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PAPR avec une faible complexité. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

7 Architecture proposée pour le système auto-précodeur avec correction des imperfections
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Résumé détaillé de la thèse

La recherche fondamentale vers les réseaux cellulaires au-delà de la 5G est en cours et la vision de

2020 et au-delà comprend un nombre important de cas d’utilisation compte tenu d’un grand nombre

d’appareils avec un large éventail de caractéristiques et de demandes. D’une part, la bonne effica-

cité spectrale donne plus de capacité pour la transmission tandis que d’autre part, la construction

d’équipements radio compacts et peu coûteux, flexibles et de haute qualité est une tâche très difficile.

Le contexte des travaux de cette thèse est l’étude des techniques de type massive-MIMO en présence

d’imperfections RF, notamment celles apportées par les amplificateurs de puissance (PA) non linéaires

(NL). Le nombre important de PA dans une station de base de type massive-MIMO crée différentes

contraintes : (1) pour des raisons de coût les différents PA peuvent présenter des caractéristiques NL

marquées et ainsi dégrader fortement les signaux émis, (2) pour des raisons d’efficacité spectrale, les

PA doivent être opérés dans une zone proche de la saturation du PA afin de maximiser leur rende-

ment énergétique. Le résultat de ces deux contraintes entraine ainsi de fortes dégradation des signaux

émis tant dans la bande (BER et EVM) que hors bande avec des remontées spectrales. D’autre part,

la normalisation 5G a introduit le concept de différentes numérologies conjointement à la technique

massive-MIMO. L’influence des différentes numérologies utilisées par les différents utilisateurs sera

aussi étudiée dans cette thèse. Le premier chapitre est un chapitre d’état de l’art qui présente les

différents éléments utilisés tout au long du travail de thèse : la technique massive-MIMO et les diffé-

rents précodeurs associés, les différentes numérologies en 5G, les canaux de transmission multitrajets

et les caractéristiques des amplificateurs de puissance non-linéaires. Le chapitre 2 est dédié à l’étude

de interférences apportées par des utilisateurs utilisant des numérologies différentes en massive-MIMO

et à la proposition d’une méthode de réduction de ces interférences. Le troisième chapitre traite de

l’effet des PA non linéaires sur les signaux massive-MIMO. Une nouvelle technique de réduction des

imperfections apportées par les PA NL est proposée et comparée aux techniques de la littérature.
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Enfin le dernier chapitre traite de ce même problème mais avec une approche algorithmique différente.

Les algorithmes utilisés dans le chapitre 3 sont de type classique (descente de gradient) alors que

l’approche utilisée dans le chapitre 4 est basée sur les nouvelles techniques d’apprentissage profond

plus couramment appelées techniques de deep learning. Une nouvelle architecture d’auto-precodeur est

ainsi proposée et comparée aux techniques plus classiques en termes de performances et de complexité.

Cette thèse, dans un premier temps, étudie l’utilisation du multiplexage spatial d’utilisateurs,

partageant la même bande passante, dont les numérologies associées sont différentes. Une technique

de précodage est proposée, qui vise à gérer la transmission et le partage du spectre d’utilisateurs

avec des numérologies mixtes (SS). Ensuite, l’interférence inter-numérologie (INI) est analysée et les

expressions théoriques de l’INI sont dérivées dans des systèmes MIMO-OFDM massifs.

Ensuite, en termes d’équipement radio à bas coût, un soin particulier est apporté à l’amplificateur

de puissance (PA) non linéaire dans la châıne de communication sans fil. La thèse étudie les caracté-

ristiques du PA, ainsi que ses effet non linéaire sur les transmissions massive-MIMO. Nous proposons

une nouvelle technique originale permettant de combattre les effets des PA et comparons celle-ci aux

techniques existantes dans la littérature, en termes de performance et de complexité d’implantation.

L’objectif est de concevoir un schéma de transmission prenant en considération le précodage multi-

utilisateurs (MU), la réduction du rapport de puissance crête-à-moyenne (PAPR) et la pré-distorsion

numérique (DPD), en accordant une attention particulière à la complexité de calcul.

Chapter 1 : Etat de l’art et contexte technique

Le chapitre 1 présente le contexte technique des travaux de recherche avec tous les éléments né-

cessaires pour la suite des travaux : le massive-MIMO et les précodeurs associés, le concept des nu-

mérologies en 5G, les canaux multitrajets et les amplificateurs de puissance non-linéaires. Au cours

des dix dernières années, l’évolution à long terme (LTE) et l’évolution à long terme avancée (LTE-A)

ont été largement utilisées dans le système de communication sans fil de quatrième génération (4G).

Dans la norme LTE, le multiplexage à entrées multiples et sorties multiples (MIMO) et le multiplexage

par répartition orthogonale de la fréquence (OFDM) sont considérés comme les technologies de base,

qui réalisent la transmission de données avec un débit maximal de plus de 100 Mbps. Dans la ver-

20
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sion améliorée du LTE-A, des technologies clés telles que l’agrégation multi-porteuses, la transmission

coordonnée à plusieurs points, le relais et le MIMO amélioré sont rajoutées [4] [5].

Afin de répondre aux besoins du développement social futur, le système de communication sans fil

de cinquième génération (5G) a vu le jour. Les différentes exigences de service peuvent être classées en

trois scénarios principaux : très haut débit avec mobilité des terminaux (eMBB), les communications

massives de type machine (mMTC) et les communications ultra-fiables et à faible latence (URLLC) [6].

En particulier, mMTC et URLLC nécessitent des objectifs de capacité critiques tels qu’une densité

de connexion de 106 appareils /km2, une efficacité énergétique ultra élevée, des terminaux à faible

coût, une latence de 1 ms et une mobilité jusqu’à 500 km/h [7], présentant de sérieux défis sur la

le déploiement commercial de la 5G. Afin d’atteindre tous les aspects des indicateurs techniques 5G,

le système utilise la technique MIMO massif, des communications avec des ondes millimétriques, un

réseau hétérogène et d’autres technologies, visant à améliorer l’efficacité du spectre, à augmenter la

densité des points d’accès sans fil et, en outre, à étendre les ressources du spectre pour répondre à un

débit de transmission plus de mille fois supérieur à celui de la 4G [8]. Le système MIMO massif dans le

domaine fréquentiel est illustré par la FIGURE 1. Plus précisément, le MIMO massif déploie un grand

nombre d’antennes au niveau de la station de base (BS) pour fournir des services de communication

à un nombre relativement restraint d’équipements d’utilisateur (UE) sur la même ressource spectrale.

Par rapport au MIMO traditionnel, le MIMO massif apporte non seulement un degré de liberté spatiale

plus élevé, mais offre également de nouvelles fonctionnalités et avantages.

