure 3.10: BER performance comparison of the FBMC-OS4 and OFDM receivers over the
TDL-B 5G QuaDRiGa fading channel in the presence of TOs, with 𝑂𝐿 = 24.

3.3.5 Effect of timing offsets

TO impairments occur when the transmitter and receiver windows are not aligned in time. It
is always the case in practice due to the channel-induced propagation delay. Therefore, it is im-
portant to investigate the robustness in terms of BER performance of the proposed transmission
technique and the two considered waveforms in the presence of TO impairments. Corresponding
results are plotted in Figure 3.10. Without overlapping, OFDM exhibits a high vulnerability
to TO impairments since it cannot support any TO value larger than half of its cyclic prefix
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duration. This vulnerability is worsened by overlapping. Indeed, considering the case that
corresponds to the highest SE gain (i.e., 𝑂𝐿 = 24 with CR = 14/25) for OFDM, a TO that
corresponds only to 5.56% of the CP duration was enough to severely degrade the performance,
leading to an irreducible error floor as depicted in Figure 3.10. On the contrary, FBMC aug-
mented by the OS receiver can support asynchronous communications as demonstrated in [13].
Thus, applying a much larger TO value that corresponds to 50% of the symbol duration shows
the same BER performance down to the target BER of 10−4 with a slight performance degra-
dation for lower error rates (𝐸𝑏/𝑁0 > 21 dB). This slight performance degradation is brought
on by the introduced change in the interference pattern due to TO impairments. This can
be, at least partly, compensated for by a suitable design of the interleaver located between the
waveform and the outer channel code.

3.4 Summary

In this chapter, we proposed a novel transmission scheme denoted by MCO for SE enhancement
considering the OFDM and FBMC/OQAM waveforms. The proposed MCO scheme intention-
ally overlaps the subcarriers of adjacent users, which allows for a higher data rate and improved
system efficiency. This comes at the cost of a high level of interference. To address this issue, we
propose to compile and optimize jointly the coding rate, the amount of overlapped subbands,
and the modulation order. Unlike prior works, to validate the proposed scheme, we conducted
simulations using a realistic channel model generated by QuaDRiGa. Therefore, while relying
on simulations, we have obtained the following results:

1. The FBMC transceiver outperforms OFDM over the TDL-B 5G QuaDRiGa channel while
confirming the targeted SE improvement by the proposal.

2. FBMC augmented by the OS4 receiver offers up to 66% higher SE gain compared to
OFDM.

3. The FBMC/OQAM waveform with the OS4 receiver exhibits higher robustness against TO
compared to OFDM. With a TO reaching 50% of the symbol duration, the FBMC/OQAM
waveform with the OS4 receiver outperforms the OFDM receiver even if it only undergoes
a TO of 5.56%.

Consequently, augmented by the OS-based receiver, the FBMC/OQAM waveform proves to
be a promising challenger for OFDM in future communication systems. However, in some 6G
applications, the SE gain obtained by employing the proposed MCO approach may not be
sufficient. Therefore, in the next chapter, we extend the FBMC-OS receivers to mMIMO systems
to fully exploit the potential of mMIMO technology for achieving even higher SE gain.
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Overlap-save FBMC receivers for
mMIMO systems

While the techniques explored in the previous chapter enhance SE, the achieved improvement
may not be enough for some 6G applications. To address this concern, exploiting large-scale
MIMO systems, which involve equipping the BS with numerous antennas and serving multiple
users simultaneously, represents a promising solution [14, 15]. Due to its simplicity, robustness
to multipath channels and adoption in multiple standards, OFDM was first associated with
mMIMO [91] in the context of 5G systems. Despite the aforementioned advantages, it is well
known that OFDM is highly sensitive to CFOs since the latter leads to ICI [116,117]. Further-
more, the receiver needs to be finely synchronized in time to avoid TO impairments. However,
in some 6G-Internet of Things (IoT) applications, the signaling overhead due to hand-shaking
in the synchronization procedure, and for setting up the transmission must be minimized. This
is a key requirement prior to serving a large number of energy-constrained connected devices.
As potential solutions, relaxed synchronization and asynchronous communications were consid-
ered [118]. Unfortunately, supporting the aforementioned scenarios with OFDM is a challenging
task since it degrades the performance and increases receiver complexity.

FBMC/OQAM is one of the main waveforms that has been investigated in recent years
as an alternative to OFDM in the context of 5G. During the last years, several innovative
contributions were proposed at the transmitter and receiver sides related to FBMC/OQAM [12,
13]. At the transmitter side, a novel short PF for FBMC allowing for near perfect reconstruction
and having the same size as one OFDM symbol was proposed. At the receiver side, a novel
FBMC receiver technique suitable for short filters was proposed [13]. For that, a time-domain
equalizer based on OS algorithm (for fast convolution operation) is employed before the FBMC
demodulation. It was shown that both the time-domain equalizer and the FBMC receiver can be
merged in a unique structure due to the frequency localization of the filter, greatly reducing the
computational complexity. An alternative FBMC-OS scheme is derived, where FBMC symbols
are transmitted by block and demodulated all at once in the frequency domain, which further
reduces the complexity and enables efficient Alamouti-based MIMO support. The resulting
receiver largely improves the robustness against doubly dispersive channels for short filters and
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enables the support of asynchronous communications. The extension of these proposals and
their advantages to MU-mMIMO is not straightforward and therefore is tackled in this chapter.
The chapter presents in addition an in-depth analysis of the robustness against CFOs, TOs and
multi-path channel impairments of the proposed FBMC receivers in the context of MU-mMIMO
systems. Performance results are compared with OFDM and with a conventional FBMC/OQAM
system.



Chapter 4. Overlap-save FBMC receivers for mMIMO systems 63

4.1 Relevant multi-carrier transceivers in the context of massive
MIMO

We consider a MU-mMIMO setup, where there are 𝑈 MTs and a BS. Each MT is equipped
with a single antenna. The BS is equipped with 𝑁𝑅𝑥 antennas and serves all 𝑈 MTs in the cell
simultaneously. In what follows, relevant multi-carrier transceivers in the context of mMIMO
systems will be discussed.

4.1.1 OFDM transceiver

OFDM is the predominant modulation technique used in the mMIMO literature. The OFDM
transmitter for MU-mMIMO systems follows the one described in Section 2.1.1 for each user.
Note that all users modulated together in the mMIMO system are allocated the same frequency
subband. Consequently, the sample 𝑘 of the OFDM signal, denoted 𝑠(𝑘), can be expressed
mathematically as follows:

𝒔(𝑘) =
𝑈∑︁
𝑢=1

∞∑︁
𝑛=−∞

𝑠+𝑁𝑐−1∑︁
𝑚=𝑠

𝑎𝑛 (𝑚 − 𝑠)𝑒𝑖2𝜋
(𝑘−𝐿𝐶𝑃 )𝑚

𝑀 , 𝑘 ∈ ⟦0, 𝑀 + 𝐿𝐶𝑃 − 1⟧ (4.1)

𝑠 represents the index of the first subcarrier of the allocated subband and 𝑎𝑛 (𝑚) is the complex
user’s transmitted QAM symbol number 𝑚 assigned to the subcarrier index 𝑚 + 𝑠, at time index
𝑛.

To demodulate the received signal and reconstruct the transmitted QAM symbols, the
OFDM receiver applies dual operations to the ones performed by the transmitter. In fact,
due to the increased dimension of large-scale MIMO systems, a low-complexity signal detection
algorithm is required. Low-complexity linear detection algorithms such as ZF perform near-
optimally if the number of antennas at the BS tends to infinity [119]. Indeed, if 𝑟 𝑗 denotes
the received signal on antenna index 𝑗 , it represents a combination of all the signals coming
from different users consisting of several OFDM symbols. Then a FFT of size 𝑁 is required to
demodulate one OFDM symbol after eliminating the CP. The received signals from all users
are then separated by a ZF equalization stage having as equalization matrix the pseudo inverse
operator (.)+ of the CFR 𝑪𝒏 (𝑚) = 𝑯𝒏

+(𝑚) for the received symbol 𝑛 at frequency bin 𝑚.
In fact, in MU-mMIMO systems, the expected performance gains can be largely hindered

by frequency and time synchronization errors between the users. Moreover, both the MU CFO
estimation and compensation problems [120] are quite different from those in conventional SU
communication systems [121]. Therefore, preserving orthogonality across subcarriers generally
requires resorting to computationally expensive techniques for mMIMO that may penalize be-
yond 5G system requirements in terms of throughput, energy efficiency, and latency [122]. More-
over, the orthogonality of preamble training sequences can be largely affected by TOs and/or
CFOs for OFDM systems, and hence penalizing the performance [123]. Hence, taking into ac-
count the aforementioned shortcomings of OFDM, and the stringent requirements of beyond 5G
systems, there has been a regain of interest in alternative waveforms designed to address OFDM
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drawbacks in order to fully benefit from mMIMO technologies.

4.1.2 FBMC transceiver

It was shown in [124] [125] that FBMC/OQAM represents an appealing alternative waveform to
OFDM thanks to its advantages in terms of resilience against synchronization errors, its very low
level of OOBPL and its higher BW efficiency by avoiding the introduction of a CP. Extending
such advantages to mMIMO would largely benefit the objective of satisfying the considerable
constraints of B5G systems. The PPN-FBMC receiver discussed in Section 2.2.4.1 is generally
adopted at the transmitter side in mMIMO systems due to its low computational complexity.
Therefore, in a MU scenario, equations (2.12), and (2.13) will be modified as follows:

𝒔(𝑘) =
+∞∑︁
𝑛=−∞

𝑔

(
𝑘 − 𝑛𝑀2

)
𝒙𝒏 (𝑘) (4.2)

with

𝒙𝒏 (𝑘) =
𝑀−1∑︁
𝑚=0

(−1)𝑛𝑚𝒂𝒏 (𝑚)𝜙𝑛 (𝑚)𝑒𝑖2𝜋
𝑘𝑚
𝑀 (4.3)

where 𝒂𝒏 (𝑚) ∈ C𝑈×1 are the users’ PAM symbols at time slot 𝑛, subcarrier index 𝑚, and 𝒔(𝑘)
∈ C𝑈×1 is a vector containing the transmitted signals of all users.
The use of FBMC in mMIMO systems was investigated in [126], with results obtained for
a sample set of channel responses generated using the IEEE802.16 broadband channel model
(SUI-4) [127]. Its so-called self-equalization property, which results in a channel flattening
effect, was revealed through simulations. In SISO transmissions, by using a large number of
subcarriers, FBMC takes advantage of the fact that while each subcarrier band is narrow, it has
an approximately flat gain and so suffers from a negligible level of ISI. However, in mMIMO
systems, channel distortion is smoothed. As a result, the requirement of adopting a large number
of subcarriers in FBMC systems is relaxed. This results in a lower complexity and latency caused
by the analysis and synthesis filter banks. Moreover its sensitivity to CFOs decreases due to
the increase in the subcarrier spacing Δ 𝑓 . In [128] the authors propose a simple FBMC PF
design intended to eliminate antenna array correlation, allowing the system to reach arbitrarily
high SIR values when increasing the number of BS antennas. The authors have also shown that
there is a small difference (around 1.5 dB) between the SIR of CP-OFDM and PPN-FBMC
with their proposed modified PF. However, they simply considered a normalized exponentially
decaying channel in their simulations. Therefore, the SIR difference may get higher for more
realistic channels. In [129], the PPN-FBMC low complexity data detector was implemented at
the receiver side preceded by a frequency domain equalization for the received FBMC symbols.
However, it was shown that the FBMC waveform with this receiver is outperformed by OFDM
in the context of large-scale MIMO systems over the WINNER-Phase2 channel model due to
the PPN structure of the receiver. The prior-art on FBMC-based mMIMO being still in its
early stages, these systems require careful examination and investigation for being able to draw
definitive conclusions.
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Figure 4.1: FBMC/OQAM OS massive MIMO Receiver.

4.2 Proposed OS-based FBMC receivers in the context of mas-
sive MIMO

The FBMC-OS receiver was proposed for SISO transmissions in [13]. The basic principle of
the FBMC-OS receiver is to integrate an OS-based time-domain equalizer with FBMC de-
modulation. Associated with the NPR1 short PF, this receiver was shown to achieve improved
robustness against TOs and multipath channels with long delay spreads while reducing the com-
putational complexity in comparison to existing FBMC receivers found in the literature [13].
Actually, there is a lot of interest in using short PF with FBMC since it enables the support
of short frame sizes for low latency communication. This can significantly reduce the compu-
tational complexity, and higher power efficiency can be obtained when compared to long PFs.
Thus, implementing the OS-based FBMC receivers in the context of mMIMO becomes particu-
larly interesting.

4.2.1 Overlap-Save FBMC receiver with massive MIMO

Figure 4.2 depicts the FBMC-OS receiver in the context of mMIMO. Let 𝑁𝑅𝑥 be the number of
antennas deployed at the receiver side, and 𝑈 be the total number of users. At the output 𝑚 of
the size 𝑁 = 𝑁𝑈𝐹𝑀 FFT, the received signal 𝑅𝑛,𝑚( 𝑗) at receiver antenna 𝑗 , symbol index 𝑛, is
expressed as

𝑅𝑛,𝑚( 𝑗) =
𝑁−1∑︁
𝑘=0

𝑟 𝑗

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝜋𝑘𝑚
𝑁 (4.4)

To ease notations, the received signal of all antennas can be combined into a vector 𝑹𝒏 (𝑚) =

[𝑅𝑛,𝑚(1), ..., 𝑅𝑛,𝑚(𝑁𝑅𝑥)]. Note that 𝑹𝒏 (𝑚) is a combination of all the signals coming from differ-
ent users consisting of several FBMC symbols. As for OFDM, MIMO equalization is performed
directly after FFT as 𝑿𝒏 (𝑚) = 𝑪𝒏 (𝑚) × 𝑹𝒏 (𝑚), where 𝑿𝒏 (𝑚) is the equalized signal for all users,
and 𝑪𝒏 (𝑚) ∈ C𝑈×𝑁𝑅𝑥 is the ZF equalizer matrix at frequency bin 𝑚 defined in Section 4.1.1.

Then, 𝑁𝑈𝐹 stages of circular convolution by the frequency shifted responses of the PF is per-
formed on 𝑿𝒏 (𝑚), where 𝑁𝑈𝐹 is an integer number referred to as the up-sampling factor used
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for the OS technique. Thus, the output of each filtering stage vector is

𝒀𝒏 (𝑚, ℓ) =
Δ∑︁

𝑝=−Δ
𝐺ℓ (𝑝)𝑿𝒏

(
ℓ + (𝑚 − 𝑝)𝑁𝑈𝐹

)
(4.5)

where Δ = (𝑁𝐺 − 1) /2, 𝑁𝐺 denotes the number of non-truncated filter coefficients, and 𝐺 is the
frequency shifted response of the PF that can be deduced from its impulse response 𝑔 as follows:

𝐺ℓ (𝑝) = 𝑒𝑖
𝜋ℓ

𝑁𝑈𝐹

𝑀−1∑︁
𝑘=0

𝑔(𝑘)𝑒𝑖
2𝜋ℓ (𝑘−𝑀/2)

𝑁 𝑒−𝑖
2𝜋𝑝𝑘

𝑀 (4.6)

The Analysis Filter Bank (AFB) output 𝒀𝒏 (𝑚), 𝑚 ∈ ⟦0, 𝑀 − 1⟧, is obtained by summing each
filtering stage vector outputs as follows:

𝒀𝒏 (𝑚) =
𝑁𝑈𝐹−1∑︁
ℓ=0

𝒀𝒏 (𝑚, ℓ) (4.7)

Finally, the transmitted data symbols 𝒂𝒏(m) of all users are recovered after extracting the real
part of the down-sampled (by 𝐾; 𝐾 = 1 for short filters) and linear phase rotated 𝜙𝑛 filtering
stage outputs

𝒂𝒏 (𝑚) = ℜ
(
𝒀𝒏 (𝐾𝑚)𝜙∗𝑛 (𝑚)

)
(4.8)

4.2.2 Overlap-Save-Block FBMC receiver with massive MIMO

The FBMC-OSB receiver can be seen as an FBMC-OS receiver where the 𝐹𝐹𝑇 is applied on a
block of FBMC symbols. Hence, only one 𝐹𝐹𝑇 is required to process all symbols in a given block.
Furthermore, in the particular scenario of low mobility, it can be sufficiently accurate to assume
that the channel response remains static over a given block, which reduces the equalization
complexity. This is particularly interesting in mMIMO systems, as the equalization step is quite
complex. Indeed, through similar demodulation steps to FBMC-OS, at the output 𝑚 of the
size 𝑁 FFT, the received signal 𝑅𝑛,𝑚,𝑏 ( 𝑗) at receiver antenna 𝑗 , symbol index 𝑛 in a block 𝑏, is
expressed as

𝑅𝑛,𝑚,𝑏 ( 𝑗) =
𝑁−1∑︁
𝑘=0

𝑟𝑏, 𝑗

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝜋𝑘𝑚
𝑁 (4.9)

Similarly, the equalized signal for all users 𝑿𝒏,𝒃 (𝑚) is

𝑿𝒏,𝒃 (𝑚) = 𝑪𝒏,𝒃 (𝑚) × 𝑹𝒏,𝒃 (𝑚) (4.10)

where 𝑪𝒏,𝒃 (𝑚) ∈ C𝑈×𝑁𝑅𝑥 is 𝑪𝒏 (𝑚) for a block 𝑏, and 𝑹𝒏,𝒃 (𝑚) = [𝑅𝑛,𝑚,𝑏 (1), ..., 𝑅𝑛,𝑚,𝑏 (𝑁𝑅𝑥)] is a
combination of all the signals coming from different users consisting of several blocks of FBMC
symbols.
Hence, if 𝒂𝒏,𝒃(m) is the recovered PAM symbol at block 𝑏 and FBMC symbol 𝑛 for all users, we
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have
𝒂𝒏,𝒃 (𝑚) = ℜ

(
𝒀𝒏,𝒃 (𝐾𝑚)𝜙∗𝑛 (𝑚)

)
(4.11)

where 𝒀𝒏,𝒃 (𝑚) is the AFB output expressed as

𝒀𝒏,𝒃 (𝑚) =
N𝑈𝐹−1∑︁
ℓ=0

Δ∑︁
𝑝=−Δ

𝐺ℓ (𝑝)𝑿𝒏,𝒃 (𝐾𝑚 − 𝑝, ℓ) (4.12)

and 𝑁𝑈𝐹 is chosen so that it is the lowest possible integer value of
⌈
1 + 𝑁𝑠−1

2𝐾

⌉
considering that

the 𝐹𝐹𝑇 size must be superior or equal to the block size 𝑁𝑠.