Figure 1 – Description du système de liaison descendante MIMO massif dans le domaine fréquentiel
avec des antennes d’émission Mt côté BS et Mr UE à antenne unique

Dans le système MIMO massif, le procédé de précodage permet de transmettre simultanément des
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données d’une BS avec Mt antennes vers Mr UEs. Du point de vue d’un UE spécifique, l’idée est

d’utiliser les propriétés du canal de propagation pour combiner de manière cohérente la partie utile

du signal provenant des Mt antennes d’émission tout en combinant de manière destructive la partie

interférence reçue du signal.

Les données transmises sont définies par s de taille Mr et c de taille Mt. s est le vecteur de symboles

complexes transmis aux différents UEs. Ce vecteur est précodé par la matrice W dont la taille est

Mt × Mr.

ξW est un facteur de normalisation conçu pour obtenir une puissance d’émission moyenne ou

instantanée égale à σ2
s . Le canal entre l’antenne d’émission Mt et l’UE Mr peut être défini par un

scalaire complexe noté ici H , où H(mr, mt) est le (mr, mt)-ième entrée de la matrice de canaux H de

taille Mr × Mt.

Par conséquent, le vecteur de données reçu r est défini comme suit

r = 1√
ξW

HWc + b (1)

avec b le vecteur de bruit.

Figure 2 – Illustration d’une structure d’émetteur simple avec PA

Dans la châıne de transmission réelle, le PA non linéaire est largement utilisé. La FIGURE 2 illustre

une structure d’émetteur simplifiée avec l’existence d’un PA radiofréquence (RF). Alors, L’enveloppe

complexe i(t) du signal à l’entrée du PA peut s’écrire

i(t) = ρ(t)ejφ(t) (2)

, ρ(t) est le module du signal d’entrée et φ(t) est la phase du signal d’entrée.

En pratique, le PA est considéré comme un dispositif non linéaire. Le comportement non linéaire
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dépendant de la puissance peut être caractérisé par des caractéristiques de conversion d’amplitude

en modulation d’amplitude (AM/AM) et d’amplitude en modulation de phase (AM/PM). Sans effet

mémoire, les caractéristiques AM/AM et AM/PM sont représentées sous la forme d’une fonction liant

le module du signal de sortie en fonction du module du signal d’entrée (AM/AM) et le déphasage du

signal de sortie en fonction du module du signal d’entrée (AM/PM). Lorsque le PA est entrâıné vers

la région non linéaire, la puissance de sortie réelle est inférieure à la sortie amplifiée linéairement. Au

fur et à mesure que la puissance du signal d’entrée augmente, la quantité de distorsion non linéaire

introduite par le PA augmente progressivement jusqu’àu point de saturation.

Ce phénomène non linéaire entrâınera une dégradation des performances dans la bande ainsi que

des remontées spectrales hors bande, ce qui entrâınera des interférences dans les canaux adjacents.

Pour les effets dans la bande, ces distorsions sont quantifiées par le taux d’erreur de symbole (SER)

du signal reçu.

Chapter 2 : Interférences inter-numérologies

Comme introduit précédemment, dans les systèmes de communication 5G et au-delà, différentes

utilisations et applications nécessitent différents types de services tout en utilisant la même structure de

réseau sans fil. Afin de mieux s’adapter à cette diversité, de nombreuses nouvelles méthodes de forme

d’onde ont été développées pour répondre à la demande de divers services, cependant, elles n’ont

pas suffisamment de flexibilité pour répondre à toutes les exigences du système 5G. Par conséquent,

dans ces cas, l’approche classique ”taille unique” peut ne pas être possible [9]. Certaines nouvelles

recherches tentent de trouver des solutions plus flexibles, telles que les ”formes d’onde hybrides” ou les

”formes d’onde mixtes” [10]. Actuellement, les systèmes 5G utilisent des «numérologies mixtes» avec

une seule forme d’onde au lieu de « formes d’onde mixtes » [11]. La forme d’onde normalisée par la 5G

est le multiplexage par division de fréquence orthogonale avec préfixe cyclique (CP-OFDM). Afin de

répondre à différents scénarios d’utilisation, différentes numérologies sont permises pour la modulation

CP-OFDM. Ces différentes numérologies font référence à différents paramètres de l’OFDM tels que

l’espacement des sous-porteuses (SCS), la durée temporelle des symboles et la longueur du préfixe

cyclique (CP).
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Figure 3 – Synchronisation et sommation des signaux. x(1)
mt est le signal de l’utilisateur 1 sur la

mt-ième antenne émettrice, x(2)
mt est celui de l’utilisateur 2 signal sur la mt-ième antenne émettrice.

(a) INI de l’utilisateur 1 à l’utilisateur 2 (b) INI de l’utilisateur 2 à l’utilisateur 1

Figure 4 – Fenêtres FFT et INI côté récepteur

liaison descendante MIMO massif

Afin de simplifier les schémas, sans perte de généralité
”
nous considérons deux utilisateurs (Mr =

2) utilisant deux numérologies distinctes. Pour les utilisateurs 1 et 2, s(1), s(2) ∈ C1×N1 sont des

signaux produits par M-Modulation d’amplitude en quadrature (M-QAM). Les méthodes du plus

petit multiplicateur commun (LCM) [12], comme le montre la FIGURE 3, sont utilisées pour réaliser

la synchronisation. On suppose que N1 = N × N2, CP1 = N × CP2 , où N = 2i et i est un entier.

Tout d’abord, nous considérons l’utilisateur 2 en utilisant la numérologie 2, qui est avec une taille

IFFT/FFT plus petite N2. L’INI est calculée en utilisant le fait que les tailles des fenêtres de IFFT/FFT

sont inégales, comme le montre la FIGURE 4 (a), où la fenêtre FFT de la numérologie 2 est plus

petite que celle de la numérologie 1. En raison de l’utilisation du précodeur ZF, l’INI de l’utilisateur

2 vers l’utilisateur 1 est nulle. Par rapport à l’utilisateur 2, la transmission de l’utilisateur 1 n’est pas

correctement protégée. L’INI est induite par une fenêtre FFT inégale du côté récepteur, comme le

montre la FIGURE 4 (b). La somme des INI de chaque symbole modulé avec la numérologie 2 est

l’INI totale.
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Figure 5 – Performances SER avant et après annulation INI

liaison montante MIMO massif

Le système de liaison montante est l’inverse du système de liaison descendante présenté dans la

section précédente. Nous considérons un système de liaison montante massive MIMO-OFDM mono-

cellulaire, où Mt utilisateurs d’une seule antenne qui utilisent différentes numérologies, transmettent

des signaux à une station de base équipée de antennes, sur un canal sélectif en fréquence. Notez que

dans le système de liaison montante, Mr est significativement plus grand que Mt en raison du fait que

maintenant la BS est le récepteur.