4.3 The proposed analytical study

In this section, we derive analytical SIR expressions in the presence of CFO and TO, as well as
an analytical expression for the SIR saturation level in an asymptotic regime (i.e. as the number
of antennas 𝑁𝑅 at the BS tends to infinity) for each of the proposed receivers in the context of
MU-mMIMO. Therefore, the relationship between the transmitted symbols and the recovered
symbols must be established in order to get an explicit form of the analytical SIR expression.

4.3.1 Timing offsets

4.3.1.1 Overlap-save FBMC receiver

The robustness of the FBMC-OS𝑁𝑈𝐹
receiver to TO can be proved analytically by considering

the time domain equalizer in [16] with MU-mMIMO and disregarding multi-path. Hence, the
frequency domain equalized signal for all users is

𝑿𝒏 (𝑚)︸  ︷︷  ︸
∈ C𝑈×1

= 𝑪𝒏 (𝑚)︸ ︷︷ ︸
∈ C𝑈×𝑁𝑅

×
𝑁−1∑︁
𝑘=0

𝒓 (𝑘 + 𝑛𝑀2 )︸       ︷︷       ︸
∈ C𝑁𝑅×1

𝑒−𝑖
2𝜋𝑘𝑚

𝑁 (4.13)

Adapting the previous equation in the presence of TO of 𝑙𝑑 samples, we have

𝑿𝑛 (𝑚) = 𝑪𝑛 (𝑚)𝑪𝑻𝑶 (𝑚)
𝑁−1∑︁
𝑘=0

𝒓

(
𝑘 + 𝑙𝑑 + 𝑛

𝑀

2

)
𝑒−𝑖

2𝑛𝑘𝑚
𝑁

= 𝑪𝑛 (𝑚) ×
𝑁−1∑︁
𝑘=0

𝒓

(
𝑘 + 𝑙𝑑 + 𝑛

𝑀

2

)
𝑒−𝑖

2𝑛(𝑘+𝑙𝑑 )𝑚
𝑁

(4.14)

where 𝑪𝑻𝑶 (𝑚) = 𝑒−𝑖
2𝜋𝑚𝑙𝑑

𝑁 ′ and 𝑁 ′ = 𝑁𝑈𝐹𝑀.
By applying the following change of variable 𝑘 = 𝑘 + 𝑙𝑑, then

𝑿𝑛 (𝑚) = 𝑪𝑛 (𝑚) ×
𝑁+𝑙𝑑−1∑︁
𝑘=𝑙𝑑

𝒓

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝑛𝑘𝑚
𝑁 (4.15)
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Suppose that 𝑙𝑑 > 0, then (4.15) becomes

𝑿𝒏 (𝑚) = 𝑪𝒏 (𝑚) ×
[
𝑁−1∑︁
𝑘=0

𝒓

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝑛𝑘𝑚
𝑁 +

𝑙𝑑−1∑︁
𝑘=0

(
𝒓

(
𝑘 + 𝑁 + 𝑛𝑀2

)
− 𝒓

(
𝑘 + 𝑛𝑀2

))
× 𝑒−𝑖 2𝑛𝑘𝑚

𝑁

]
(4.16)

At the output of the OS time-domain equalizer, we have

𝒙𝒏 (𝑘) =
𝑁−1∑︁
𝑚=0

𝑿𝒏 (𝑚)𝑒𝑖
2𝑚𝜋 (𝑘+𝑙0 )

𝑁

= 𝒄𝒏 (𝑘) × 𝐴
(4.17)

where 𝑘 ∈ [0, 𝑀 − 1], 𝑙0 =
(𝑁𝑈𝐹−1)𝑀

2 ,

𝐴 =

[
𝒓

(
𝑘 + 𝑙0 + 𝑛

𝑀

2

)
+𝚷𝑙𝑑 (𝑘 + 𝑙0) ×

(
𝒓

(
𝑘 + 𝑁 + 𝑙0 +

𝑀

2 𝑛
)
− 𝒓

(
𝑘 + 𝑙0 +

𝑀

2 𝑛
)) ]

(4.18)

and

𝚷𝑥 (𝑘) =

𝑘, 𝑘 < 𝑥 and 𝑥 > 0

0, 𝑘 ≥ 𝑥 or 𝑥 ≤ 0
(4.19)

By making another change of variable 𝑘 = 𝑘 + 𝑙0, then (5.27) becomes

𝒙𝒏 (𝑘) = 𝒄𝒏 (𝑘) ×
[
𝒓

(
𝑘 + 𝑛𝑀2

)
+ 𝑰(𝑘)︸︷︷︸

Interfering signal

]
(4.20)

where 𝑘 ∈ [𝑙0, 𝑙0 + 𝑀 − 1], and

𝑰(𝑘) = 𝚷𝑙𝑑 (𝑘)
[
𝒓

(
𝑘 + 𝑁 + 𝑀2 𝑛

)
− 𝒓

(
𝑘 + 𝑀2 𝑛

) ]
The lowest possible value of 𝑙0 is 𝑀

2 for 𝑁𝑈𝐹 = 2. Moreover, when 𝑙𝑑 < 𝑙0, then 𝚷𝑙𝑑 (𝑘) = 0.
When −𝑙0 < 𝑙𝑑 < 0, the same conclusion can be obtained through similar development. Hence,
this confirms that the OS𝑁𝑈𝐹

-FBMC receiver is insensitive to TO lower than 50% of the symbol
duration for all 𝑁𝑈𝐹 ≥ 2.

4.3.1.2 Overlap-save-block FBMC receiver

Let’s also consider the OS time domain equalizer in [16] but applied to a block of FBMC symbols
with mMIMO. Adapting equation (4.13) but with a block 𝒃, the frequency domain equalized
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signal for a block 𝒃 and all users will be

𝑿𝒃,𝒏 (𝑚)︸    ︷︷    ︸
∈ C𝑈×1

= 𝑪𝒃,𝒏 (𝑚)︸    ︷︷    ︸
∈ C𝑈×𝑁𝑅

×
𝑁−1∑︁
𝑘=0

𝒓𝒃 (𝑘)︸︷︷︸
∈ C𝑁𝑅×1

𝑒−𝑖
2𝜋𝑘𝑚

𝑁 (4.21)

Actually, in the presence of TO for an OSB receiever, only the first or last FBMC symbol is
affected by interference. Hence, adapting the previous equation in the presence of TO and by
considering only the first FBMC symbol (𝑛 = 0), we have

𝑿𝒃,0(𝑚) = 𝑪𝒃,0(𝑚) × 𝑪𝑻𝑶 (𝑚)
𝑁−1∑︁
𝑘=0

𝒓𝒃 (𝑘 + 𝑙𝑑) 𝑒−𝑖
2𝜋𝑘𝑚

𝑁

= 𝑪𝒃,0(𝑚) ×
𝑁−1∑︁
𝑘=0

𝒓𝒃 (𝑘 + 𝑙𝑑) 𝑒−𝑖
2𝜋 (𝑘+𝑙𝑑 )𝑚

𝑁

(4.22)

By neglecting the effect of multi-path and noise, substituting the value of 𝒓𝒃 (𝑘) in (4.22), and
by applying the change of variable 𝑘 = 𝑘 + 𝑙𝑑 we have

𝑿𝒃,0(𝑚)︸   ︷︷   ︸
∈ C𝑈×1

= 𝑪𝒃,0(𝑚)︸   ︷︷   ︸
∈ C𝑈×𝑁𝑅

×
𝑁+𝑙𝑑−1∑︁
𝑘=𝑙𝑑

𝑯︸︷︷︸
∈ C𝑁𝑅×𝑈

× 𝒔𝒃 (𝑘)︸︷︷︸
∈ C𝑈×1

𝑒−𝑖
2𝜋𝑘𝑚

𝑁 (4.23)

Similarly as before, if 𝑙𝑑 > 0, then equation (4.23) becomes

𝑿𝒃,0(𝑚) =
[
𝑁−1∑︁
𝑘=0

𝒔𝒃 (𝑘)𝑒−𝑖
2𝜋𝑘𝑚

𝑁 +
𝑁+𝑙𝑑−1∑︁
𝑘=𝑁

𝒔𝒃 (𝑘)𝑒−𝑖
2𝜋𝑘𝑚

𝑁 −
𝑙𝑑−1∑︁
𝑘=0

𝒔𝒃 (𝑘)𝑒−𝑖
2𝜋𝑘𝑚

𝑁

]
(4.24)

At the output of the OS time domain equalizer applied to a block 𝒃 we have

𝒙𝒃,0(𝑘) =
[

𝒔𝒃 (𝑘)︸︷︷︸
Transmitted signal

+𝚷𝒍𝒅 (𝑘)𝒔𝒃 (𝑘 + 𝑁) −𝚷𝒍𝒅 (𝑘)𝒔𝒃 (𝑘)︸                                      ︷︷                                      ︸
Interfering signal 𝑰𝑏 (𝑘 )

]
(4.25)

where 𝚷𝒍𝒅 (𝑘) is defined in (5.28).
The interfering term can be expressed as

𝑰𝒃 (𝑘) = 𝚷𝒍𝒅 (𝑘)𝑔(𝑘)
𝑀−1∑︁
𝑚=0

𝝓0(𝑚)𝑨′
𝑚𝑒

𝑖 2𝜋𝑘𝑚
𝑁 (4.26)

where 𝑨′
𝑚 = 𝒂𝒃+1,0(𝑚) − 𝒂𝒃,0(𝑚), 𝒂𝒃+1,0(𝑚) and 𝒂𝒃,0(𝑚) are the transmitted data symbols of

distinct users at the first FBMC symbol of blocks 𝒃 + 1 and 𝒃 respectively. Hence, at the output
of the AFB we have

𝑰𝒃 (𝑚) =
𝑀
2 −1∑︁
𝑝=− 𝑀

2

𝐹𝑔𝑙𝑑
(𝑝)𝝓0(𝑚 − 𝑝)𝑨′

𝑚−𝑝 (4.27)
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where

𝐹𝑔𝑙𝑑
(𝑝) =

𝑀−1∑︁
𝑘=0

Π𝑙𝑑 (𝑘)𝑔2(𝑘)𝑒−𝑖 2𝜋𝑘𝑚
𝑁

Then, after OQAM demodulation, the interference term at the output of the FBMC receiver
{𝑫𝒃 (𝑚) = R

(
𝝓∗

0(𝑚)𝑰𝒃 (𝑚)
)
} can be expressed as

𝑫𝒃 (𝑚) = ℜ
( 𝑀

2 −1∑︁
𝑝=− 𝑀

2

𝑖−𝑝𝐹𝑔𝒍𝒅 (𝑝)𝑨
′
𝑚−𝑝

)
(4.28)

Recall that interference is only introduced at the first FBMC symbol in a block 𝒃, then

𝑎𝑏,𝑛 (𝑚) = 𝑎𝑏,𝑛 (𝑚) + 𝑫𝒃 (𝑚)︸  ︷︷  ︸
Only for n=0

+𝑻𝒃,𝒏 (𝑚) (4.29)

where 𝑻𝒃,𝒏 (𝑚) represents the interference induced by truncation.
Finally, the SIR expression arising from a TO of 𝑙𝑑 samples for the FBMC-OSB receiver can be
expressed as

SIROSB (𝑙𝑑) ≈
𝐸

(
a2

b,n (𝑚)
)

1
𝑁𝑠
𝐸

(
𝑫𝒃 (𝑚)2) + 𝐸 (

𝑻𝒃,𝒏 (𝑚)2) (4.30)

Since the data 𝒂𝒃,𝒏 (𝑚) of the users are independent and identically distributed random variables
of mean 0 and variance 𝜎2 then

𝐸

(
𝑫𝒃 (𝑚)2

)
= 2𝜎2

𝑀
2 −1∑︁
𝑝=− 𝑀

2

R
(
𝑖−𝑝𝐹𝑔𝑙𝑑 (𝑝)

)2
(4.31)

Hence, (4.30) becomes

SIRTO,OSB (𝑙𝑑) ≈
𝜎2

1
𝑁𝑠

2𝜎2 ∑𝑀
2 −1
𝑝=− 𝑀

2
ℜ

(
𝑖−𝑝𝐹𝑔𝑑 (𝑝)

)2 + 𝐸
(
𝑻𝒃,𝒏 (𝑚)2) (4.32)

4.3.2 Analytical SIR expression in the presence of CFO

4.3.2.1 Overlap-save FBMC receiver

The expression of the received signal by the 𝑗 𝑡ℎ BS antenna provided in (4.4) can be rewritten
as

𝑅𝑛,𝑚,ℓ ( 𝑗) =
𝑁−1∑︁
𝑘=0

𝑟 𝑗

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝜋𝑘 (𝑁𝑈𝐹𝑚+ℓ)
𝑁 (4.33)
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Equivalently, the complete 𝑁𝑅 × 1 received signal which is a combination of all the signals
stemming from different users consisting of several FBMC symbols can be expressed as

𝑹𝒏 (𝑚, ℓ) =
𝑁−1∑︁
𝑘=0

𝒓

(
𝑘 + 𝑛𝑀2

)
𝑒−𝑖

2𝑛𝑘 (𝑁𝑈𝐹𝑚+ℓ)
𝑁

=

𝑁𝑈𝐹−1∑︁
𝑠=0

𝑀−1∑︁
𝑘=0

𝒓 (𝑝′𝑛) × 𝑃 (4.34)

where 𝑝′𝑛 = 𝑘 + 𝑀
2 (2𝑠 + 𝑛) and

𝑹𝑛 (𝑚, ℓ) = [𝑅𝑛,𝑚,ℓ (1), ..., 𝑅𝑛,𝑚,ℓ (𝑁𝑅)]

𝒓 (𝑘) = [𝑟1 (𝑘) , ..., 𝑟𝑁𝑅
(𝑘)]

𝑃 = 𝑒
−𝑖 2𝜋𝑠ℓ

𝑁𝑈𝐹 𝑒−𝑖
2𝜋𝑘𝑚
𝑀 𝑒

−𝑖 2𝜋𝑘ℓ
𝑁𝑈𝐹𝑀

After equalization, the frequency domain equalized signal can be expressed as

𝑿𝑛 (𝑚, 𝑙)︸    ︷︷    ︸
∈ C𝑈×1

= 𝑪𝑛 (𝑚, ℓ)︸    ︷︷    ︸
∈ C𝑈×𝑁𝑅

× 𝑹𝑛 (𝑚, ℓ)︸    ︷︷    ︸
∈ C𝑁𝑅×1

= 𝑪𝑛 (𝑚, ℓ) ×
𝑁𝑈𝐹−1∑︁
𝑠=0

𝑀−1∑︁
𝑘=0

𝒓 (𝑝′𝑛) × 𝑃

(4.35)

This is followed by a filtering stage as previously mentioned i in Section 4.2.1, which is rearranged
in the time domain. Then the ℓ𝑡ℎ AFB output is

𝒀𝑛 (𝑚, ℓ)︸    ︷︷    ︸
∈ C𝑈×1

= 𝑪𝑛 (𝑚)
𝑁𝑈𝐹−1∑︁
𝑠=0

𝑀−1∑︁
𝑘=0

𝑔ℓ (𝑘)𝒓 (𝑝′𝑛)
𝑃

𝑒
−𝑖 2𝜋𝑘ℓ

𝑁𝑈𝐹𝑀

(4.36)

where 𝑔ℓ (𝑘) represents the ℓ𝑡ℎ impulse response of the PF defined as

𝑔ℓ (𝑘) = (−1)ℓ𝑒−𝑖
2𝜋𝑘ℓ

𝑁𝑈𝐹𝑀

Δ∑︁
𝑚=−Δ

ℜ (𝐺ℓ (𝑚)) 𝑒𝑖
2𝜋𝑘𝑚
𝑀 (4.37)

Neglecting the effect of multipath (delay spread) and noise, the complete 𝑁𝑅 × 1 received signal
is

𝒓 (𝑘) = 𝑯 × 𝒔(𝑘) (4.38)

where 𝑯 ∈ C𝑁𝑅×𝑈 is the MIMO channel matrix, and 𝒔(𝑘) is the baseband signal defined in (4.2).
Substituting (4.2) in (4.38), we get

𝒓 (𝑘) = 𝑯 ×
+∞∑︁

𝑛′=−∞
𝑔

(
𝑘 − 𝑛′𝑀2

)
𝒙𝒏′ (𝑘) (4.39)
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By substituting (4.39) in (4.36), the ℓ𝑡ℎ AFB output number will be

𝒀𝒏 (𝑚, ℓ) =
𝑁UF −1∑︁
𝑠=0

𝑀−1∑︁
𝑘=0

+∞∑︁
𝑛′=−∞

𝑔ℓ (𝑘)𝑔(𝑝′𝑛−𝑛′)𝒙𝒏′ (𝑝′𝑛)
𝑃

𝑒
−𝑖 2𝜋𝑘ℓ

𝑁𝑈𝐹𝑀

(4.40)

However, due to the time localization of the NPR1 PF, interference is limited to only neighboring
FBMC symbols. Hence, by defining 𝑞 = (𝑛 − 𝑛′), ∈ [−1, 1], (4.40) becomes

𝒀𝑛 (𝑚, ℓ) =
𝑁𝑈𝐹−1∑︁
𝑠=0

1∑︁
𝑞=−1

𝑀−1∑︁
𝑘=0

𝑔ℓ (𝑘)𝑔(𝑝′𝑞)𝒙𝑛−𝑞 (𝑝′𝑛)
𝑃

𝑒
−𝑖 2𝜋𝑘ℓ

𝑁𝑈𝐹𝑀

(4.41)

In fact the third sum in the previous equation is nothing but the FFT of the inner term. More-
over, since the Fourier transform of a product is the circular convolution of the corresponding
transforms, then (4.41) can be written as

𝒀𝑛 (𝑚, 𝑙) =
𝑁𝑈𝐹−1∑︁
𝑠=0

1∑︁
𝑞=−1

𝐹𝑔𝑙,𝑠 (𝑚, 𝑞) ⊗ 𝑿𝒏−𝒒 (𝑚)

=

𝑁𝑈𝐹−1∑︁
𝑠=0

1∑︁
𝑞=−1

𝑀
2 −1∑︁
𝑝=− 𝑀

2

𝐹𝑔𝑙,𝑠

(
𝑝, 𝑞

𝑀

2

)
𝑿𝒏−𝒒 (𝑚 − 𝑝)

(4.42)

where ⊗ denotes a circular convolution, and

𝑿𝒏−𝒒 (𝑚 − 𝑝) = 𝒂𝒏−𝒒 (𝑚 − 𝑝)𝜙𝒏−𝒒 (𝑚 − 𝑝) (4.43)

𝐹𝑔ℓ,𝑠 (𝑝, 𝑞) =
𝑀−1∑︁
𝑘=0

𝑔ℓ (𝑘)𝑔 (𝑘 + 𝑀𝑠 + 𝑞)) 𝑒−𝑖
2𝜋𝑠ℓ
𝑁𝑈𝐹 𝑒−𝑖

2𝜋𝑘𝑝

𝑀 (4.44)

Substituting (4.43) in (4.42), we get

𝒀𝒏 (𝑚, ℓ) =
𝑁𝑈𝐹−1∑︁
𝑠=0

∑︁
(𝑝,𝑞) ∈Ω

𝐹𝑔ℓ,𝑠

(
𝑝, 𝑞

𝑀

2

)
𝒂𝒏−𝒒 (𝑚 − 𝑝) × 𝜙𝒏−𝒒 (𝑚 − 𝑝)

where Ω =
[
−𝑀2 ,

𝑀
2 − 1

]
× [−1, 1].

Finally, by developing (5.11), the estimated data symbols �̂�𝑛 (𝑚) of all users will be

�̂�𝑛 (𝑚) = ℜ
[
𝜙∗𝑛 (𝑚)

𝑁𝑈𝐹−1∑︁
ℓ=0

𝒀𝑛 (𝑚, ℓ)
]

= ℜ
[ ∑︁
(ℓ,𝑠) ∈Ω1

∑︁
(𝑝,𝑞) ∈Ω

i−𝒒−𝒑𝐹𝑔ℓ,𝑠
(
𝑝, 𝑞

𝑀

2

)
× 𝒂𝒏−𝒒 (𝑚 − 𝑝)

] (4.45)
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where Ω1 = [0, 𝑁𝑈𝐹 − 1] × [0, 𝑁𝑈𝐹 − 1].
Actually, in the presence of CFO, the previous equation can be written as

𝒂𝒏 (𝑚) = ℜ
[
𝑪𝑪𝑷𝑬 (𝑛)𝑒 𝑗 𝜋𝑛𝑟𝜙∗𝑛 (𝑚)

∑︁
(ℓ,𝑠) ∈Ω1

∑︁
(𝑝,𝑞) ∈Ω

𝑔ℓ (𝑘) × 𝑔(𝑝′𝑞)𝒙𝑛−𝑞 (𝑝′𝑛)𝑒
−𝑖 2𝜋𝑠ℓ

𝑁𝑈𝐹 𝑒
−𝑖 2𝜋𝑘 (𝑚+𝑟 )

𝑁𝑈𝐹

]
= ℜ

[ ∑︁
(𝑙,𝑠) ∈Ω1

∑︁
(𝑝,𝑞) ∈Ω

i−𝒒−𝒑𝐹𝑔𝑙,𝑠
(
𝑝 + 𝑟, 𝑞 𝑀2

)
× 𝒂𝒏−𝒒 (𝑚 − 𝑝)

]
(4.46)

where 𝑟 is the CFO normalized to the subcarrier spacing Δ 𝑓 , and 𝑪𝑪𝑷𝑬 (𝑛) = 𝑒 𝑗 𝜋𝑛𝑟 is the Common
Phase Error (CPE) compensation term introduced by CFO.
Keeping in mind that 𝒂𝒏 (𝑚) are independent and identically distributed random variables with
zero mean, then the SIR expression arising from a CFO of 𝑟 is

SIROS,CFO (𝑟) =

( ∑
(ℓ,𝑠) ∈Ω1 ℜ

(
𝐹𝑔ℓ,𝑠 (𝑟, 0)

))2

∑
(ℓ,𝑠) ∈Ω1

∑
(𝑝,𝑞) ∈Ω0 ℜ

(
i−𝑞−𝑝𝐹𝑔ℓ,𝑠

(
𝑟, 𝑞𝑀2

) )2 (4.47)

where Ω0 is Ω/(0, 0).

4.3.2.2 Overlap-save-block FBMC receiver

Through similar development, equation (4.12) can be adapted to obtain the expression of the
recovered PAM symbols 𝒂𝒃,𝒏 of all users in a block 𝒃 when a CFO 𝑟 is applied, as follows:

𝒂𝒃,𝒏 (𝑚) = ℜ
[ ∑︁
(𝑙,𝑠) ∈Ω1

∑︁
(𝑝,𝑛) ∈Ω2

𝑖−𝑝𝐹𝑔𝑙,𝑠

(
𝑝 + 𝑟, 𝑛𝑀2

)
× (−1)𝑛(𝑚−𝑝) 𝒂𝒃,𝒏 (𝑚 − 𝑝)

]
(4.48)

where Ω2 =
[
−𝑀2 ,

𝑀
2 − 1

]
× [0, 𝑁𝑠 − 1], and

𝐹𝑔ℓ,𝑠 (𝑝, 𝑛) =
𝑀−1∑︁
𝑘=0

𝑔ℓ (𝑘)𝑔 (𝑘 + 𝑛 + 𝑠𝑀) 𝑒−𝑖
2𝜋𝑠ℓ
𝑁𝑈𝐹 𝑒−𝑖

2𝜋𝑘𝑝

𝑀

Hence, the SIR expression arising from a CFO of 𝑟 for the OSB receiver becomes:

SIROSB,CFO(𝑟) =

( ∑
(𝑙,𝑠) ∈Ω1

∑𝑁𝑠−1
𝑛=0 ℜ

(
𝐹𝑔𝑙,𝑠

(
𝑟, 𝑛𝑀2

) ))2

∑
(𝑙,𝑠) ∈Ω1

∑
(𝑝,𝑛) ∈Ω0

2
ℜ

(
i−𝑝𝐹𝑔𝑙,𝑠

(
𝑟, 𝑛𝑀2

) )2 (4.49)

4.3.3 Analysis of the asymptotic behavior

When the number of antennas at the BS tends to infinity, the channel distortions tend to average
out. As a result, the Signal-to-Intereference plus noise ratio (SINR) saturates at a predetermined
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level depending on system parameters. This establishes an upper limit for the SINR performance
of the system. We will determine its analytical expression. For that, we neglect the effect of
noise, because the noise contribution fades away in an asymptotic regime. By adapting equations
(4.2) and (4.3), in the presence of multipath and absence of noise the received signal at the 𝑗 𝑡ℎ

BS antenna can be expressed as

𝑟 𝑗 (𝑘) =
𝐿−1∑︁
𝑙
′
=0

𝑈−1∑︁
𝑢=0

+∞∑︁
𝑛′=−∞

𝑀−1∑︁
𝑚′=0

𝑎𝑛′ ,𝑚′𝑔𝑚′ (𝑘 − 𝑛′𝑀2 − 𝑙 ′) × 𝜙𝑛′ (𝑚′)ℎ 𝑗 ,𝑢 (𝑙
′)

=

𝑈−1∑︁
𝑢=0

+∞∑︁
𝑛′=−∞

𝑀−1∑︁
𝑚′=0

𝑎𝑛′ ,𝑚′𝑔𝑚′ (𝑘 − 𝑛′𝑀2 )𝜙𝑛′ (𝑚′) ∗ ℎ 𝑗 ,𝑢 (𝑘)

(4.50)

where (∗) denotes a linear convolution, ℎ 𝑗 ,𝑢 (𝑙
′) is the channel impulse response between a user

𝑢 and the 𝑗 𝑡ℎ BS with 𝑙
′ ∈ [0, 𝐿 − 1], 𝐿 is the total number of paths, and 𝑔𝑚(𝑘) = 𝑔(𝑘)𝑒 𝑗

2𝜋𝑚𝑘
𝑀

is the PF modulated to center frequency of subcarrier 𝑚. Equivalently, for 𝑁𝑅𝑥 antennas the
previous equation can be written as

𝒓 (𝑘) =
∞∑︁

𝑛′=−∞

𝑀−1∑︁
𝑚′=0

𝜙𝑛′ (𝑚′) × 𝑃′ × 𝒂𝒏′,𝒎′ (4.51)

where

𝑃′ =


𝑃1,1(𝑘) . . . 𝑃1,𝑈 (𝑘)

...
. . .

...

𝑃𝑁𝑅 ,1(𝑘) . . . 𝑃𝑁𝑅 ,𝑈 (𝑘)


𝑃 𝑗 ,𝑢 (𝑘) = 𝑔𝑚′ (𝑘 − 𝑛′𝑀2 ) ∗ ℎ 𝑗 ,𝑢 (𝑘), and 𝒂𝒏′,𝒎′ ∈ C𝑈×1 is a vector containing all transmitted data
symbols of the users at subcarrier 𝑚′ and at time index 𝑛′. Adapting (4.36) we have

𝒀𝑛 (𝑚, ℓ) = 𝑪𝒏 (𝒎) ×
𝑁𝑈𝐹−1∑︁
𝑠=0

( ∞∑︁
𝑛′=−∞

𝑀−1∑︁
𝑚′=0

𝐻𝑚𝑚′ ,𝑛𝑛′ × 𝒂𝒏′,𝒎′𝜙𝑛′ (𝑚′)
)

(4.52)

where 𝑯𝒎𝒎′,𝒏𝒏′ is an 𝑁𝑅𝑥 ×𝑈 matrix that can be expressed as

𝑯𝒎𝒎′,𝒏𝒏′ =


𝐻

1,1
𝑚𝑚′ ,𝑛𝑛′ . . . 𝐻

1,𝑈
𝑚𝑚′ ,𝑛𝑛′

...
. . .

...

𝐻
𝑁𝑅 ,1
𝑚𝑚′ ,𝑛𝑛′ . . . 𝐻

𝑁𝑅 ,𝑈
𝑚𝑚′ ,𝑛𝑛′

 (4.53)

along with
𝐻
𝑗 ,𝑢

𝑚𝑚′ ,𝑛𝑛′ = 𝑔𝑚′ (𝑝′𝑛−𝑛′) ∗ ℎ 𝑗 ,𝑢 (𝑝′𝑛) ∗ 𝑔𝑚,ℓ (𝑘)

and

𝑔𝑚,ℓ (𝑘) = (−1)ℓ𝑒−𝑖
2𝜋𝑠ℓ
𝑁𝑈𝐹

𝑀−1∑︁
𝑘=0

𝑔(𝑘)𝑒−𝑖 2𝜋𝑘𝑚
𝑀
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Similarly, interference is limited to only neighboring FBMC symbols. Hence, (4.52) becomes

𝒀𝑛 (𝑚, ℓ) = 𝑪𝒏 (𝒎)

𝑁𝑈𝐹−1∑︁
𝑠=0

( ∑︁
(𝑞,𝑚′ ) ∈Ω3

𝐻𝑚𝑚′ ,𝑛(𝑛−𝑞) × 𝒂𝒏−𝒒,𝒎′𝜙𝑛−𝑞 (𝑚′)
)

(4.54)

where Ω3 = [−1, 1] [0, 𝑀 − 1].
Adapting equations (4.7) and (5.11), the estimated data symbols of the users will be

�̂�𝑛,𝑚 = R
[ ∑︁
(ℓ,𝑠) ∈Ω1

𝑪𝒏 (𝒎) ×
∑︁

(𝑞,𝑚′ ) ∈Ω3

𝑯𝒎𝒎′,𝒏(𝒏−𝒒) × 𝒂𝒏−𝒒,𝒎′𝜙𝑛−𝑞 (𝑚′)𝜙∗𝑛 (𝑚)
]

= R
[ ∑︁
(ℓ,𝑠) ∈Ω1

∑︁
(𝑞,𝑚′ ) ∈Ω3

𝑮𝒎𝒎′,𝒏(𝒏−𝒒) 𝒂𝑛−𝑞,𝑚′ × 𝜙𝑛−𝑞 (𝑚′)𝜙∗𝑛 (𝑚)
] (4.55)

where 𝑮𝒎𝒎′,𝒏𝒏(𝒏−𝒒) is an 𝑈 ×𝑈 matrix defined as 𝑪𝒏 (𝒎)𝑯𝒎𝒎′,𝒏(𝒏−𝒒) .

In order to compute the elements of 𝑮𝒎𝒎′,𝒏(𝒏−𝒒) in the asymptotic regime, let us recall the
law of large numbers in probability theory. Let 𝑎 and 𝑏 be two random vectors each with 𝑛

identically independent elements. As a result of the law of large numbers (i.e as 𝑛 tends to
infinity), the random variable 1

𝑛
𝑎𝐻𝑏 will almost converge to 𝐶𝑎𝑏 = 𝐸 [𝑎∗

𝑖
𝑏𝑖], with 𝑖 = 1, ..., 𝑛.