Nous utiliserons également deux utilisateurs (Mt = 2) avec deux numérologies différentes. En

considérant le scénario synchronisé généralisé, similaire au précédent, nous supposons que N1 = N ×

N2, CP1 = N × CP2 , où N = 2i et i est un entier [12] . Du côté de la BS, le signal reçu est séparé

en deux branches et le flux de données est ensuite détecté par traitement linéaire par deux détecteurs

ZF. Le MUI au sein d’une même numérologie est éliminée par les matrices de détection. Dans un

schéma de numérologies mixtes, cependant, L’INI existe entre chaque utilisateur lorsque différentes

numérologies sont utilisées dans la même bande.

Dans le chapitre 2, nous donnons l’analyse théorique de l’INI à la fois sur des scénarios de liaison

descendante et de liaison montante. Sur cette base, nous pouvons implémenter deux méthodes d’annu-

lation d’INI côté BS pour éliminer l’INI introduite dans le système de numérologie mixte. La FIGURE

5 (a) (b) montre les résultats SER avec ou sans annulation d’INI, respectivement sur la liaison des-
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cendante et la liaison montante. Ici, alpha1 et alpha2 indiquent le path loss des deux utilisateurs par

rapport à la BS. On voit sur les figures 5 (a) et 5(b) que l’annulation de l’INI fonctionne correctement

même avec des utilisateurs ayant des atténuations de path loss très différentes.

Chapter 3 : Précodage MU prenant en compte la distorsion NL pour une

liaison descendante MIMO massif avec PA non-linéaires

Afin de répondre aux demandes toujours croissantes des futurs systèmes de communication sans fil,

nous avons introduit, dans le chapitre précédent, la gestion flexible de la transmission de numérologies

mixtes. Le schéma d’émetteur-récepteur amélioré a été proposé pour les systèmes massifs de liaison

descendante et montante MIMO-OFDM. Cependant, quelle que soit la technique de numérologies

mixtes utilisée dans le système de communication, les précodeurs MIMO massifs entrâınent des signaux

en sortie de précodage avec de forts PAPR. Cela est du à la combinaison linéaire d’un nombre élevé

de symboles indépendants (théorème de la limite centrale) [13]. La non-linéarité de PA RF, qui est

inévitable dans une châıne de transmission commune, apporte la principale dégradation matérielle

du système. La distorsion dans la bande et le rayonnement hors bande (OBR) se produisent avec

l’utilisation de PA dans la châıne de transmission. En conséquence, une distorsion du signal et une

rotation de phase apparaissent en raison de la distorsion dans la bande et des interférences dans

les canaux adjacents apparaissent avec l’augmentation de l’OBR. L’effet du PA non linéaire sur la

conception écoénergétique du MIMO massif est étudié dans [14] et la caractéristique spatiale de la

distorsion non linéaire rayonnée par les réseaux d’antennes est calculée dans [15].

Dans le chapitre 3, nous nous sommes concentrés sur le développement d’un schéma de transmission

efficace en liaison descendante prenant en considération le précodage MU, la réduction du PAPR et

la linéarisation du PA avec une attention particulière accordée à la complexité de calcul. Dans ce

chapitre, un problème d’optimisation de précodage MIMO massif considérant les non-linéarités du

PA est analysé et formulé en un problème d’optimisation convexe simple, qui est ensuite résolu via

l’approche de descente du Gradient (GD). L’algorithme itératif proposé, appelé MU-2P, est capable

de pré-compenser la distorsion non linéaire (NLD) causée par les amplificateurs de puissance de la BS.

Il exploite les degrés de liberté de grande dimension (DoF), fournis par le grand nombre d’antennes

du côté BS. De plus, il conçoit un signal précodé qui, après amplification par le PA et filtrage par le
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canal multitrajets, est très similaire à l’information transmise.

Figure 6 – Le schéma proposé, l’algorithme MU-2P, qui combine le précodage MU et la réduction
PAPR avec une faible complexité.

De manière similaire au chapitre 2, nous considérons, dans le chapitre 3, un scénario de liaison

descendante massive MIMO-OFDM, où le nombre d’antennes de la BS Mt est significativement plus

grand que le nombre d’utilisateurs Mr. Le nouveau schéma est représenté sur la FIGURE 6. L’idée clé

est de réduire de manière itérative conjointement la MUI et le bruit d’écrêtage {dt
mt

}, qui est obtenu

en écrêtant les signaux dans le domaine temporel {at
mt

}. Étant donné le seuil d’écrêtage λ, le signal

écrêté an à la n-ième sous-porteuse peut être obtenu par

āmt(k) =
{︄

amt(k), si |amt(k)| < λ

λejϕ(k), si |amt(k)| > λ
(3)

amt(k) = |amt(k)| ejϕ(k) où ϕ(k) est la phase de amt(k). Afin d’obtenir le meilleur PAPR, le seuil

d’écrêtage optimal λ est étroitement lié à la puissance moyenne du signal OFDM σ2
a et au rapport

entre le nombre de sous-porteuses utilisées et le nombre total de sous-porteuses.

Le bruit d’écrêtage de la mt-ième antenne d’émission, dans le domaine fréquentiel, est présenté

comme dt
mt

= FFT (at
mt

− at
mt

). Ensuite, dans le domaine fréquentiel, le signal sur la n-ième sous-

porteuse du signal d’émission x̃n est représenté par

x̃n = xn + dn, n ∈ χ (4)

Par conséquent, l’énergie totale de la MUI est déterminée par ∥Hnx̃n − sn∥2
2. En minimisant le

MSE du symbole attendu sn à travers le canal H, le problème peut alors être formulé comme suit

minimiser J(xn) = ∥Hnxn + Hndn − sn∥2
2, n ∈ χ

sujet à xn = 0Mt×1, n ∈ χc (5)

Afin de résoudre (5), une stratégie de minimisation est utilisée, dans laquelle la fonction objectif

est minimisée de manière itérative. Il faut noter que le bruit d’écrêtage utilisé dans la (l + 1)-ième

27
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itération est calculé à partir de la l-ième itération précédente. Il peut être exprimé comme

x(l+1)
n = argmin

{xn}
J

(︂
xn,d(l)

n

)︂
(6)

Ici, nous utilisons la méthode de descente de gradient (GD) la plus raide pour rechercher la direction

à chaque itération, où l’itération l + 1 est déterminée par le gradient négatif de la fonction de coût J

à l’itération l, qui est donné par

∇xJ
(︂
x(l)

n , d(l)
n

)︂
= 2µHH

n

(︂
Hnx

(l)
n + Hnd

(l)
n − sn

)︂
(7)

,où µ est le taux de mise à jour.

Chapter 4 : Liaison descendante massif MU-MIMO basée sur un appren-

tissage de bout en bout via un autoprécodeur profond

Dans le chapitre 3, nous avons introduit quelques solutions basées sur des algorithmes classiques

basés sur la GD pour compenser la distorsion introduite par les PA et améliorer les performances du

système [1] [2]. De plus, nous avons proposé le nouvel algorithme MU-2P, qui effectue conjointement

le précodage linéaire et la réduction PAPR avec une complexité de calcul moindre par rapport aux

algorithmes existants et tout en maintenant des performances satisfaisantes du système.