Similarly, in our case when the number of antennas at the BS 𝑁𝑅 tends to infinity, the law of
large numbers can be used to compute the elements of 𝑮𝒎𝒎′,𝒏(𝒏−𝒒) .
The ZF equalizer matrix is defined as

(
𝑯𝒎

𝐻𝑯𝒎
)−1

𝑯𝒎
𝐻 , where 𝑯𝒎 is the matrix of channel

coefficients of the center of the 𝑚𝑡ℎ subcarrier (i.e 𝐻 𝑗 ,𝑢
𝑚 =

∑𝐿−1
𝑙
′
=0 ℎ 𝑗 ,𝑢 (𝑙

′)𝑒− 𝑗 2𝜋𝑚𝑙
′

𝑀 ).

Note that
(

1
𝑁𝑅

𝑯𝒎
𝐻𝑯𝒎

)−1
tends to 𝑰𝑼 as 𝑁𝑅 tends to infinity. Then according to the previously

introduced law of large numbers, the elements in 𝑮𝒎𝒎′,𝒏(𝒏−𝒒) will converge to

𝐺
𝑢,𝑢′

𝑚𝑚′ ,𝑛(𝑛−𝑞) → E
{(
𝐻
𝑗 ,𝑢
𝑚

)∗
𝐻
𝑗 ,𝑢′

𝑚𝑚′ ,𝑛(𝑛−𝑞)

}
(4.56)

Substituting the value of 𝐻 𝑗 ,𝑢

𝑚𝑚′ ,𝑛(𝑛−𝑞) , then (4.56) will be

𝐺
𝑢,𝑢′

𝑚𝑚′ ,𝑛(𝑛−𝑞) → 𝑔𝑚′ (𝑝′𝑞) ∗ E
{(
𝐻
𝑗 ,𝑢
𝑚

)∗
ℎ 𝑗 ,𝑢′ (𝑝′𝑛)

}
∗ 𝑔𝑚,ℓ (𝑘) (4.57)

where

E
{(
𝐻
𝑗 ,𝑢
𝑚

)∗
ℎ 𝑗 ,𝑢 (𝑝′𝑛)

}
=

𝐿−1∑︁
𝑙
′
=0

E
{
ℎ∗𝑗 ,𝑢 (𝑙′)ℎ 𝑗 ,𝑢′ (𝑝′𝑛)

}
𝑒 𝑗

2𝜋𝑙′𝑚
𝑀

= 𝜌𝑢 (𝑝′𝑛)𝑒 𝑗
2𝜋𝑝′𝑛𝑚

𝑀 𝛿𝑢𝑢
′

= 𝜌𝑚,𝑢 (𝑝′𝑛)𝛿𝑢𝑢
′

(4.58)

where 𝜌𝑚,𝑢 (𝑙′) = 𝜌𝑢 (𝑙′)𝑒 𝑗
2𝜋𝑙′𝑚

𝑀 is the channel Power Delay Profile (PDP) of the 𝑢𝑡ℎ user
modulated to the 𝑚𝑡ℎ subcarrier.
The left hand side term of (4.58) tends to zero when 𝑢 ≠ 𝑢′. This is due to the fact that the
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effect of multi-user interference vanishes as the number of antennas at the BS tends to infinity.
However, residual self interference is experienced by the user when 𝑢 = 𝑢′. Therefore, for a given
user 𝑢 and starting from (4.57), the equivalent CIR between the transmitted data symbols at
subcarrier 𝑚′ and the received ones at subcarrier 𝑚 tends to

𝑔𝑚′ (𝑝′𝑞) ∗ 𝜌𝑚,𝑢 (𝑝′𝑛) ∗ 𝑔𝑚,ℓ (𝑘) (4.59)

As a result, the SINR for a user 𝑢 saturates to

SINR𝑢
𝑚,𝑛 →

∑
(𝑙,𝑠) ∈Ω1 ℜ2 {

𝐺𝑚𝑚,𝑛𝑛
}∑

(𝑙,𝑠) ∈Ω1

∑
(𝑚′ ,𝑞) ∈Ω≠(𝑚,0) ℜ2

{
𝐺𝑚𝑚′ ,𝑛(𝑛−𝑞)

} (4.60)

4.4 Performance evaluation and comparisons of the considered
methods

In this section, we first describe the used filtered discrete channel model, the simulation tool
and the antenna array structure. Then, the performance of the FBMC-OS and FBMC-OSB
receivers, using the NPR1 short PF, is evaluated in the context of mMIMO. Several channel
impairments are considered such as timing offsets, Doppler effect, and carrier frequency offsets.
The results are then compared to the OFDM waveform with 4 and 16-QAM. In our simulations,
the CSI is assumed to be perfectly estimated at the receiver side. Furthermore, the number of
non-truncated filter coefficients is set to 𝑁𝐺 = 7 for an SIR of 55 dB [130]. For the FBMC-OS-
based receivers, the up-sampling factor used for the OS technique is set to 𝑁𝑈𝐹 = 4 which is a
good compromise between system performance and complexity. The number of FBMC symbols
in a block 𝑁𝑠 for the FBMC-OSB receiver is set to 7. This is reflected by the OS4-FBMC and
OSB7-FBMC receiver notations.

4.4.1 Simulation setup

4.4.1.1 Channel model

In rapidly changing environments, a discrete multipath channel model has, in general, a variable
number of paths in addition to variable path gains. However, for reference channels it can
be assumed that the number of discrete components is constant. Consider a channel model
consisting of 𝐿 paths, then for antenna 𝑘, and user 𝑢, the channel impulse response ℎ𝑢 (𝑘, 𝑡) is
given by

ℎ𝑢 (𝑘, 𝑡) =
𝐿∑︁
𝑚=1

𝑏𝑚,𝑢 (𝑘)𝛿(𝑡 − 𝜏𝑚,𝑢 (𝑘)) (4.61)

where 𝑚 is the path index, 𝜏𝑚,𝑢 (𝑘) and 𝑏𝑚,𝑢 (𝑘) are the path delay and path complex amplitude
of the 𝑢𝑡ℎ user respectively.

According to [131], when the differential delays are small compared to the simulation sam-
pling time 𝑇𝑠 or are not integer multiples of 𝑇𝑠, it is advantageous to band limit the channel by
design to obtain better simulation properties. Hence, the CIR is band-limited using an ideal
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Figure 4.2: Antenna array structure.

rectangular filter. Thus, the filtered discrete channel impulse response is given by

ℎ̃(𝑘, 𝑛) =
𝐿∑︁
𝑚=1

𝑏𝑚,𝑢 (𝑘)𝑠𝑖𝑛𝑐(
𝜏𝑚,𝑢 (𝑘)
𝑇𝑠

− 𝑛) (4.62)

where −𝑁1 ≤ 𝑛 ≤ 𝑁2, 𝑁1 and 𝑁2 are the tap indices chosen such that ℎ̃(𝑘, 𝑛) is small when 𝑛 is
less than 𝑁1 or larger than 𝑁2, and 𝑠𝑖𝑛𝑐(𝑥) = 𝑠𝑖𝑛(𝑥)/𝑥 [131]. In our simulations, the tap indices
are chosen such that the value of ℎ̃(𝑘, 𝑛) at the relevant tap indices is larger by at least 1% of
its maximum.

According to [132], if the maximum distance between antenna elements divided by the speed
of light (𝑑max/𝑐) is much smaller than 1

𝐵
value, where 𝐵 is the transmission BW, the delay value

can be assumed independent of antenna index 𝑘, i.e. 𝜏𝑚,𝑢 (𝑘) = 𝜏𝑚,𝑢.

4.4.1.2 Simulation tool

For our simulations, the 5G QuaDRiga simulation tool explained in Chapter 2 is used to generate
realistic radio channels. Chosen parameters follow the 5G standard [21] with 64 cross-polarized
antennas at the BS.

4.4.1.3 Antenna array structure

For the 3D-Urban-Macro Non-Line-of-Sight (Uma-NLOS) and 3GPP-38.901-Rural Macro (Rma)
models of the 5G QuaDRiga channel, the antenna array at the BS is 25 meters high and consists
of two co-located rectangular sub-arrays, each with 32 antennas as in [133]. Each sub-array
is denoted by (𝑁𝑉 , 𝑁𝐻 , 𝑁𝑃), where 𝑁𝐻 = 2 is the number of columns, 𝑁𝑉 = 8 is the number
of antenna elements with the same polarization in each column, and 𝑁𝑃 = 2 is the number
of polarization as proposed in [134]. Therefore, with 𝑁𝑔𝑉 = 2 vertical antenna panels, the
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Parameters Value
Carrier frequency 3.5 GHz
Cyclic prefix 36
Channel model ’3GPP_3D_Uma’
Channel type NLOS
Total number of subcarriers 512 subcarriers
Sub-band size 300 subcarriers
Number of UE 4
BS height 25 m
Number of BS antennas 64
Number of vertical/horizontal panels 2/1
Vertical and horizontal antennas spacing 42.85 mm

Table 4.1: Massive MIMO simulation parameters
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Figure 4.3: BER performance comparison of different receivers over the 5G QuaDRiga fading
channel under the ’3GPP-3D-Uma-NLOS’ scenario’, with 4 users and 64 Rx antennas.

number of antennas is calculated as {𝑁𝑅𝑋 = 𝑁𝑔𝑉 × 𝑁𝑉 × 𝑁𝐻 × 𝑁𝑃 = 64}. With 𝜆 being the
carrier wavelength, the 2 antenna panels are spaced in the vertical direction with a spacing of
𝑑𝑔𝑉 = 𝜆, and the antenna units placed inside each panel are uniformly spaced in the horizontal
direction with a spacing of 𝑑𝐻 = 0.5𝜆 and in the vertical direction with a spacing of 𝑑𝑉 = 0.5𝜆,
where 𝜆 = 85.7 mm for a carrier frequency 𝑓𝑐 = 3.5 GHz. Specific simulation parameters are
summarized in Table 4.1.
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Figure 4.4: BER performance comparison of different receivers in the presence of timing offset
over the 5G QuaDRiga fading channel under the ’3GPP-3D-Uma-NLOS’ scenario’, with 4 users
and 64 Rx antennas.

4.4.2 Performance over static channel

The BER performance of the OS-based FBMC receivers is compared to OFDM on the 5G
channel with the 3D-Uma-NLOS scenario. The channel is considered to be static (i.e: the users
are stationary).

4.4.2.1 Performance over multipath channels

Although one of the historic drawbacks of FBMC compared to OFDM resides in the difficulty of
efficiently supporting mMIMO systems because of the lack of orthogonality in the complex plane
between neighboring OQAM symbols, we can see in Figure 4.3 that OFDM is outperformed by
the proposed FBMC waveform thanks to the OS-based FBMC receivers. Indeed, the FBMC-
OSB7 receiver shows the best performance. Furthermore, since the PPN-FBMC technique was
widely adopted in prior-art related to mMIMO, it was taken as reference for FBMC proposals.
As depicted in Figure 4.3, PPN-FBMC offers the worst performance, suffering from an error
floor. This result is expected as it was previously demonstrated with SISO transmissions in [130].

4.4.2.2 Robustness against timing offset

In order to reduce power consumption in future beyond 5G systems, two scenarios can be
considered:

• Relaxed synchronization: users transmit data simultaneously. However, because each user
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Figure 4.5: Timing offset evaluation in terms of BER for the OSB7-FBMC and OFDM receivers
over the 5G QuaDRiga fading channel under the ’3GPP-3D-Uma-NLOS’ scenario’, with 4 users
and 64 Rx antennas.

is located at a different geographical distance from the BS, the corresponding signal is
affected by a distinct propagation delay. This can result into overlapping signals that lead
to intereference. The receiver must be able to compensate for the introduced TO in order
to avoid the penalizing effects of interference .

• Asynchronous communication: users transmit independently, hence avoiding any need for
a common time reference. In other words, there is no time synchronization among the
scheduled users leading to a time mismatch between them that can reach up to 50% of the
symbol duration.

In these scenarios, the resulting synchronization errors cause a LPR for each subcarrier. For
FBMC and the proposed receivers, this can be totally compensated after CE and equalization.
Therefore, if 𝑙𝑑 is the time offset in number of samples, then the frequency domain compensation
term is expressed as 𝐶𝑇𝑂 (𝑚) = 𝑒−𝑖

2𝜋𝑚𝑙𝑑
𝑁 ′ where 𝑁 ′ = 𝑀 for OFDM, and 𝑁 ′ = 𝑁𝑈𝐹𝑀 for the OS-

based FBMC receivers. It is assumed that the TO 𝑙𝑑 is perfectly known at the receiver side. For
our simulations, the receiver is considered perfectly time-aligned when the first sample processed
by the FFT is the sample located at the middle of the CP length, so that both positive and
negative TO values can be supported.

It is well known that OFDM is highly sensitive to TOs. Therefore, a TO of 15 samples
is applied to the OFDM waveform, that corresponds to approximately 42% of 𝐿𝐶𝑃. Figure
4.4 shows the BER performance of all considered receivers in the presence and absence of TO.
As depicted in the figure, with the 16QAM modulation scheme, the OFDM waveform starts
to suffer from a performance degradation. This confirms that OFDM is highly sensitive to TO
impairments. After that, a TO of 54 samples is applied that corresponds to 10.55% of the symbol
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Figure 4.6: SIR evaluation for the OS-based receivers in the presence of TOs with 4 users and
64 receiving antennas.

period and is 3 times greater than the CP size. As depicted in Figure 4.4, unlike OFDM, the
OS-based FBMC receivers show robustness against a timing offset of 54 samples where their
BER performance wasn’t affected at all as shown in the same figure.

Regarding the OS4-FBMC receiver, a TO of 256 samples (half the symbol duration) was
applied, and as depicted in the same Figure 4.4, there is no effect observed on the BER perfor-
mance, which means that the OS4-FBMC receiver is able to support any TO value less than half
the symbol duration which makes it adequate for asynchronous communication in the context
of mMIMO.

Unlike the OS4-FBMC receiver, the OSB7-FBMC receiver cannot support any TO value less
than half the symbol duration, because, for certain TO value the generated interference will
no longer be limited, resulting in irreducible errors. Since in the FBMC-OSB receiver, FBMC
symbols are transmitted in blocks and demodulated all at once in the frequency domain, the
receiver processing window must, to some extent, be aligned with the received blocks. However,
because of the ramp-up and ramp-down of the PF, the FBMC-OSB receiver is less susceptible
to TO impairments than OFDM.

Actually, in order to know what is the maximum value of the TO such that the OSB7-
FBMC receiver will still able to limit interference, we plot in Figure 4.5 the BER performance
versus 𝑙𝑑/𝑀 of the OSB7-FBMC and OFDM receivers. For this simulation, noise is removed,
corresponding to a transmission at infinite SNR.

As depicted in the figure, the OSB7-FBMC receiver with QPSK can support a TO of 22% of
the symbol period for an error floor less than 10−5. However, with 16QAM modulation scheme,
it can only support a TO up to 14% of the symbol period. For larger TO values, the error floor
gradually increases showing that the interference introduced is not limited. However, it is worth
noting that the OSB7-FBMC receiver is more robust against TO than OFDM in mMIMO, as it
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Figure 4.7: BER performance for different receivers over the non-static 5G QuaDRiga fading
channel under the ’3GPP-3D-Uma-NLOS’ scenario’, with 4 users and 64 Rx antennas.

was also the case in SISO transmissions [13].
In order to validate the robustness of the OS receivers to TO impairments, we plot in Figure

4.6 the SIR obtained by simulation for the OS4-FBMC, and the OSB7-FBMC receivers, as well
as the SIR determined by evaluating (4.32) under the 3D-Uma-NLOS scenario. As depicted in
the figure, the SIR of the OS4-FBMC receiver is unaffected by TO, supporting the analytical
study performed in Section 4.3.1.1 and the previous simulations on BER depicted in Figure 4.4.
Unlike the OS4-FBMC receiver, the OSB7-FBMC receiver, cannot support any TO less than
half the symbol duration, as illustrated and validated analytically in the same figure. In fact,
according to Figure 4.6, the SIR of the OSB7-FBMC receiver achieves a constant value up to
a TO of 12% of the symbol duration, showing that the introduced interference is limited. The
SIR gradually decreases as the TO value increases showing that the introduced interference is
no longer limited. Finally, OFDM is free from any interference when 𝑙𝑑 < 𝐿𝐶𝑃

2 , but it is clearly
outperformed by FBMC associated to the OS-based receiver for larger TO values.