Les algorithmes d’apprentissage automatique (Machine Learning ML) et, plus récemment, d’ap-

prentissage en profondeur (Deep Learning DL) se sont avérés efficaces pour effectuer les tâches d’op-

timisation en temps réel requises pour le MU-MIMO massif. Sohrabi et al. [16] ont proposé un auto-

encodeur pour améliorer les performances des systèmes MU-MIMO massifs avec convertisseurs numé-

riques à un bit : les performances de cette stratégie ont été démontrées, mais la complexité de calcul

reste un défi en raison de la grande taille des réseaux de neurones déployés. Il convient de noter que

le concept d’un auto-encodeur basé sur un réseau de neurones profonds a fait l’objet de recherches

approfondies pour les systèmes à entrée unique et sortie unique (SISO) et qu’il a été démontré qu’il

peut corriger les imperfections matérielles.

Dans le chapitre 4, nous étudions l’utilisation de DL dans des systèmes de liaison descendante MU-

MIMO massifs avec différents canaux d’évanouissement pour traiter les non-linéarités PA. Le concept
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Figure 7 – Architecture proposée pour le système auto-précodeur avec correction des imperfections
des PA.

important est de modéliser le précodeur d’émission, les PA, le canal et le récepteur comme un seul NN

profond, c’est-à-dire comme une tâche de reconstruction de bout en bout avec seulement le précodeur

d’émission et le récepteur pouvant être entrâınés.

Le système de liaison descendante massive MIMO-OFDM avec autoprécodeur est illustré sur la

FIGURE 7. Nous proposons un schéma de précodage en deux étapes : (1) un précodeur réseau neu-

ronal(NN) non linéaire entrâıné hors ligne qui s’adapte à n’importe quel canal, et (2) un précodeur

linéaire dépendant du canal de transmission qui peut être construit en utilisant les schémas de pré-

codage ZF largement utilisés. Étant donné que la plupart des bibliothèques DL existantes n’offrent

que des opérations à valeur réelle, nous devons d’abord transformer les données complexes en données

réelles. Puisque le signal transmis est complexe, dans le schéma fonctionnel, il y a un bloc R-to-C et

un C-to-R bloc, représentant respectivement les mappages réel-complexe et complexe-réel. m indique

la représentation vectorielle unique du symbole émis, c’est-à-dire un vecteur M -dimensionnel avec un

élément non nul pour le m-ième élément et zéro pour les éléments restants. Ce vecteur est passé dans

le NN non linéaire de transmission, qui comporte de nombreuses couches non linéaires denses et une

couche linéaire de sortie. Une couche dense est une multiplication matricielle avec des poids pouvant

être appris suivie d’une fonction d’activation non linéaire. Deux neurones linéaires représentant les

sorties réelles I et Q du signal complexe en bande de base appartenant à un utilisateur doivent être

présents dans la couche linéaire de sortie..

Pendant la phase d’apprentissage, un seul précodeur NN est entrâıné, et il sera utilisé pour les Mr

utilisateurs au moment du test. Nous générons le signal à valeur réelle 2Mr correspondant aux Mr
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Figure 8 – SER en fonction du SNR avec un PA opéré à des IBO de 1 dB et 3 dB

utilisateurs pendant la phase de généralisation, qui sert d’étape initiale de précodage. Un précodeur

linéaire traditionnel, tel qu’un ZF, est utilisé dans la deuxième étape. Il convient de noter que le signal

d’émission à chaque antenne est ajusté au back-off d’entrée (IBO) requis à la sortie du précodeur

linéaire (pour des raisons de simplicité, il n’est pas présenté sur la FIGURE 7).

Du côté du récepteur, un autre NN est utilisé comme décodeur, similaire au précodeur NN émetteur.

Toutes les opérations de décodage des utilisateurs dans notre système utilisent le même décodeur NN.

Un seul décodeur NN est entrâıné pendant la phase d’apprentissage hors ligne, similaire au précodeur,

et tous les utilisateurs utiliseront le même décodeur pendant la phase de test en ligne.

La FIGURE 8 illustre le SER en fonction du rapport signal sur bruit (SNR) du schéma proposé

lorsque les PA fonctionnent avec des IBO = 1 dB et 3 dB. Comme performances de référence, nous

traçons le scénario où il n’y a pas de correction de distorsion PA (“PA sans correction”, pire cas) et le

cas linéaire où le PA est considéré comme idéal (“Linéaire”, cas idéal optimal).

D’après la FIGURE 8, nous pouvons clairement noter que le schéma que nous avons proposé peut

apporter une amélioration significative par rapport au cas correction. De plus avec des IBO de 1 et

3dB, les performances de notre système sont relativement proches de celles du système idéal sans PA

(4dB de perte à SER= 10−4)
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Context of the PhD study

This work of this PhD study was mainly done in the CEDRIC laboratory of CNAM under su-

pervision of Prof. Daniel ROVIRAS (PhD director, CNAM), Dr. Hmaied SHAIEK (CNAM) and Dr.

Rafik ZAYANI (Innov’COM/Sup’Com) and it is funded by Sorbonne Université.

The main objectives of my thesis, ”Study and mitigation techniques of RF impairments for beyond

5G multi-carrier waveforms”, is the study of massive MIMO techniques with the presence of radio

frequency (RF) imperfections, in particular, the non-linear (NL) power amplifiers (PA). On the one

hand, it focuses on understanding and developing new massive MIMO systems for beyond 5G commu-

nications at the pysical layer. On the other hand, new techniques are established in order to mitigate

the PA impairments and increase the system energy efficiency. Besides, the influence of the different

numerologies used by the different users will also be studied in this thesis.

Important results and novelties of the thesis

• Closed form expressions for the inter-numerology interference (INI) in uplink scenario and

downlink scenario with massive MIMO-OFDM and different numerologies.

To allow flexible management of mixed numerologies transmission, improved transceiver schemes

are developed for the massive MIMO-OFDM downlink and uplink systems. For massive MIMO-

OFDM systems with mixed numerologies, analytical INI models are created, which could be

useful in guiding 5G system design and parameter selection. We derived theoretical INI expres-

sions in closed-form to investigate the effect of INI on users’ results theoretically. Theoretical

findings match simulation results, proving the validity of our theoretical research.
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• Proposal of a INI cancellation architecture for both uplink and downlink massive MIMO-OFDM

scenarios.

INI cancellation methods are proposed based on the derived theoretical expressions of INI

between different numerologies for massive MIMO-OFDM downlink and uplink. These methods

can suppress the INI at the BS side without raising the users’ complexity. These findings

demonstrated that massive MIMO-OFDM systems can accept mixed numerology transmissions

while all users share the same band, indicating that this method can increase the spectrum

efficiency as well as meet the needs of future wireless communication systems.

• Proposal of a low complexity NL distortion-aware multi-user (MU) precoding technique for

massive MIMO downlink under PA nonlinearities.

We concentrate on the development of an efficient downlink transmission scheme taking into

consideration MU precoding, PAPR reduction and PA linearization with a special attention

given to the computational complexity. A massive MIMO precoding optimization problem

considering PA nonlinearities is analysed and formulated into a simple convex optimization

problem, which is then solved via gradient descent (GD) approach. The proposed iterative al-

gorithm is able to pre-compensate nonlinear distortion (NLD) caused by BS power amplifiers.

It exploits the high-dimensional degrees of freedom (DoFs), provided by the large number of

antennas equipped at the BS side.

• Proposition of a new neural network (NN) architecture called AP-mMIMO scheme for mitiga-

ting the effects of NL PA in massive MU-MIMO downlink transmission.

We investigate the use of deep learning (DL) in massive MU-MIMO downlink systems with

varying fading channels to deal with PA non-linearities. The important concept is to model the

transmit precoder, PAs, channel, and receiver as one deep NN, i.e. as an end-to-end recons-

truction task where only the transmit precoder and receive decoders are trainable. The new

AP-mMIMO is suitable for varying channel scenarios, requiring less computational complexity

for adaptability.
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Content of the thesis

The organization of the thesis is presented as follows.

We provide an overview of the evolution of wireless communication systems, as well as their key

features, in Chapter 1.

Then, we concentrate on increasing spectral efficiency in massive MIMO-OFDM systems in Chapter

2. The mixed-numerologies technique is used to explore at the usage of spatial multiplexing among

users who share the same bandwidth. The INI models were developed to analyze the interference

introduced between various users and the downlink and uplink transmission schemes are proposed.

The findings indicate that with the proposed cancellation technique, the INI could be reduced with

better spectral efficiency. We demonstrat that INI is only generated in frequency selective channels

and only when users with larger subcarrier spacing (SCS) interact with users with smaller SCS in

the massive MIMO-OFDM downlink scenario. In the uplink situation, however, all users in frequency

selective channels suffer from INI.

We switched our attention to energy efficiency in the actual transmission chain in Chapter 3. RF

PAs were greatly emphasized in this chapter. The nonlinear features of PA have a negative impact

on transmission quality because they cause hardware distortion. We examine various current methods

and then propose our novel combined MU precoding and PAPR reduction approach to compensate

for this weakness while preserving system efficiency. The method is proposed in a massive MU-MIMO

downlink system. The presented combined MU precoding and PAPR reduction approach, which is

framed as a simple convex optimization problem, is built using a steepest GD-based methodology.

The simulation results show that, as compared to prior approaches, the proposed transmitting scheme

offers acceptable performance while needing less computational complexity.

In Chapter 4, we use the deep NN technique to compensate the PA nonlinearities. We attempt to

develop an end-to-end solution, as opposed to the traditional optimization approach, which divides

the transmission chain into multiple blocks. Two NNs are trained off-line and utilized for all antenna

branches and users in our proposed AP-mMIMO system. In comparison to earlier literature, numerical

findings clearly demonstrate that the proposed AP-mMIMO scheme offers comparable performance

while requiring even less computing complexity than traditional algorithms-based solutions.

Finally, Chapter 5 gives the conclusion and perspectives.
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1.1. WIRELESS COMMUNICATION SYSTEMS : 5G AND BEYOND

In this chapter, we present the sate-of-the-art presenting all of the necessary aspects for the rest of

the thesis studies. In the first part, I will give an overview of wireless systems, with a focus on cellular

radiocommunication systems from 1G to 5G. Following that, MIMO and massive MIMO technologies

will presented. The technique of mixed-numerologies will then introduced, as well as the wireless

propagation channels. Finally, I will evoke the problem of the power amplifier (PA), presenting the

major hardware imperfection in massive MIMO based wireless systems.

1.1 Wireless communication systems : 5G and beyond

Since the 1980s, wireless communication systems have undergone renewal and evolution at a rate

of approximately every 10 years. In the last forty years, the wireless communication industry has

developed rapidly and has been deeply integrated into human daily life.

The first generation (1G) of wireless communication system was using Frequency Division Multiple

Access (FDMA) technology to transmits analog modulated voice communication signals. The second

generation (2G) was transformed from analog communication to digital communication, with Time

Division Multiple Access (TDMA) and FDMA technology to provide low-rate data services with a

peak rate of up to 64 kbps. Third Generation (3G) system has adopted Code Division Multiple Access

(CDMA) which can reach the peak rate calculated in Mbps level. Due to the significant improvement

of system data transmission capacity, 3G started to support mobile multimedia services such as broad-

band Internet access, video calls and online games. In the past ten years, long-term evolution (LTE)

and Long-Term Evolution Advanced (LTE-A) have been widely used in the fourth generation (4G)

wireless communication system. Inside LTE, multiple-input multiple-output (MIMO) and Orthogonal

Frequency Division Multiplexing (OFDM) are considered the core technologies, which realize data

transmission with a peak rate of more than 100 Mbps. In the upgraded version of LTE-A, key techno-

logies such as multi-carrier aggregation, Coordinated Multiple-Point transmission, relay, and enhanced

MIMO are included [4] [5]. The evolution of wireless communication systems, industrial communication

and social development complement each other. On the one hand, emerging demands in the industry

as well as in the society are stimulating the progress of wireless communication systems ; on the other

hand, the improvement of data transmission capabilities in wireless communication systems provides

more possibilities for social and industrial communication development. In recent years, the popu-

larization of mobile networks and smart terminals has made people’s lifestyles restructured around
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1.2. MASSIVE MIMO

various new applications. New applications such as mobile medical care, autonomous driving, smart

homes, and virtual reality have been continuously proposed. Then, as a result, low latency, high speed

and massive connections have become the new requirements.

In order to meet the needs of future social and industry development, the Fifth Generation (5G) wi-

reless communication system came into our sight. The different service requirements can be categorized

into three main scenarios : enhanced mobile broadband (eMBB), massive machine type communica-

tions (mMTC), and ultra-reliable and low latency communications (URLLC) [6]. In particular, mMTC

and URLLC require critical capability objectives such as 106 devices/km2 connection density, ultra

high energy efficiency, low cost terminals, 1 ms latency and mobility up to 500 kmph [7], presenting

serious challenges on 5G commercial deployments. In order to achieve all aspects of 5G and beyond

technical indicators, the system uses massive MIMO, millimeter wave communications, heterogeneous

network and other technologies, aiming to improve spectrum efficiency, increase the density of wireless

access points and furthermore, expand spectrum resources to meet a transmission rate more than a

thousand times higher than that of 4G [8]. Unlike previous systems that distinguish different users or

data streams mainly in the frequency domain, time domain, and code domain, one of the key points

of 5G system research is how to focus more on the space domain using Space Division Multiple Access

(SDMA) technology or on the power domain using Non -Orthogonal Multiple Access (NOMA) tech-

nology. Therefore, massive MIMO technology that can dig a large amount of space resources is one of

the mainstream and research hot-spots of 5G and beyond research.