4.4.3 Asynchronous communication

The 5G network is designed to accommodate new and highly demanding scenarios such aseMMCs,
which requires asynchronous communication. The latter is considered as a cornerstone for grant-
free spectrum and massive access, since it allows each user to transmit at an independent time
reference without the need for time synchronization among all scheduled users. However, this can
lead to time misalignment between users, which may vary within the same subband. To investi-
gate the performance of the FBMC-OS4 receiver for asynchronous communications compared to
OFDM, we consider 4 users transmitting asynchronously in time and then evaluate the BER over
the 5G QuaDRiga channel under the 3GPP-38.901-Rma scenario with a cell radius of 10 km, as
shown in Figure 4.8. Both receivers show similar BER performance when the users are perfectly
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synchronized, but when users send signals at independent time references within the same band,
OFDM suffers from an irreducible error floor, while the BER performance for the FBMC-OS4

receiver remains unaffected, showing the same performance as perfectly synchronized users. This
confirms the support of the FBMC-OS receiver for asynchronous communications.

4.4.4 Performance over non-static channel

It is well known that OFDM is very sensitive to CFOs caused by Doppler spread/shift [116,135].
In fact, the impact of Doppler spread/shift on the system performance is worse in MU-mMIMO
systems since the achievable gains of mMIMO heavily depend on the accuracy of frequency
synchronization.

4.4.4.1 Doppler spread

We consider users moving with speeds of 5, 70, and 300 km/h and test the BER performance
of FBMC when using the OS-based FBMC receivers compared to OFDM on the non-static
5G channel with the 3D-Uma-NLOS scenario. The results are shown in Figure 4.7. The BER
performance is degraded compared to that in a static channel. For a speed of 5km/h, similar BER
levels are obtained for all considered receivers when Eb/N0 < 25 dB. However, OFDM shows
the worst BER performance when Eb/N0 > 25 dB. Despite the fact that the maximum Doppler
shift is substantially less than Δ 𝑓 , OFDM has around a 10−4 error floor due to its low frequency
localization. Similar observations can be made with a speed of 70 km/h, presented in the same
Figure 4.7. OFDM once again shows the worst performance. The OS-based FBMC receivers
have similar performance and outperform OFDM. For a speed of 300km/h, the performance
is highly degraded for all receivers. The OSB7-FBMC receiver performs worse than the OS4-
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FBMC receiver, yet it’s worth noting how it outperforms OFDM as the latter suffers from an
error floor of approximately 10−3. In fact, it’s noteworthy how the OS4-FBMC receiver offers the
best performance, but it comes at the expense of system simplicity when compared to OFDM.

4.4.4.2 Robustness against carrier frequency offset

CFO also arises when the transmitter and receiver’s local oscillators have a frequency misalign-
ment. which can happen more frequently when employing low-cost equipment. Mathematically,
this corresponds to a LPR of the received baseband samples. In reality, CFO causes two types
of impairments at the receiver. The first one is the CPE, which may be easily compensated in
the frequency domain if the CFO is estimated. The second drawback is ICI, which is caused by
frequency domain misalignment of the transmitter and receiver PFs. The second drawback is a
significant problem for OFDM because of its low frequency localization. However, the Frequency
Domain Compensation (FDC) technique can be used to compensate the CFO for FBMC [130],
resulting in a large reduction in the ICI caused by the CFO. This is a key benefit for FBMC since
it relaxes the frequency synchronization requirement, allowing for higher speeds and the use of
low-cost oscillators. In this regard, we study the robustness of each receiver to CFO resulting
from the frequency misalignment of local oscillators.

Figure 4.9 shows the BER performance versus CFO for all receivers without noise (infinite
SNR). In this case, the CPE term to compensate is 𝑒 𝑗 𝜋𝑛𝑟 where 𝑟 is the CFO relative to Δ 𝑓 ,
which is assumed to be perfectly known at the receiver side. As expected, OFDM shows the
worst performance. In the FBMC-OSB receiver described before, equalization is performed for
each FBMC symbol 𝑛 in a block 𝑏. This increases the equalization complexity compared to
the OFDM signal, however, allows to accurately compensate fast varying channels. Hence, with
QPSK, the OSB7-FBMC receiver with varying CFR can tolerate a CFO of 10% of Δ 𝑓 for an
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Figure 4.10: SIR evaluation for the OS-based receivers in the presence of CFO.

error floor of around 10−5, however, only 4% of Δ 𝑓 with the 16-QAM modulation scheme. For
larger CFO values, the error floor gradually increases showing that the interference introduced
is not limited. On the other hand, it is assumed that the equalizer coefficients 𝑪𝒃,𝒏 (𝑚) in (4.10)
are independent of 𝑛 (𝑪𝒃,𝒏 (𝑚) = 𝑪𝒃 (𝑚)). This means that the channel is constant over a block
𝑏 in the OSB7-FBMC receiver, which reduces the equalization complexity but degrades the per-
formance at larger CFOs as shown in the same figure. The OS4-FBMC receiver offers the best
performance, where it can support a CFO of 26% and 10% of Δ 𝑓 with the QPSK and 16QAM
modulation schemes respectively for an error floor around 10−5.

In order to validate the accuracy of our analytical study for the OS-based receivers in the
presence of CFO impairments, we plot in Figure 4.10 the SIR obtained by simulation for the OS4-
FBMC and the OSB7-FBMC receivers, as well as the SIR determined by evaluating equations
(4.47) and (4.49). The results are then compared to the OFDM receiver. As depicted in
the figure, the OS receiver is more robust than the FBMC-OSB receiver against CFOs. The
simulation results are confirmed analytically as depicted in the same figure. Concerning OFDM,
the SIR simulation results also confirm its high sensitivity to CFOs compared to the OS-based
FBMC receivers.

4.4.5 Performance in an asymptotic regime

In this section, we PERFORM the analysis carried out in Section 4.3.3 as well as the efficiency
of our proposed receivers in an asymptotic regime. The noise level is chosen so that the SNR
at the input of the BS antennas is equal to 10 dB. Note that, the noise contribution fades away
as the number of antennas at the BS tends to infinity. The NPR1 PF is used unless explicitly
mentioned otherwise. Figure 4.11 compares the SINR performance for different FBMC receivers
over different channels and OFDM is chosen as a benchmark. First, we compared the saturation
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Figure 4.11: SIR saturation level comparison for different FBMC receivers considering different
channels with 4 users and 64 receiving antennas.

level for the OS receiver achieved in (4.60) to that obtained in [128]. For that, the same channel
(delay spread = 40 samples) and parameters are used for a fair comparison.
As depicted in the figure, the saturation level obtained for the OS4-FBMC receiver is 16.2 dB
larger than the one obtained in [128]. This confirms the superiority of the FBMC-OS receiver
since it was also confirmed analytically using (4.60) and equation (17) in [128]. It is worth
noting that the delay spread (40 samples) of the channel is slightly larger than the CP duration
of OFDM (36 samples). Although this represents only a difference of 10%, OFDM fails to
outperform the OS4-FBMC receiver.

It is worth noting that the channel used in [128] is non-realistic and a lower saturation level
might be obtained over a realistic one. For that, we compare the SIR saturation level of the OS4-
FBMC receiver to that of a PPN receiver over the 5G channel in the 3D-Uma-NLOS scenario.
As depicted in the same figure, the SIR saturation level decreased by around 2.2 dB with the
PPN receiver and by 2.1 dB for the OS4-FBMC receiver. Using a different up-sampling factor
for the OS receiver will decrease the SIR saturation level by around 1.1 dB as was confirmed
also by simulation.

4.4.6 Performance in the presence of adjacent interferers

It is well known that the MU interference vanishes in mMIMO systems. Therefore, in this sub-
section, we consider a communication in which several users transmit data on adjacent frequency
bands. However, the communication is done asynchronously in time. As a result, signals arrive
with random delays.

In this scenario, we examine 3 transmission channels operating in parallel on 1.5 MHz bands
(i.e 4.5 MHz). The second transmission will be considered as the “main” transmission which
will be demodulated by the receiver. The other two transmissions will be treated as interferers
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with the main transmission. The transmit powers of all transmissions are assumed to be equal
and normalized to 𝑃𝑠 = 0 dBW.

Figure 4.13 compares the BER performance of all receivers in the context of mMIMO. Sev-
eral GB lengths (in number of subcarriers) are considered. With no GB (GB = 0), the per-
formance of all receivers is highly degraded due to the high level of interference resulting from
adjacent transmissions. Therefore, it is essential to introduce GBs to limit interference at the
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cost of a reduction in the transmission rate. A compromise between system performance and
achieved throughput is hence applied.

When GB = 4, OFDM shows the worst performance due to the low frequency localization
of OFDM where it is highly affected by the adjacent interferers leading to the highest error
floor when compared to FBMC. However, FBMC augmented by the OS-based receivers is more
robust against adjacent interferers thanks to the frequency localization of the NPR1 PF.

Similar conclusions can be made with GB = 6. Actually, it is worth noting that the BER
performance of the OS4-FBMC and the OSB7-FBMC receivers is unaffected. This is because
there is no interference stemming from adjacent transmissions. In fact, in order to know how
many GBs are necessary to avoid any adjacent interference for the OS-based FBMC receivers,
we plot in Figure 4.12 the BER performance of all considered receivers versus the GB size at
𝐸𝑏/𝑁0 = 35 dB and 39 dB. For 𝐸𝑏/𝑁0 = 35 dB, the BER performance of the OS-based FBMC
receivers remains constant after 4 GBs, implying that all the adjacent interference is avoided.
Unlike FBMC, even a GB size of 6 is insufficient to avoid adjacent interference for OFDM.

Similar conclusions can be made with 𝐸𝑏/𝑁0 = 39 dB. Furthermore, despite the increase in
the value of 𝐸𝑏/𝑁0, OFDM does not improve its results compared to the 𝐸𝑏/𝑁0 = 35 dB case.
Therefore, we can deduce that FBMC augmented by the OS-based receivers requires less GBs
than OFDM. Hence, FBMC is more bandwidth-efficient under such a scenario.

4.5 Summary

In this chapter, we extended the OS-based FBMC receivers (FBMC-OS and FBMC-OSB) to
support mMIMO technology. This extension aimed to enhance system robustness against long
delay spread channels and TOs when using short PFs.

One noteworthy finding is that the FBMC-OS receiver can still support asynchronous com-
munications when short PFs are utilized for mMIMO. On the other hand, the FBMC-OSB
receiver, while unable to support asynchronous communications, exhibits superior resilience
against TO compared to OFDM. This characteristic makes it an excellent choice for relaxed
synchronization, as demonstrated through analytical and simulation studies. Additionally,
the FBMC-OSB receiver is less complex than the FBMC-OS receiver when both employ the
same FFT size. The proposed analytical derivation of the SINR largely reduces the design time
for selecting the OSB receiver parameters during the quest for the best performance/complexity
trade-off tailored for the intended application.

When faced with multipath channels, both FBMC-OS and FBMC-OSB receivers outper-
form OFDM. Furthermore, the performed analytical study confirms that the OS-based FBMC
receivers are robust against CFOs.

Moreover, we conducted an asymptotic study on the performance of FBMC combined with
the proposed receivers in the context of mMIMO systems. The results indicate that increasing
the number of BS antennas does not allow the SINR to increase unbounded while still outper-
forming OFDM.
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The validation process shows that the results obtained from the proposed analytical study
align with those obtained from simulations. Additionally, simulation results verify the superiority
of the FBMC OS-based receivers over OFDM in the presence of adjacent interferers.

Considering the additional advantages introduced by the proposed contributions in this chap-
ter, FBMC with short PFs becomes a viable competitor to OFDM in the context of MU-mMIMO
and emerges as an appealing solution for meeting the requirements of beyond 5G air interfaces.



Chapter 5

Novel single and multi-user pilot
structures and associated channel
estimation for FBMC/OQAM
systems

Accurate CE plays a crucial role in harnessing the full potential of mMIMO such as improved SE
and resilience against challenging channel conditions, as well as for leveraging the benefits of
the MCO technique proposed in Chapter 3. Unlike OFDM, FBMC/OQAM shows only real-
field orthogonality. Therefore, corresponding signals suffer from intrinsic interference, penalizing
its reliability and motivating the use of alternative CE techniques. Furthermore, typical CE
methods for mMIMO-FBMC systems require large training overheads, particularly for a large
number of users or for flat-fading channel conditions over each subcarrier band. To address these
issues, we propose in this chapter a preamble-based PS that reduces the training overhead by
interleaving user pilots in frequency while re-introducing the possibility of applying conventional
OFDM CE techniques, particularly the LS method in the context of SU and MU scenarios.
Performed simulations over the 5G QuaDRiga channel show that the proposed PS improves SE
while delivering the best performance in both preamble-based MU-mMIMO and SU systems.
Furthermore, the proposed method significantly improves SE compared to the available solutions
in the literature that require a large number of GBs for separating the pilots of different users,
while enabling the usage of conventional CE techniques for OFDM.

90
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5.1 Relevant Pilot structure and CE techniques

The CE process in FBMC/OQAM systems differs from that in traditional OFDM systems due
to the loss of complex orthogonality. The majority of current CE methods rely on the frequency
domain model with the IAM approach and assume that the symbol period is significantly greater
than the maximum channel delay spread [136]. Alternative methods include time domain models
where the frequency domain pilots are utilized to estimate the time domain CIRs with no
constraint on the length of the symbol interval [137] [96] [97]. This section presents a detailed
description of the aforementioned models that exist in the literature. Then we propose a novel PS
design that permits employing conventional CE techniques and shows significant advantages in
terms of performance and SE.

5.1.1 Frequency domain models

Considering a time-invariant channel, the received signal can be expressed as follows:

𝑟 (𝑘) = ℎ(𝑘) ∗ 𝑠(𝑘) + 𝜂(𝑘) (5.1)

where ℎ is the CIR, 𝜂(𝑘) is the AWGN term, and 𝑠 is the transmitted signal defined in (2.12).
By assuming that the preamble pilots have time index 𝑛 = 0, and are not subject to interference
by the data symbols due to the insertion of enough GBs in-between, the received pilot on the
𝑚𝑡ℎ subcarrier is obtained by [136]

𝑎𝑚,0 ≈ 𝐻𝑚,0
(
𝑎𝑚,0 + 𝑎𝑐𝑚,0

)
+ 𝜂𝑚,0 (5.2)

where 𝑎𝑐
𝑚,0 represents the intrinsic interference and is expressed as follows:

𝑎𝑐𝑚,0 =

𝑀−1∑︁
𝑖=0,𝑖≠𝑚

𝜁
𝑚,0
𝑖,0 𝑎𝑖,0

𝜁
𝑝,𝑞
𝑚,𝑛 =

∞∑︁
𝑘=−∞

𝑔𝑚,𝑛 [𝑘]𝑔∗𝑝,𝑞 [𝑘]

𝐻𝑚,0 =

𝐿∑︁
0
ℎ[𝑘]𝑒−2 𝑗 𝜋𝑚𝑘/𝑀

(5.3)

where 𝐻𝑚,0 =
∑𝐿

0 ℎ[𝑘]𝑒−2 𝑗 𝜋𝑚𝑘/𝑀 represents the complex CFR at the 𝑚𝑡ℎ subcarrier, 𝐿 is the
total number of paths, 𝑔 the impulse response of the PF, and 𝜂𝑚,𝑛 is the demodulated noise at
the (𝑚, 𝑛)-th position given as

𝜂𝑚,𝑛 =

∞∑︁
𝑘=−∞

𝜂[𝑘]𝑔
[
𝑘 − 𝑛𝑀2

]
𝑒− 𝑗2𝜋𝑚𝑘/𝑀𝜙∗𝑛 (𝑚) (5.4)

Considering the frequency domain model in equation (5.2), CE based on the IAM method



Chapter 5. Novel single and multi-user pilot structures and associated channel estimation for
FBMC/OQAM systems 92

is given by [136]
𝐻𝑚,0 =

𝑎𝑚,0
𝑎𝑚,0 + 𝑎𝑐𝑚,0

(5.5)

Indeed, if the channel delay spread is considerably smaller than the symbol interval, the
IAM method exhibits favorable CE performance. Nevertheless, if the channel delay spread is
not adequately small compared to the symbol interval, the use of the IAM method would lead
to significant deterioration in the accuracy of the CE.

The IAM approach is improved in [138] by considering the transmission of purely real and
imaginary pilot values. This enhancement is particularly interesting for short PFs as their short
duration allows for complete separation of the pilots from the data. A study in [139] shows that
when an IAM-based CE technique is employed, FBMC/OQAM with a short PF performs better
than OFDM by 2.3 dB and outperforms FBMC/OQAM with a long PF by 0.3 dB. Similar find-
ings are reported in [140]. However, the IAM-based techniques suffer from high PAPR, which
makes it vulnerable to non-linear distortions caused by the HPA [141].

5.1.2 Time domain models

As an alternative approach to the frequency domain models, time domain models for CE were
investigated. The demodulated pilot symbol at the frequency bin 𝑚 and time symbol 𝑛 can be
written as

𝑎𝑚,𝑛 =

∞∑︁
𝑘=−∞

𝑟 (𝑘)𝑔(𝑘 − 𝑛𝑀2 )𝑒− 𝑗2𝜋𝑚𝑘/𝑀𝜙∗𝑛 (𝑚) (5.6)

According to [137], by substituting (2.12), (2.13) and (5.1) in (5.6), the received pilot vector 𝑃𝑟
can be expressed as follows:

𝑷𝒓 = 𝑨𝒉 + 𝜼 (5.7)

where 𝒉 = [ℎ(0), ..., ℎ(𝐿 − 1)] is a vector containing the channel taps, 𝜼 = [𝜂0,𝑛, ..., 𝜂𝑀−1,𝑛] is the
noise vector, and 𝐴 is an 𝑀×𝐿 matrix with its entry on the 𝑚𝑡ℎ row and 𝑙𝑡ℎ column is defined as

𝐴(𝑚, 𝑙) =
∞∑︁

𝑘=−∞

𝑀−1∑︁
𝑚′=0

∞∑︁
𝑛′=−∞

𝑎𝑚′ ,𝑛′𝑔

[
𝑘 − 𝑙 − 𝑛′𝑀2

]
× 𝑔

[
𝑘 − 𝑛𝑀2

]
𝑒 𝑗2𝜋 (𝑚

′−𝑚)𝑘/𝑀

× 𝑒 𝑗 𝜋 (𝑚′+𝑛′−𝑚−𝑛)/2𝑒− 𝑗2𝜋𝑚
′𝑙/𝑀 .

(5.8)

Added to the filtering operation, the orthogonality of FBMC/OQAM in the real domain leads
to a correlation of the noise vector elements in (5.7).
Therefore, the conventional LS CE method used for OFDM systems [142] cannot be readily
applied [137]. To solve this issue, the authors in [137] included the channel noise correlation
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matrix 𝑪 in the LS method as follows:

ĥ = (AHC−1A)−1AHC−1Pr (5.9)

along with

𝑪 =

©«

𝜎2 𝜎2𝜁1,0
0,0 · · · 𝜎2𝜁𝑀−2,0

0,0 𝜎2𝜁𝑀−1,0
0,0

𝜎2𝜁0,0
1,0 𝜎2 · · · 𝜎2𝜁𝑀−2,0

1,0 𝜎2𝜁𝑀−1,0
1,0

...
...

. . .
...

...

𝜎2𝜁0,0
𝑀−2,0 𝜎2𝜁1,0

𝑀−2,0 · · · 𝜎2 𝜎2𝜁𝑀−0
𝑀−1,0

𝜎2𝜁0,0
𝑀−1,0 𝜎2𝜁1,0

𝑀−1,0 · · · 𝜎2𝜁𝑀−2,0
𝑀−1,0 𝜎2

ª®®®®®®®®¬
(5.10)

The authors of [137] have shown that applying (5.9) outperforms the frequency domain IAM
method. However, extra GBs are necessary to separate the pilot signals of different users in
a MU CE scenario, hence penalizing SE.
To avoid GB insertion between the pilots of different users, the authors in [143] proposed an
alternative PS that relies on interleaving user pilots in frequency. Following this method, each
user employs 𝑁𝑝 instead of 𝑀 pilots, where 𝑁𝑝 corresponds to the channel length of a user and
three FBMC guard symbols were inserted between the pilots and data symbols to shield the pilots
from interference. While spectrally efficient thanks to the the absence of guard symbols, this
method leads to intrinsic interference due to the experienced correlation between the estimates
of different user channels. To avoid a performance penalty, it is necessary to explicitly consider
intrinsic interference when applying (5.9) during the estimation process. However, this leads
to a higher computational complexity. Moreover, the authors of [143] simply considered an
exponentially decaying channel in their simulations. Therefore, the performance may differ for
more realistic channels.
To overcome the aforementioned drawbacks, we propose next a new PS as an alternative efficient
solution that enables the use of the conventional LS CE method, improves its accuracy while
avoiding guard symbol insertion between user pilots. Moreover, the proposal requires only one
FBMC symbol as a guard interval between pilots and data symbols.

5.2 Proposed pilot structure design and channel estimation tech-
nique

5.2.1 Single user scenario

One of the pilot sequences used in the 5G NR wireless system is the Zadoff-Chu (ZC) se-
quence [144]. The latter has a constant amplitude zero autocorrelation (CAZAC) property that
is preserved even when it is processed by an IFFT/FFT since the output samples remain a ZC
sequence. Moreover, their low PAPR makes them an attractive choice for CE. On the other
hand, due to the fact that FBMC systems only exhibit orthogonality within the real domain, it
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Figure 5.1: Proposed FBMC/OQAM pilot structure for uplink SU CE.

is not possible to load adjacent subcarriers with complex-valued pilots since the latter must be
shielded from interference.

To solve this issue, we propose assigning complex pilots to even frequency indices and
keeping the neighboring FBMC subcarrier positions vacant or inactive. Therefore, if 𝑷 =

[𝑎0(0), 𝑎2(1), ..., 𝑎𝑀 (𝑀/2)]𝑇 ∈ C𝑀/2×1 is a vector containing complex-valued elements generated
from a ZC sequence, the transmitted pilots 𝑨𝑻 can be expressed mathematically as follows:

𝑨𝑻 =


𝑎𝑚(𝑘) if 𝑚 = 2𝑘,where 0 ≤ 𝑘 ≤ 𝑀/2 − 1

0, otherwise
(5.11)

along with
𝑎𝑚(𝑘) = 𝑒

− 𝑗 𝜋𝑘2
𝑀/2 where 0 ≤ 𝑘 ≤ 𝑀/2 − 1 (5.12)

Following the proposed PS, the complex-valued ZC sequences can still be employed for
FBMC/OQAM, along with the CE techniques considered for OFDM. However, a sufficient
number of guard symbols must be introduced among the training and data symbols to ensure
their total isolation, resulting in a data rate loss. In fact, the required number of FBMC guard
symbols depends on the overlapping factor of the considered PF. Therefore, we propose to em-
ploy the NPR1 short PF since only 1 FBMC symbol is necessary as a guard interval to perfectly
isolate the pilots from the data, leading to a minimal data rate loss [12].

Figure 5.1 depicts the proposed PS in the uplink. Using equation (5.1), and by adopting the
filtering stage in the time domain, the received pilot symbol can be expressed as in equation (5.7)
with the matrix 𝑨 modified as follows:

𝑨 =


𝐴𝑚,𝑙 if 𝑚 = 2𝑘,where 𝑘 ∈ 𝑍

0, otherwise
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where its entry 𝐴𝑚,𝑙 on the even subcarrier indices 𝑚 and 𝑙𝑡ℎ row is defined in equation (5.8).

As mentioned earlier, the noise correlation must be included in the LS channel due to the
lack of complex orthogonality. However, with the suggested PS that employs odd subcarriers
as GBs and the short NPR1 PF, the correlation between noise components can be computed as
follows:

Cov
[
𝜂𝑚,𝑛, 𝜂𝑚′ ,𝑛′

]
= E

[
𝜂𝑚,𝑛𝜂

∗
𝑚′ ,𝑛′

]
− E

[
𝜂𝑚,𝑛

]
E

[
𝜂∗𝑚′ ,𝑛′

]
= E

[( +∞∑︁
𝑘=−∞

𝜂[𝑘]𝑔[𝑘 − 𝑛𝑀2 ]𝑒− 𝑗2𝜋𝑚𝑘/𝑀𝜙𝑛 (𝑚)
)

×
( +∞∑︁
𝑘=−∞

𝜂∗ [𝑘]𝑔[𝑘 − 𝑛′ 𝑀

2 ]𝑒 𝑗2𝜋𝑚
′
𝑘/𝑀𝜙∗

𝑛
′ (𝑚

′)
)]

= 𝜎2
∞∑︁

𝑘=−∞
𝑔(𝑘 − 𝑛𝑀2 )𝑔(𝑘 − 𝑛′ 𝑀

2 )

× 𝑒 𝑗2𝜋 (𝑚
′−𝑚) 𝑘

𝑀 𝜙𝑛 (𝑚)𝜙∗𝑛′ (𝑚
′)

(5.13)

where 𝜎2 is the noise variance.

By making the change of variable 𝑘 = 𝑘 + 𝑛𝑀2 , the previous equation can be rewritten as follows:

Cov
[
𝜂𝑚,𝑛, 𝜂𝑚′ ,𝑛′

]
= 𝜎2

∞∑︁
𝑘=−∞

𝑔(𝑘)𝑔(𝑘 + (𝑛 − 𝑛′)𝑀2 )

× 𝑒 𝑗2𝜋 (𝑚
′−𝑚) 𝑘

𝑀 𝜙𝑛 (𝑚)𝜙∗𝑛′ (𝑚
′)

= 𝜎2(𝑖𝑝+𝑞)
𝑀∑︁
𝑘=0

𝑔(𝑘)𝑔(𝑘 + 𝑞𝑀2 )𝑒 𝑗2𝜋
𝑘𝑝

𝑀

(5.14)

where 𝑝 = 𝑚 − 𝑚′ , and 𝑞 = 𝑛 − 𝑛′ with (𝑝, 𝑞) ≠ (0, 0).

Since the NPR1 PF has a short duration in time, the interference only affects adjacent FBMC
symbols. This means that the value of 𝑞 is limited to −1, or 1. Additionally, the proposed pilot
structure includes a GB as the neighboring FBMC symbol, making the correlation between noise
components negligible in equation (5.14) (i.e., Cov

[
𝜂𝑚,𝑛, 𝜂𝑚′ ,𝑛′

]
≈ 0 ). Therefore, the assump-

tion of uncorrelated noise is valid, and the conventional LS method used in OFDM systems can
be applied without considering the noise correlation matrix, reducing the complexity.

Hence, equation (5.9) will reduce to the conventional LS channel estimate as follows:

ĥ = (AHA)−1AHPr (5.15)

In fact, the estimated CIR above �̂� has most of its power concentrated on a few first samples
𝐿

′ , and therefore can be divided into two parts as follows:
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ˆ𝒉𝑳𝑺 (𝑛) =

𝒉(𝑛) + 𝜼(𝑛), if 0 ≤ 𝑛 ≤ 𝐿

′ − 1

𝜼(𝑛), otherwise
(5.16)

Therefore, it is advantageous to denoise the above channel estimate. Denoising is the process
of eliminating noise from a noisy signal. The estimated channel in 5.15 can be observed to be
corrupted by noise. Hence, the CIR can be considered as a noisy signal, and denoising it can lead
to an improved CIR estimation. Denoising can be performed by pruning the CIR coefficients
using a threshold. Hence, we apply an 𝑀 point Inverse Discrete Cosine Transform-Type-IV
(IDCT4) on ˆ𝒉𝑳𝑺 (𝑛). Next, we consider only the first 𝐿′ taps and pad the rest with zeros. This
translates mathematically as follows:

�̂�
′

LS(𝑛) =


IDCT4M(𝒉(𝑛) + 𝜼(𝑛)), if 0 ≤ 𝑛 ≤ 𝐿
′ − 1

0, otherwise
(5.17)

where 𝐿′ is the channel delay spread in samples.

In fact, some channel taps included in the first part of the previous equation may be insignif-
icant. Therefore, to accurately select the significant channel taps, we first estimate the noise
power as follows:

�̂�2
𝜼 =

1
𝑁 − 𝐿′

𝑁−1∑︁
𝑛=𝐿

′
|𝜼(𝑛) |2 (5.18)

Next, we select the significant channel taps according to the following rule

�̂�
′

LS(𝑛) =

�̂�

′

LS(𝑛), if 𝛽(𝑛) > 𝜎2
𝜼

0, otherwise
(5.19)

where 𝛽(𝑛) is the power of �̂�
′

LS(𝑛) at tap index 𝑛.

Eventually, the CE is then obtained by taking the Discrete Cosine Transform-type-IV (DCT4)
of equation (5.19) as follows:

𝐻DCT4 [𝑚] = DCT4M( ˆ𝒉𝑳𝑺

′
(𝑛)) (5.20)

where 𝑚 = 2𝑘, along with 0 ≤ 𝑘 ≤ 𝑀/2

Note that the above equation gives the channel estimate only for the even subcarrier indices
since the odd subcarriers were vacant. Therefore, the channel on the odd subcarriers can be
interpolated using Makima’s method in [145].
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Figure 5.2: Proposed FBMC/OQAM pilot structure for uplink MU CE.

5.2.2 Multi-user scenario

To ensure the orthogonality for the pilots of multiple users in the uplink, guard symbols are
typically required. However, most of the available solutions in the literature are not efficient
in terms of spectral usage as discussed previously in Section 5.1.2. To address this issue, we
extend the SU PS along with the time domain CE technique that was discussed in Section 5.2.1
to a MU uplink scenario. We show how the extended PS reduces MU CE to SU.

In this regard, we propose to circularly shift the pilots of different users within the same band
as shown in Figure 5.2. Note that the frequency resources used for pilot signals of different users
are mutually inclusive. This means that each frequency slot is used by all users, however, the
pilot signal of a user 𝑢 is a circular shift of the 𝑢 + 1 pilot signal. This translates mathematically
as follows:

𝑨𝑻𝒖 =


𝑎𝑢𝑚,𝑛 (𝑘) if 𝑚 = 2𝑘,where 0 ≤ 𝑘 ≤ 𝑀/2

0, otherwise
(5.21)

along with
𝑎𝑢+1
𝑚,𝑛 (𝑘) = 𝑎𝑢𝑖,𝑛 (𝑘)

𝑖 =(mod𝐿𝑍𝐶
(𝑚 + 𝐿𝑍𝐶

𝑈
))

(5.22)

such that
𝐿𝑍𝐶

𝑈
≤ 𝐷𝑆

where mod is the modulo operator, 𝐿𝑍𝐶 = 𝑀
2 is the ZC sequence length, and 𝐷𝑆 is the average

delay spread of all users.

The absence of guard symbols between user pilots leads to intrinsic inter-user interference.
The presence of this latter translates into an inter-user dependency of the information used for
computing the channel estimation. As a result, intrinsic interference from a user 𝑢2 to another
user 𝑢1 denoted by 𝜁𝑢1

𝑢2 must be considered for CE.
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Therefore, with 𝑈 being the total number of users, the demodulated pilot signal on subcarrier
𝑚, time index 𝑛 can be mathematically expressed as

𝑝𝑚,𝑛 =

𝑈∑︁
𝑢=1

𝐿𝑢−1∑︁
𝑙=0

∞∑︁
𝑘=−∞

𝑀−1∑︁
𝑚′=0

∞∑︁
𝑛′=−∞

𝑎𝑢𝑚′ ,𝑛′𝑔(𝑘 − 𝑙 − 𝑛′
𝑀

2 )

× 𝑔(𝑘 − 𝑛𝑀2 )𝑒 𝑗2𝜋 (𝑚′−𝑚)𝑘/𝑀𝑒 𝑗 𝜋 (𝑚
′+𝑛′−𝑚−𝑛)/2

𝑒− 𝑗2𝜋𝑚
′𝑙/𝑀ℎ𝑢 (𝑙) + 𝜂𝑚,𝑛.

(5.23)

where ℎ𝑢 (𝑙) is the 𝑢𝑡ℎ user CIR of length 𝐿𝑢.

To ease notations, the above equation can be expressed in a vector form as follows:

𝑷 = 𝑨𝒉 + 𝜼 (5.24)

where
𝒉 = [𝒉1, ..., 𝒉𝑼 ]

𝒉𝒖 = [ℎ𝑢 (0), ..., ℎ𝑢 (𝐿𝑢 − 1)]

𝑷 = [𝑷𝒓1 , ..., 𝑷𝒓𝑼 ]

𝑷𝒓𝒖 = [𝑝0
𝑢, 0, 𝑝2

𝑢, 0, ..., 0, 𝑝𝑢
𝑀/2−2, 0]

𝜼 = [𝜼0, ..., 𝜼𝒖]

and

A =


A1 𝜻2

1 · · · 𝜻𝑼1
𝜻1

2 A2 · · · 𝜻𝑼2
...

...
. . .