1.2 Massive MIMO

In modern communication systems, MIMO is a technology that relies on multiple antennas at

the transmitter and receiver to either transmit data simultaneously on parallel streams or to increase

the link reliability. MIMO can usually be traced back to research papers on multi-channel digital

transmission systems in the 1970s [17][18][19]. The mathematical techniques for dealing with mutual

interference in these papers promoted the research and development of MIMO. By the mid-1980s,

Bell Laboratories further developed the research of MIMO, studying time division multiplexing in

multi-user systems [20]. In the 1990s, a MIMO prototype system was created and field tested [21]. Bell

Laboratories established a laboratory prototype in 1998, demonstrating its vertical Bell Laboratories

Layered Space-Time (V-BLAST) technology [22]. In wireless communication systems, MIMO techno-
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logy can fully use the space resources [23] and improve system channel capacity and other performance

without requiring additional transmission power and spectrum bandwidth. In particular, for a point-

to-point MIMO system, when the channels are not correlated with each other, the system capacity has

a linear growth relationship with the minimum of the transmitting antenna and the receiving antenna

[24]. Multi-user MIMO distinguishes users by spatial location and shares multiplexing gains with all

users, which can increase the number of users served while increasing the system capacity [25]. After

decades of development, MIMO technology has become a basic element of modern wireless commu-

nication standards. Related standards include but are not limited to WLAN/WiFi [26], WiMAX and

LTE-A [27]. In the previous communication systems, the number of antennas was still quite small.

For example, the LTE-A standard supports up to 8 antennas. In the latest 5G standard, base stations

can already support 64 antenna elements [28], but there is still a certain gap between the concept of

large-scale (tens of thousands). Therefore, the performance gain brought by MIMO technology with

small number of antennas is unable to meet the demand for high-speed data transmission in the future.

In order to further increase the transmission rate of the system and break the limit of the existing

cellular system, literature [29] proposed an evolved version of MIMO technology in the spatial dimen-

sion, namely massive MIMO. Specifically, massive MIMO deploys a large number of antennas at the

base station (BS) to provide communication services for a relatively small number of user’s equipment

(UE) on the same spectrum resource. Compared with traditional MIMO, massive MIMO not only

brings a higher degree of spatial freedom, but also provides new features and advantages.

1.2.1 Precoding

In a massive MIMO system, the precoding method allows to provide SDMA and simultaneously

transmit data from a BS with Mt antennas to Mr UEs. In the rest of the thesis, we always consider

BS with Mt antennas and Mr UEs with only one antenna. From the perspective of a specific UE,

the idea is to use the propagation channel properties to coherently add the useful part of the signal

from the Mt transmit antennas while destructively adding the received interference part of the signal.

Both nonlinear and linear precoding techniques can be used in typical MIMO systems. Compared

with linear precoding methods, nonlinear methods such as dirty paper coding (DPC) [30], vector

perturbation (VP) [31] and lattice assisted methods [32] increase the complexity of implementation, but

the performance is also improved. However, as the number of BS antennas increases, linear precoding
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has proven to be almost optimal [29], [33]. Therefore, it is more practical to use less complex linear

precoding techniques in massive MIMO systems. The frequency domain system model is shown by

FIGURE 1.1

Figure 1.1 – Description of the frequency domain massive MIMO downlink system model with Mt

transmit antennas on the BS side and Mr single-antenna UE

The transmitted data are defined by the following vector :

s =
[︂

s1 s2 · · · sMr

]︂T
(1.1)

where smr is the complex data transmitted to the UE mr with a variance of σ2
s . This vector s is

precoded by the following (Mt × Mr) matrix :

W =
[︂

W1 W2 · · · WMr

]︂
(1.2)

The transmitted precoded data are defined by the following vector :

c =
[︂

c1 c2 · · · cMr

]︂T
= 1√

ξW
Wc, (1.3)

where ξW is a normalization factor designed to obtain an average or instantaneous transmit power

equal to σ2
s .

The channel in frequency domain between the transmit antenna mt and the UE mr can be defined

by a complex scalar denoted here by H , where H(mr, mt) is the (mr, mt)-th entry of the channel

matrix H of size Mr × Mt.
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Therefore, the received data vector y is defined as follows :

y =
[︂

y1 y2 · · · yMr

]︂T
= 1√

ξW
HWc + b, (1.4)

with b the noise vector :

b =
[︂

b1 b2 · · · bMr

]︂T
(1.5)

whose entries are i.i.d circularly-symmetric complex Gaussian distribution with zero-mean and variance

σ2
b .

There are several precoding technqiues, which are listed below.

Maximization of the Received Power (MRT)

The first strategy is to maximize the received power of each UE without considering its multi-user

interference (MUI). This is done using the matched filter of the channel, implemented by :

W = HH (1.6)

If ξw is defined to have the instantaneous power equal to σs then :

ξW =
Mr∑︂

mt=1

Mr∑︂
mr=1

|H(mt, mr)|2 (1.7)

In the literature, this precoding method is called Maximum Ratio Transmission (MRT) and was

first introduced in [34] for single-user MIMO transmission. Therefore, if Mr = 1, this solution is the

best because there is no MUI. In addition, when the number of transmitting antennas tends to infinity,

MUI disappears[29], this solution is still the best. ξW can also be set to have an average transmit power

equal to σs, which is [29] :

ξW = Mt × Mr (1.8)

Minimization of the MUI (ZF) The second strategy is to minimize MUI. This can be done by the

well-known zero-forcing (ZF) recorder, also known as channel reversal [35], where :

W = HH
(︂
HHH

)︂−1
(1.9)
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In [35], the author pointed out that the average normalization factor is difficult to use because it

can be infinite, for example when Mr = Mt. This is why the instantaneous normalization factor is a

better choice. In this case, it can be obtained by :

ξW =
Mt∑︂

mt=1

Mr∑︂
mr=1

|W(mt, mr)|2 (1.10)

For ZF combining technology, this precoder completely removes MUI. Under low noise power, the

performance of the ZF precording is better than that of the MRT precoding, due to the fact that

the performance of MRT is limited by MUI [36]. However, under high noise power conditions, the

performance of MRT precoding is better than that of ZF precoding. In fact, for a ZF precoding, the

normalization coefficient ξW may be very high, and the received power will then decrease. In addition,

ZF is more complicated than MRT technology because it needs to perform matrix inversion. The ZF

precoding will be used in Chapter 2 to Chapter 4.

Trade-off Between Received Power and MUI (MMSE)

One way to improve the performance of the ZF precoding under high noise power is to ”regularize”

the inverse matrix
(︂
HHH

)︂−1
[35]. The precoding matrix is as follows :

W = HH
(︂
HHH + αIMr

)︂−1
, α ∈ R+ (1.11)

This precoding method is called transmit minimum mean square error (MMSE) or regularized zero

forcing (RZF). In fact, if the value of α is high, W tends to become an MRT precoder, but if the value

of α is low, W tends to become a ZF precoder.

1.2.2 Null space

In mathematics, the kernel of a linear map, also known as the null space or nullspace, is the linear

subspace of the domain of the map which is mapped to the zero vector [37]. Null Space and Nullity

are concepts in linear algebra which are used to identify the linear relationship among attributes. The

null space of any matrix A is the set of matrix B such that AB = 0 and B is not zero. It can also

be thought as the solution obtained from AB = 0 where A is the known channel matrix H of size

Mr × Mt. The size of the null space of the matrix provides us with the number of linear relations

among attributes. There exists several ways to get the null space of the channel matrix H.
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The first way is to use the singular value decomposition[38]. There exists a SVD of H :

H = UΣVH (1.12)

where U is an Mr × Mr complex unitary matrix, Σ is an Mr × Mt rectangular diagonal matrix with

non-negative real numbers on the diagonal, and V =
[︂
v1, v2, . . . , vMt

]︂
is an Mt × Mt complex unitary

matrix. The diagonal entries σi of Σ are known as the singular values of H. In MIMO transmission,

Mt × Mr-dimensional Vd =
[︂
v1, v2, . . . , vMr

]︂
is used as the Beam-forming matrix of the Mr data

stream. Then, the rest part of the matrix V0 =
[︂
vMr+1, . . . , vMt

]︂
spans the null space of the channel.

Therefore :

HV0 = 0 (1.13)

The null space of the channel can also be obtained by the following method :

V0 = I − HH
(︂
HHH

)︂−1
H (1.14)

to obtain the zero result after the multiplication.

The key idea of the channel null space is that, when extra information transmitted in the null space

of the propagation channel with the current user, no interference is seen at the current user location.

In the literature, many researchers use the channel null space to transmit the signal of secondary user

(SU) without interfering the primary user (PU). SU and PU are operating at the same frequency

band, therefore the reciprocity of wireless channel H can be assumed. In [39], the coexistence of PU

and multiple SUs based on adaptive null space is proposed for MIMO Orthogonal Frequency Division

Multiple Access (OFDMA) uplink. Xiong el al. [40] consider a downlink scenario with a SU base station

with multiple SUs and PUs. The SU BS notifies all SUs of the null space of the channel matrix between

itself and the PU. However, the performance of null space application is relevant to the knowledge

of the channel state information (CSI). When CSI is not fully known, there are effects in terms of

capacity and bit error rate (BER). The concept of null space will be used in Chapter 3 when a signal

that lies in the null space is added for all Mr users.

1.2.3 Degrees of freedom

A fundamental problem for massive MIMO is to determine the system capacity. From [41], the capa-

city of a point-to-point MIMO system with M input and N output increases linearly with min(M, N)
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in the high signal-to-noise ratio (SNR) region.. For wireless systems with limited power and band-

width, another dimension ”space” is proposed that it can be used like time and frequency. Similar

to time division and frequency division multiplexing, massive MIMO systems have the possibility of

multiplexing signals in space. For example, using the SVD of the channel, it is possible to generate

orthogonal slots in space by dividing time or frequency into multiple channels.

1.3 Numerologies

As introduced before, in the 5G and beyond communication systems, different uses and applications

require different kinds of services while using the same wireless network structure. In order to better

adapt to this diversity, many new waveform methods have been developed to meet the demand of

various services, however, they do not have enough flexibility to meet all 5G system requirements.

Therefore, in these cases, the classical ”one size fits all” approach may not be possible [9]. Some

new research attempts to find more flexible solutions, such as the ”hybrid waveforms” or ”mixed

waveforms” [10]. Currently, 5G systems use ”mixed numerologies” with a single waveform instead of

”mixed waveforms” [11], which is cyclic prefix orthogonal frequency division multiplexing (CP-OFDM).

This method is designed to meet system requirements based on frame design. According to [3], seven

numerologies structures are defined for the new 5G radio (NR), as shown on TABLE 1.1. Different

numerologies refer to different parameters setting in OFDM such as subcarrier spacing (SCS), symbol

duration and cyclic prefix (CP) length. One of the first studies which introduced the multi-numerology

or mixed-numerology system is [42].

Table 1.1 – Numerology structures in 5G [3]

Type Spectrum
efficiency

∆f
(kHz)

# of symbols
in one

subframe

Tcp (µs)

Type-A1 93.3 % 15 14 4.76

Type-A2 93.3 % 30 28 2.38

Type-A3 93.3 % 60 56 1.19

Type-A4 80.0 % 60 48 4.17

Type-A5 93.3 % 120 112 0.60

Type-A6 93.3 % 240 224 0.30

Type-A7 93.3 % 480 448 0.15

In the literature, there exist mainly two ways of mixed numerologies implementation, as shown on
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(a) Mixed numerologies with divided subbands (b) Mixed numerologies with sharing full band-
width

Figure 1.2 – Mixed numerologies implementations

FIGURE 1.2. The most accepted way proposed to support diverse services is to divide the bandwidth

into several subband, then flexible allocation of different numerologies are implemented in each subband

[43] [44]. This implementation in frequency domain is shown on FIGURE 1.2 (a). Although, this usage

of numerology multiplexing significantly improves the system flexibility, each user cannot access the full

bandwidth. Furthermore, the interference between users belonging to different numerologies appears

and the inter-numerology interference (INI) affects the system performance.

Recently, some works [45] [46] have dealt with mixed numerologies spectrum sharing (SS), which

can be also described as overlapping mixed numerologies. This method, as shown on FIGURE 1.2 (b),

allocates the full bandwidth to all users using different numerologies (i.e., users are sharing the same

time/frequency resources). However, under this solution, it is impossible to avoid interference using

windowed/filtered waveforms and the INI models are more complex. INI will be studied in Chapter 2

for uplink and downlink in a massive MIMO context.

1.4 Propagation channels

The characteristics of the propagation channel depend on the type of the communication. Re-

garding cellular communications, in order to send signal from the transmitter to the receiver, the

electromagnetic wave eventually passes through the propagation channel. When it passes through the

channel, some phenomena may occur, leading to signal distortion or fading. These phenomena can be

categorized mainly in three parts : reflection, diffraction and scattering [47].

Reflection happens when the electromagnetic wave propagates over large obstacles (such as the
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Figure 1.3 – Illustration of a multipath propagation channel for cellular communications

ground or buildings) whose size is very large compared to the wavelength at which it propagates.