...

𝜻1
𝑼 𝜻2

𝑼 · · · A𝑈


(5.25)

where 𝑨𝒖 is a 𝑀
2 × 𝐿𝑢 matrix with its 𝑚𝑡ℎ row and 𝑙𝑡ℎ column defined as

𝐴𝑢 (𝑚, 𝑙) =
∞∑︁

𝑘=−∞

𝑀−1∑︁
𝑚′=0

∞∑︁
𝑛′=−∞

𝑎𝑢𝑚′ ,𝑛′𝑔

[
𝑘 − 𝑙 − 𝑛′𝑀2

]
× 𝑔

[
𝑘 − 𝑛𝑀2

]
× 𝑒 𝑗2𝜋 (𝑚′−𝑚)𝑘/𝑀

𝑒 𝑗 𝜋 (𝑚
′+𝑛′−𝑚−𝑛)/2𝑒− 𝑗2𝜋𝑚

′𝑙/𝑀

along with 𝜻 𝒋

𝒋′
is an 𝑀

2 × 𝐿 𝑗′ matrix with its 𝑚𝑡ℎ row and 𝑙𝑡ℎ column defined as
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𝜁
𝑗

𝑗
′ =

∞∑︁
𝑘=−∞

𝑀−1∑︁
𝑚′=0

∞∑︁
𝑛′=−∞

𝑎
𝑗
′

𝑚′ ,𝑛′𝑔

[
𝑘 − 𝑙 − 𝑛′𝑀2

]
× 𝑔

[
𝑘 − 𝑛𝑀2

]
× 𝑒 𝑗2𝜋 (𝑚′−𝑚)𝑘/𝑀

𝑒 𝑗 𝜋 (𝑚
′+𝑛′−𝑚−𝑛)/2𝑒− 𝑗2𝜋𝑚

′𝑙/𝑀

= 𝐴 𝑗 (mod𝐿𝑍𝐶
(𝑚 + 𝐿𝑍𝐶

𝑈
, 𝑙)

(5.26)

Using equation (5.15), and neglecting noise correlation as previously discussed, the LS CE can
be obtained as

ĥ = (AHA)−1AHP (5.27)

where ĥ = [ĥ1, ..., ĥU].

In fact, the proposed PS for a MU scenario shifts the intrinsic interference caused by user
pilots to the noise part. In other words, the estimated channel in equation (5.27) can be divided
into two parts: the CIR part and the noise plus intrinsic interference part. Under the light of
this definition, equation (5.16) is modified as follows:

ˆℎ 𝑗𝐿𝑆
(𝑛) =


ˆℎ 𝑗 (𝑛) + 𝜂 𝑗 (𝑛), if 0 ≤ 𝑛 ≤ 𝐿 𝑗 − 1∑
𝑗
′ 𝜻 𝒋

𝒋′
𝒉

′

𝒋 + 𝜂 𝑗 (𝑛), otherwise
(5.28)

Next, by adopting equation (5.17) for denoising the estimated impulse response for the 𝑖𝑡ℎ user,
the second part can be neglected, which modifies equation (5.19) to

�̂�2
𝜼 =

1
𝑖 − 𝐿′

𝑖−1∑︁
𝑛=𝐿

′
|𝜼(𝑛) |2 (5.29)

where 𝑖 is the circular shift applied for the 𝑗 𝑡ℎ user defined in (5.22).

Hence, the intrinsic interference in MU CE can be ignored and therefore, equation (5.25) reduces
to a diagonal matrix as follows:

A =


A1 0 · · · 0
0 A2 · · · 0
...

...
. . .

...

0 0 · · · A𝑈


(5.30)

As a result, the CE for MU reduces to a SU one, where the channel estimate of the 𝑢𝑡ℎ user can
be computed by adopting equations (5.17) (5.19) and (5.20).
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Figure 5.3: NMSE performance comparison of the proposed technique compared with the one
in [143] for SU.

5.3 Performance evaluation and comparison

We first evaluate the NMSE and SR of the proposed CE technique for SU and MU scenarios
compared to CE techniques presented in the literature [137, 143]. This is followed by a per-
formance evaluation of the proposed CE approach over the multi-path 5G QuaDRiga channel
under the 3GPP-3D-Uma-NLOS scenario using BER simulations.

In our simulations, the OFDM and the OS-FBMC receiver using the NPR1 short PF are
considered. The number of non-truncated filter coefficients is set to 𝑁𝐺 = 7 for a SIR of 55
dB [12]. For the OS-FBMC receiver, the upsampling factor 𝑁𝑈𝐹 is set to 4 leading to the FBMC-
OS4 receiver notation. This choice represents a good compromise between system performance
and complexity.

5.3.1 NMSE results

We evaluate in this section the estimation performance of the proposed CE technique compared
to that in [137] and [143] for SU and MU scenarios, using the NMSE metric defined as

NMSE =

∑𝐿−1
𝑙=0 | ℎ̂[𝑙] − ℎ[𝑙] |2∑𝐿−1

𝑙=0 |ℎ[𝑙] |2
(5.31)

We consider 1 user which employs the PS in Figure 5.1, with 𝑀 = 128 subcarriers and 4-
QAM modulation. A random channel model with exponential PDP of 𝛼(𝑙) = 𝑒−𝛽𝑙 is considered
as in [143], where 𝑙 ∈ [0, ..., 𝐿 − 1].
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Figure 5.4: NMSE performance comparison of the proposed technique compared with the one
in [143] for MU scenario with 4 users.

5.3.1.1 Single user

Figure 5.3 compares the NMSE of the proposed CE technique with SU to that in [143] with
𝐿 = 32. The authors in [143] had already shown that the number of pilots has a negligible effect
on the accuracy of the CE. This was also confirmed in our results. Applying the proposed PS
and CE techniques described in Section 5.2.1 improves the NMSE when compared to [143] as
depicted in the same figure.

5.3.1.2 Multi-user

Figure 5.4 compares the NMSE of the proposed CE technique to that in [143] and [137] for a MU
scenario with 4 users and 𝐿 = 32. While not applying any specific processing to target intrinsic
interference as described in Section 5.2.1, the proposed PS and CE techniques outperform the
competing methods from prior-art while considerably reducing the required complexity.

5.3.2 Sum-rate results

To fully benefit from the advantages of mMIMO technologies, accurate CE is required. While
the use of FBMC in mMIMO channels has been proposed in the literature, applying most of the
current CE techniques to MU channels can result in a considerable BW efficiency loss. This is
because guard symbols are necessary to distinguish between the pilots of various users.

The CE technique described in Section 5.2.2 can be a solution for all the above problems.
The insertion of guard symbols between the pilots of various users is not necessary for the
proposed solution. In addition, the deployment of training pilots in a highly compact topology
allows for simultaneous estimation of all user channel responses at the BS.
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Figure 5.5: SR performance comparison between the proposed technique and that in [143].

To highlight the advantages of the proposed PS in MU-mMIMO scenario, we compare in
Figure 5.5 the SR of the proposed technique to that in [143] considering the same channel model
defined in Section 5.3.1 with 𝐿 = 16, a frame length of 84 FBMC symbols along with the SR
expression defined as follows:

SR = 𝛾

𝑈∑︁
𝑢=1

log2(1 + SINR𝑢) (5.32)

where 𝛾 is the training loss and SINR𝑢 is the signal to interference plus noise ratio of the 𝑢𝑡ℎ

user. From Figure 5.5, we can clearly see that the proposed method exhibits higher SR than the
method of [143]. This improvement is due to the fact that the proposed method employs only 2
FBMC symbols for training compared to 4 in [143], added to the improved NMSE performance
depicted previously in Figure 5.4.

Figure 5.5 further compares the SR performance to [137] where the latter utilizes 128 sub-
carriers for estimating each user’s channel. This implies that [137] incurs four times the training
overhead as compared to our proposed approach. Indeed, this becomes even more significant
when the number of users increases.

5.3.3 BER results

We study the performance of the proposed CE technique in terms of BER simulations consider-
ing OFDM and the FBMC-OS receiver over the static and non-static 5G QuaDRiga channel in
two cases: first by employing the proposed CE technique and second by assuming that the chan-
nel is perfectly estimated at the receiver side. Chosen parameters follow the 5G standard [21].
Specific simulation parameters are summarized in Table 4.1 with 2 users rather than 4.
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Figure 5.6: BER performance comparison between OFDM and FBMC-OS receiver by employing
the proposed CE technique over the 5G QuaDRiga channel under the ’3D-Uma-NLOS’ scenario
with 2 users and 64 receiving antennas.
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Figure 5.7: BER performance comparison between OFDM and FBMC-OS receiver by employing
the proposed CE technique over the non-static 5G QuaDRiga channel under the ’3D-Uma-NLOS’
scenario with speeds of 5 and 250 km/h, 2 users and 64 receiving antennas.

5.3.3.1 Static channel

Figure 5.6 compares the BER performance of the OFDM and FBMC-OS4 receivers for the two
aforemetioned cases. The FBMC-OS4 receiver outperforms OFDM in both cases. Despite the
fact that CE has been known to be an open issue for FBMC/OQAM systems due to the absence
of complex orthogonality, applying the proposed PS along with the CE technique described in
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Section 5.2 outperforms OFDM.

5.3.3.2 Non-static channel

We consider now two users moving with speeds of 5 and 250 km/h and evaluate the BER
performance of FBMC when using the OS-based FBMC receivers compared to OFDM. The non-
static 5G channel with the 3D-Uma-NLOS scenario was considered for the two aforementioned
cases as well. The results are shown in Figure 5.7.

The BER performance is degraded compared to that in a static channel. For a speed of
5km/h, similar BER levels are obtained for the considered receivers when Eb/N0 < 25 dB in
both cases. However, OFDM shows the worst BER performance when Eb/N0 > 25 dB.

For a speed of 250km/h, the performance is highly degraded for both receivers. Yet it is
worth noting how the OS-4-FBMC receiver outperforms OFDM when employing the proposed
CE as shown in the figure. Considering OFDM, the BER performance when emulating the
CE technique is further degraded compared to FBMC/OQAM. This is due to its low frequency
localization.

5.4 Summary

In this chapter, we proposed a novel PS along with a CE technique for FBMC/OQAM systems
considering a SU scenario. In opposition to prior practices, the proposed model does not impose
the symbol interval to be much longer than the maximum channel delay spread. We then ex-
tended these proposals for a joint MU-CE approach in a MU scenario and mMIMO systems, in
which the pilots for different users are interleaved in frequency by a simple circular shift without
the need for any guard symbols between them. This results in a high reduction in training
overhead which becomes significant when the number of users increases. Accordingly, the pro-
posed method significantly improves SE compared to the available solutions in the literature
that require a large number of GB for separating the pilots of different users, while offering the
best achievable known performance to date.



Chapter 6

Conclusions and future work

6.1 Conclusions

SE plays a crucial role in mobile communication networks, especially due to the increasing
scarcity of spectrum resources and the continuous growth of mobile data traffic. To address the
need for SE enhancement, various techniques have been explored in the literature. However, ex-
isting techniques that relax the orthogonality condition, such as FTN, have limited performance
under severe channel conditions or suffer from high computational complexity.

In this context, a novel transmission technique called MCO is proposed to overcome these
limitations in Chapter 3. The MCO technique intentionally overlaps neighboring subcarriers
of adjacent users, offering a new approach for SE enhancement. In the context of waveform
comparison, two waveforms are considered: OFDM and FBMC/OQAM.

It is found that the MCO-augmented FBMC/OQAM outperforms OFDM over the 5G
QuaDRiga channel, both in the presence and absence of TO impairments. FBMC/OQAM
achieves a remarkable 66% higher SE gain compared to OFDM. This highlights the superiority
of FBMC/OQAM in terms of SE performance and its potential as a waveform candidate for
future mobile communication networks.

Indeed, by introducing the MCO technique and demonstrating the advantages of FBMC/OQAM
over OFDM, Chapter 3 contributes to the development of efficient SE enhancement techniques
for single antenna systems. The proposed approach offers a promising solution for improving
SE while addressing complexity issues and the challenges posed by channel conditions, paving
the way for more efficient and effective mobile communication systems.

Despite the enhancement of SE through the MCO technique, there is a growing demand
for even higher levels of SE in certain 6G applications. To address this concern, leveraging
large-scale MIMO systems emerges as a promising solution.

The literature mostly examines the use of PPN and FS receivers with long PFs like MMB4 PF
in the context of mMIMO systems. However, these receivers have several drawbacks. Firstly, the
PPN receiver exhibits lower performance compared to OFDM. Secondly, the utilization of long
PFs augmented by the aforementioned receivers leads to a prohibitivecomputational complexity,
hindering its wider adoption.
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On the other hand, employing short PFs compromises the ability to support asynchronous
communication and results in performance degradation. This is because the performance of
FBMC/OQAM over multipath channels depends on the ratio between the delay spread and the
filter length.

In recent years, OS-based FBMC receivers have been introduced in the realm of SISO trans-
missions. These receivers offer several advantages, including improved performance over doubly
dispersive channels when using short PFs, specifically the NPR1 PF. Additionally, they exhibit
robustness against imperfect synchronization and support relaxed and asynchronous communi-
cations.

In this context, Chapter 4 extends the FBMC-OS receiver and its corresponding advantages
to the context of mMIMO systems. To reduce computational complexity, the OSB design is
further extended for mMIMO systems. Under the assumption that the channel response remains
static within a given block, which is plausible in scenarios with low mobility, the equalization
complexity is reduced. This is particularly beneficial for mMIMO systems due to the complexity
of the equalization step.

Through the performed analytical study, the proposed receivers for mMIMO systems confirm
their improved performance over doubly dispersive channels, robustness against CFOs and TOs,
and their support of relaxed synchronization and asynchronous communications.

Accurate CE is crucial for maximizing the benefits of mMIMO, such as improved SE and
resilience against challenging channel conditions. It is also essential for leveraging the advantages
of the MCO technique proposed in Chapter 3.

Unlike OFDM, FBMC/OQAM exhibits only real-field orthogonality. Consequently, the
transmitted signals suffer from intrinsic interference, compromising reliability and motivating
the exploration of alternative CE techniques.

Furthermore, conventional CE methods for mMIMO-FBMC systems often require large
training overhead, especially when dealing with a large number of users or flat-fading chan-
nel conditions over each subcarrier band. To address these issues, Chapter 5 proposes a PS that
reduces the training overhead by interleaving users’ pilots in frequency domain. Conventional
OFDM CE technique, particularly the LS method, is employed within the context of SU and
MU scenarios.

Simulations conducted over the 5G QuaDRiga channel demonstrate that the proposed PS
improves SE while achieving the best performance in both preamble-based MU-mMIMO and
SU systems. Additionally, the proposed method significantly enhances SE compared to existing
literature solutions that rely on a large number of GBs to separate different users’ pilots. De-
spite using conventional CE techniques, the proposed method outperforms these solutions while
reducing the number of required GBs.

6.1.1 Trade-offs

We provide a summary and comparison of the relevant KPIs between the original FBMC/OQAM
waveform and the considered variant, highlighting the recent advances proposed in this thesis.
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Figure 6.1: Comparison of different properties between original FBMC and OFDM waveforms.
A larger circle radius represents a better system performance.

This provides a comprehensive snapshot of the current status of FBMC/OQAM when compared
to OFDM.

Fig. 6.1 summarizes the KPIs for the original FBMC with long and short filters and for
OFDM. At a first glance, it may seem that the long-filtered FBMC is complementary to OFDM
in terms of the selected KPIs. Due to its simple implementation and robustness to multi-
path, OFDM has been adopted in multiple standards, including 5G. Despite the aforementioned
advantages, OFDM still suffers from several drawbacks, including slightly lower SE and high
sensitivity to imperfect synchronization due to its low frequency localization.

Concerning OFDM, the TO at the receiver must be within the CP length to guarantee a reli-
able communication. However, the propagation delay of the transmitted signal will be constantly
changing due to the user and/or transmitter mobility, introducing time-variant TOs. Since the
TA mechanism is implemented to overcome such variable timing misalignment in current 5G
systems [21], the BS monitors each user’s uplink timing, requiring additional hand-shake rounds.
However, for mMTC, it is desirable to establish a simplified access procedure that enables GF
communication. Therefore, the first requirement derived from the aforementioned problem is
asynchronous communication. Yet, the latter cannot be supported by OFDM, which may hinder
its adoption in future communication systems requiring ultra-low latency and reliability, such
as autonomous vehicles.

The original FBMC associated with long PFs is robust to long-delay spread channels. It
also supports asynchronous communications when utilizing a FS-FBMC receiver [146], which
is crucial for some 6G-IoT applications, including driver attention monitoring. However, the
combined use of a long PF and a FS implementation comes at the cost of a high transceiver
complexity. Indeed, on one hand, the computation of a larger FFT is required for the FS-based
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Figure 6.2: Radar chart illustrating the set of beyond 5G relevant KPI and tradeoffs for OFDM
and several variants of the original and the largely improved FBMC waveforms. A larger circle
radius represents a better system performance. The green shaded area corresponds to the
flexibility that can be attained by the FBMC-OS receivers, according to the selected parameters
𝑁𝑠 and 𝑁𝑈𝐹 .

implementation, and on the other hand, higher processing capabilities are required for the PPN
implementation.

Another well-known drawback of the original FBMC resides in its difficulty to support ef-
ficient mMIMO systems and channel estimation techniques due to intrinsic interference [57].
Furthermore, a significant drawback of FBMC employing long PFs resides in the introduction of
a ramp-up and ramp-down at the beginning and end of each transmitted frame. Consequently,
this results in a higher PAPR level compared to OFDM and compromises the support of short-
frame sizes for low-latency communications. Few solutions have been investigated to address
the latency problem that came at the cost of an increased transmitter complexity and a higher
OOBPL. Therefore, further progress was needed in order to effectively support short frame sizes
and low latency with long PFs.

To address complexity problems, short PFs (𝐾 = 1) including TFL1 and the QMF1 have
been previously proposed. Additionally, FBMC with short PFs is more robust against CFO than
with long PFs [147]. However, the use of short filters comes with its share of drawbacks, namely
a reduced robustness against long-delay spread channels and a lack of support for asynchronous
communications [147] which are crucial for low latency applications requiring GF access.

In summary, the introduction of short filters achieves a different KPI tradeoff, especially in
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terms of performance/complexity, as seen in Fig. 6.1. Therefore, the ability to devise a flexible
FBMC transceiver capable of striking different KPI tradeoffs became particularly appealing in
the quest for addressing major FBMC drawbacks while retaining its advantages.

Fig. 6.2 compares the KPIs of the largely improved FBMC/OQAM to that of OFDM and
the original FBMC receiver with a long PF. The shaded region delimited by the KPIs of the
FBMC-OS receiver and that of the FBMC-OSB receiver can be explored by the designer to
strike tradeoff levels better adjusted for the application requirements and constraints.

Another KPI presented in Fig. 6.2, which is a constraint for many 6G-IoT applications, is
latency. Indeed, it is directly impacted by the system parameters 𝑁𝑈𝐹 and 𝑁𝑠. It can be ap-
proximated if we consider that it is directly related to the TTI regardless of the propagation
delay, hardware latency, and retransmission mechanisms. In fact, FEC codes in modern com-
munication systems require receiving the entire frame before decoding. Therefore, the latency of
the FBMC-OSB receiver 𝐿𝑁𝐺-𝑂𝑆𝐵𝑁𝑠

can be approximated as the number of samples in a frame
(𝑀 (𝑁𝑠 + 1)/2) divided by the sampling frequency as follows:

𝐿𝑁𝐺-𝑂𝑆𝐵𝑁𝑠
=
𝑀 (𝑁𝑠 + 1)

2 × 𝐹𝑠
.

On the other hand, the FBMC-OS receiver increases the latency, albeit not to the same extent
as the original FS4-FBMC receiver. This is due to the addition of 𝑀 (𝑁𝑈𝐹 − 1)/2 samples to
demodulate the last FBMC symbol in each frame.

Furthermore, the frame length impacts the data rate for the OSB𝑁𝑠
-FBMC receiver. There-

fore, for a fair comparison, the latency of such a receiver must be compared to that of OFDM,
with both having the same data rate loss. The data rate loss of the OSB𝑁𝑠

-FBMC receiver can
be written as follows:

𝐷𝑅𝑙𝑜𝑠𝑠,𝐹𝐵𝑀𝐶 =
1

𝑁𝑠 + 1 .

This comes from the filter-related ramp-up and ramp-down observed at the beginning and end
of each frame. Regarding the OFDM waveform, the addition of a CP for each OFDM symbol
consisting of 𝑀 samples leads to the following data rate loss

𝐷𝑅𝑙𝑜𝑠𝑠,𝑂𝐹𝐷𝑀 =
𝐿𝐶𝑃

𝑀 + 𝐿𝐶𝑃
.

Considering the 5G standard [21], the data rate loss due to a CP size 4.68 𝜇𝑠 is approximately
6.6%. For the same target 𝐷𝑅𝑙𝑜𝑠𝑠, the number of FBMC symbols 𝑁𝑠 in a block must be 14
symbols. This corresponds to 𝑁𝑈𝐹 = 8 and a frame composed of 7.5 × 𝑀 samples. It is worth
mentioning that this corresponds to 1 resource block that is composed of 7 OFDM symbols,
including the CP [21]. Therefore, the FBMC-OSB receiver with short PFs can achieve the same
latency (𝐿𝑂𝑆𝐵𝑁𝑠

= 7.5 × 𝑀/𝐹𝑠 = 0.535 𝑚𝑠) as OFDM for the same data rate loss.
Other KPIs might also play a major role in the waveform selection for some 6G-IoT appli-

cations. Despite the existing trade-off between receiver complexity and the support for asyn-
chronous communications, all the OS-based FBMC receivers can support relaxed synchroniza-
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tion.
Furthermore, channel estimation which has been a major issue for FBMC/OQAM systems

due to the loss of complex orthogonality is no longer present now thanks to the proposed PS.
Finally, another significant KPI which might hinder the co-existence of multiple services

concerns spectral leakage. Indeed, FBMC with long PFs exhibits better spectrum confinement
than with short PFs [12]. Added to the advantages brought on by the proposed MCO technique,
the largely improved FBMC waveform is able to properly address this problem even with short
PFs.

OFDM shows the worst spectral confinement of all considered waveforms, requiring a large
number of GBs to avoid compromising efficient multiple access (or service) support under im-
pairments [148]. However, thanks to the proposed MCO technique, GB insertion can be avoided,
resulting in improved SE. Nevertheless, it is important to note that the efficiency of the MCO
technique is highly reliant on the accuracy of synchronization, which unfortunately poses a
significant challenge for OFDM.

In summary, the largely improved FBMC transceivers are able to overcome the main draw-
backs of the original FBMC and OFDM waveforms as depicted in Fig. 6.2.

6.2 Future work

Based on the work conducted in this thesis, several ideas are proposed for future work and
further investigations.

PAPR
The high PAPR is a persistent issue in FBMC. Assuming an infinite number of FBMC

symbols are transmitted consecutively, the PAPR of the FBMC signal is similar to that of
OFDM, regardless of the chosen PF. However, in practical scenarios where frames have a finite
duration, the PAPR of FBMC signals slightly increases due to the ramp-up and ramp-down
at the beginning and end of each frame. Unlike OFDM, pre-coding techniques used to reduce
PAPR, such as FFT pre-coding in SC-OFDM, cannot be directly applied to FBMC due to its
OQAM scheme. When these techniques are adapted for FBMC, the reduction in PAPR is not
as significant as in the case of OFDM. The extent of reduction depends on the overlapping
factor K, where a shorter PF (K = 1) has the potential for higher PAPR reduction compared
to longer PFs (K = 4). However, regardless of the filter type, pre-coded FBMC still exhibits
higher PAPR than pre-coded OFDM. Furthermore, FBMC is more susceptible to non-linearities
in HPAs compared to OFDM. In such cases, FBMC may experience spectral regrowth, leading
to significant degradation in spectral confinement, which is one of the main advantages of FBMC
over OFDM. Hence, it is crucial to explore solutions that effectively reduce PAPR in FBMC,
thereby facilitating its wider adoption in real-world applications.

A recent article introduces a novel approach to address the PAPR issue in FBMC [149]. The
proposed technique combines FFT-based precoding with a low-complexity Selective Mapping
(SLM) method [150]. The SLM technique involves transmitting QAM symbols with different
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phase rotations or interleaving schemes, resulting in C modulated signals. Among these signals,
the one with the lowest PAPR is selected, and its index is transmitted separately as Side In-
formation (SI). Traditionally, SLM techniques are complex and have a negative impact on data
rate. However, the SLM technique proposed in [149] for FBMC requires only 2 bits of SI per
FBMC symbol, making it more efficient. Additionally, the processing is performed in the time
domain after the FFT, reducing complexity.

The results of the study indicate that FBMC utilizing the proposed SLM technique with MMB4
achieves a lower PAPR compared to OFDM. Since the use of shorter PFs typically contributes
to further PAPR reduction when compared to longer PFs, it would be interesting to explore how
to adapt this technique for short PFs.

5G proof-of-concept platform

In recent years, the research team has developed a platform capable of simulating 5G scenarios
for SISO transmissions and LoS propagation.

Their primary focus has been on the hardware implementation of the waveform transmitter,
recognizing it as the most critical component in terms of complexity and energy consumption for
uplink communication. On the receiver side, they have implemented typical FBMC receivers (FS
and PPN). However, a possible improvement consists of designing and implementing optimized
hardware architectures for the OS-based FBMC receivers that utilize common processing units
such as FFT and Finite Impulse Response (FIR) filters.

Currently, the platform only supports SISO communication. Nonetheless, given that mMIMO
techniques are widely adopted in 5G, and that the OS-based receivers are extended to support
mMIMO systems in this thesis, a significant improvement to the platform would involve inte-
grating support for mMIMO technology. This would primarily entail changing the current RF
board, which currently accommodates only one antenna for transmission and one for reception.

MCO scheme extension to mMIMO

The MCO scheme proposed in Chapter 3, was originally designed for SISO transmissions. How-
ever, since SE is a crucial element of cellular communication networks, added to the continuous
growth in mobile data traffic in wireless networks, there is a regain of interest in further enhanc-
ing SE for mMIMO systems.

In mMIMO systems, the users’ channels are supposed to be asymptotically orthogonal if the
number of antennas at the receiver side is much greater than the number of users (i.e: 𝑁𝑅𝑥 » 𝑈).
Following this constraint, one cannot increase unbounded the number of users in a subband for
improving the SE indefinitely. Indeed, there is a compromise between system performance and
SE, because increasing the number of users will lead to a degradation in system performance.

To address this challenge, the MCO technique can be employed to potentially enhance the SE
while maintaining optimal performance. The key idea is to overlap the subcarriers of adjacent



Chapter 6. Conclusions and future work 112

subbands, with each subband accommodating different users. By doing so, the proposed MCO
procedure outlined in Chapter 3 can be applied to investigate its effectiveness in improving SE
within the context of mMIMO systems.

Essentially, the concept is to carefully manage the allocation of subcarriers and users across
multiple subbands, leveraging the advantages of mMIMO while considering the limitations im-
posed by channel orthogonality and system performance. By exploring the potential of the MCO
scheme in the context of mMIMO, we aim to strike a balance between achieving high SE and
ensuring satisfactory overall system performance.

Sensing

Sensing is a fundamental functionality for many IoT services such as emergency call localization,
area imaging, and personal radar. [151].

The advent of the millimeter waves and the availability of even larger bandwidths (in THz
ranges) improve localization accuracy boosted by high-definition imaging and frequency spec-
troscopy.

Composed of frequency-modulated continuous waves, chirps signals were generally used for
short-range radar systems. However, such modulation schemes cannot provide high data rates.
Moreover, the radar signals have to compete for the same spectrum resources as wireless com-
munications waveforms.

For addressing these problems, there is a trend of merging the sensing (radar) and com-
munication systems [151–153]. Their integration can help decrease power consumption, reduce
hardware costs, and improve SE. In this case, waveform design plays a central role since it
should provide a single waveform capable of performing simultaneous communications and sens-
ing tasks.

Adopted in 5G systems, OFDM cannot be directly used for joint communications and sensing
since it can lead to a full duplex self-interference problem. This problem can be aggravated by
its high OOBPL and any encountered channel impairments due to its high sensitivity to CFOs
and TOs.

FBMC augmented by the OS-based receivers is a promising alternative for joint sensing and
communications. Indeed, a recent work [154] proposed a joint radar communication transmitter
system based on FBMC waveform. Results showed a better performance in radar targeting and
improved BER performance in multipath channels compared to OFDM. However, the introduc-
tion of the FS-FBMC receiver associated with MMB4 PF highly increased the computational
complexity. Motivated by these excellent results, it may be advantageous to investigate the use
of FBMC-OS transceivers in this context.
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Titre : Étude de nouvelles formes d'ondes multiporteuses filtrées dans le contexte des 
systèmes MIMO massifs 
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Résumé : Les applications et les services 

envisagés pour les systèmes de communication sans 
fil de la 6G imposeront des contraintes diverses à la 
conception du système. La forme d'onde actuelle de la 
5G, OFDM, souffre d'une liste d'inconvénients qui 
remettent en question son adéquation et sa capacité à 
remplir ces exigences. Les formes d'onde 
multiporteuses filtrées, telles que FBMC/OQAM, 
constituent des alternatives prometteuses pour les 
futurs réseaux mobiles. Malgré les progrès réalisés ces 
dernières années concernant cette forme d'onde au 
niveau de l'émetteur et du récepteur, il reste encore 
des défis importants à relever. Le premier défi consiste 
à assurer la compatibilité avec la technologie MIMO 
massive, qui est essentielle pour la prochaine 
génération de réseaux de données sans fil. Le 
deuxième est lié à l'amélioration de l'efficacité 
spectrale, et le dernier défi concerne la garantie d'une 
technique d'estimation de canal robuste en dépit de 
diverses perturbations. L'objectif principal de cette 
thèse est de proposer des solutions à ces défis. Les 
travaux réalisés ont abouti aux contributions suivantes :  

(1) Proposition d'une nouvelle technique de 
transmission ayant pour objectif l'amélioration de 
l'efficacité spectrale pour les systèmes à une 
antenne de transmission. La technique proposée 
offre un gain en efficacité spectrale plus élevé 
lorsqu'elle est combinée à la FBMC qu'à l'OFDM. 
S’ajoute à cela, son efficacité prouvée avec la 
FBMC en présence de décalages temporels. (2) 
Pour améliorer encore l'efficacité spectrale, 
certaines avancées récentes liées à la forme 
d'onde FBMC/OQAM ont été étendues au contexte 
des systèmes multi-utilisateurs massifs mMIMO, 
notamment en prenant en charge les 
communications asynchrones et en surpassant les 
solutions actuelles. (3) L'efficacité des propositions 
précitées dépend fortement de la précision de 
l'estimation du canal, par conséquent, une nouvelle 
conception de la structure des pilotes a été 
proposée. L’estimation qui en résulte surpasse les 
performances des techniques actuelles tout en 
réduisant la part de la signalisation et en permettant 
l'utilisation de techniques conventionnelles 
d'estimation du canal. 

 

 

Title: Investigation of novel filtered multi-carrier waveforms in the context of massive MIMO 
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Abstract: The applications and services envisioned 

for the 6G wireless communication systems will place 
different requirements on the system design. The 
current 5G waveform, OFDM, suffers from a list of 
drawbacks that question its ability to fulfill these 
prerequisites. Filtered multi-carrier waveforms, such as 
FBMC/OQAM, provide viable alternatives for future 
mobile networks. While recent years have seen some 
advancements in FBMC/OQAM waveform technology 
at the transmitter and receiver sides, there are still 
critical challenges to consider. The first challenge 
involves ensuring compatibility with massive Multiple-
Input Multiple-Output (mMIMO) technology, which is 
essential for the next generation of wireless data 
networks. The second is related to improving spectral 
efficiency (SE), and the last challenge pertains to 
ensuring a robust channel estimation technique despite 
various impairments. The main goal of this thesis is to 
address these challenges. The work carried out has 
resulted in the following contributions:  

(1) Proposal of a novel transmission technique 
targeting SE enhancement for multi-carrier single-
input-single output transmissions. It showed higher 
SE gain when augmented with FBMC than that with 
OFDM, added to its proven efficiency even in the 
presence of timing offset impairments. (2) To further 
enhance the SE, some recent advances related to 
the FBMC/OQAM waveform has been extended to 
the context of MU-mMIMO systems notably 
supporting asynchronous communications and 
outperforming state of the art solutions. (3) The 
efficiency of the aforementioned proposals highly 
relies on the accuracy of channel estimation, 
therefore, a novel pilot structure design has been 
proposed targeting the FBMC/OQAM waveform. It 
outperforms state of the art techniques while 
enhancing SE and enabling conventional channel 
estimation techniques. 
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