Diffraction occurs when the path between the transmitter and receiver is blocked by a surface with

obvious irregularities (edges) [48]. This phenomenon allows the electromagnetic wave to travel around

the curved surface and propagate behind obstacles. Therefore, even if the receiver does not have a

line of sight to the transmitter, the receiver will still receive information from the transmitter. When

electromagnetic waves propagate on rough surfaces with irregularities smaller than the wavelength,

scattering occurs. Due to these phenomena, the received signal is a combination of signals from different

paths. Each of these signals is an attenuated and delayed version of the original signal. Attenuation

and delay depend on the nature of the obstacle encountered and the distance the signal travels. Such a

propagation channel is considered a linear propagation channel, and is called a multi-path propagation

channel. This phenomena is illustrated by FIGURE 1.3.

The various received signals are obtained from a direct path called line-of-sight (LOS) and another

path called non-line-of-sight (NLOS). In practice, the LOS path does not always exist. In fact, if the

obstacle is higher than the transmitter or receiver antenna, the LOS direction will be lost. However,

if it exists, the signal received from the LOS path usually represents the most dominant signal [48].

In addition, these phenomena, also called fading, are either large-scale fading or small-scale fading.

The large-scale fading is the mean attenuation of the signal and it relies on the distance between

the transmitter and the receiver. The small-scale fading are caused by the multi-path components

introduced before. The received signal is thus the sum of all paths.

The reflection, diffraction and scattering result in the reception of the transmitted signal with

different amplitudes, phases and delays from the multi-path, then, the wireless multi-path channel can
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be modeled as a linear time varying (TV) filter with impulse response h(t, τ) given by [48] :

h(t, τ) =
Lh−1∑︂
k=0

ak(t, τ)ej{2πfkτk(t)+ϕk(t,τ)}δ (τ − τk(t)) (1.15)

, where Lh stands for the different paths. ak, fk and τk represent the real amplitude, the transmitting

frequency and the delay of the k-th path, respectively. The term {2πfkτk(t) + ϕk(t, τ)} is the phase

shift and δ(.) is the Dirac delta function.

1.4.1 Channel characterization

Delay spread

The delay spread is the difference in time between two pathways that arrive at somewhat different

times. There are three different forms of delay spread.

Mean excess delay It reflects the weighted average delay and can be presented as :

τ̄ =
∑︁Lh−1

k=0 a2
kτk∑︁Lh−1

k=0 a2
k

(1.16)

Maximum excess delay : It denotes the delay of the most recent electromagnetic wave, whose

magnitude is not ignored in comparison to the first one. It is referred to as τmax.

Root mean square (RMS) delay : It’s written as στ or τRMS , and it is delivered by

στ =
√︂

τ2 − τ̄2 (1.17)

where

τ2 =
∑︁Lh−1

k=0 a2
kτ2

k∑︁Lh−1
k=0 a2

k

(1.18)

Coherence bandwidth : Bc

The coherence bandwidth, presented as Bc, denotes the frequency range in which the channel is

considered flat. With the following expression, it is related to the RMS delay spread given by equation

(1.17) :

Bc ≃ 1
ατ στ

(1.19)
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where ατ ∈ R∗+. It’s worth noting that the coherence bandwidth can be used to determine if a channel

is frequency selective or not. If Bc exceeds the signal bandwidth BS , the channel is considered flat.

When Bc < Bs, however, the channel is considered to be frequency selective.

Doppler spread BD

The Doppler spread, commonly known as the Doppler spectrum, is defined as the frequency range

across which the received signal spectrum from a single frequency signal is essentially non-zero. The

Doppler spread, presented by fd, is defined as the frequency change of an electromagnetic wave and

is expressed as :

fd = v

λ
cos(θ) (1.20)

where the velocity, the wavelength signal and the angle between the direction of mobile motion and

the direction of wave arrival are represented by v, λ and θ, respectively.

The channel is described as slow fading if the doppler spread BD is less than the signal bandwidth.

If BD is significantly higher than the signal bandwidth, however, the channel is classified as a fast

fading channel.

Coherence time : Tc

The coherence time,Tc, refers to the period of time during which the channel is regarded invariant.

With the following expression, it is inversely proportional to the Doppler shift :

Tc = 1
αf fm

(1.21)

where fm denotes the maximum Doppler shift and αf denotes a positive real coefficient that varies

with the temporal correlation function.

1.4.2 Channel taps distribution

The wireless multi-path channel has been modeled by a linear TV impulse response in equation

(1.15). Therefore, for the frequency selective channel, it is the sum of many delta functions, representing

signals arriving at different moments with different amplitudes on each path. Depending on whether the

LOS path exist or not, all signal amplitudes of all multi-path signals follow the Rayleigh distribution

(no LOS) or the Rician distribution (LOS path).
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Rayleigh distribution The Rayleigh fading channel model is a statistical channel model that can

be used to simulate multi-path components when it is not a direct LOS path between the transmitter

and the receiver. If there is no direct path between the transmitter and receiver, i.e. the propagation

channel is not in line of sight (NLOS), the Rayleigh fading channel model can be used to simulate all

multi-path components. The probability density function (PDF) of a Rayleigh random variable x is

given by [49] :

p(x) =
{︄

x
σ2 e− x2

2σ2 , x ≥ 0
0, x < 0

(1.22)

where σ is the standard deviation of the real part of x.

Rician distribution When the multi-path component is a direct LOS path between the transmitter

and the receiver, the Rician fading channel model is used. The PDF of the Rician distribution of a

random variable x is given by [49] :

p(x) =

⎧⎨⎩ x
σ2 e− x2+D2

2σ2 I0
(︂

Dx
σ2

)︂
, x ≥ 0, D ≥ 0

0, x < 0
(1.23)

where σ2, D and I0(.) represent the variance of the real or the imaginary part, the magnitude of the

LOS component and the modified first-kind Bessel function with zero-order, respectively.

1.5 PA

1.5.1 PA characteristics

AM/AM and AM/PM

Figure 1.4 – Illustration of a simple transmitter structure with PA

FIGURE 1.4 illustrates a simplified transmitter structure with the existence of radio frequency(RF)
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power amplifier (PA). Then, The complex envelope i(t) of the signal at the input of the PA can be

written as :

i(t) = ρ(t)ejφ(t) (1.24)

where ρ(t) is the input signal modulus and φ(t) is the input signal phase.

In practice, PA is considered as a nonlinear device. The power dependent nonlinear behavior can

be characterized by AM/AM (amplitude to amplitude) and AM/PM (amplitude to phase) conversion

characteristics. Then, the amplified complex envelope signal u(t) can be written as :

u(t) = Fa(ρ(t))ej(Fp(ρ(t))+φ(t)) (1.25)

where Fa(ρ(t)) is the AM/AM characteristic of the HPA and Fp(ρ(t)) is the AM/PM characteristic

of the PA. When the PA is operated in its non-linear region, the actual output power is lower than

the linearly amplified output. As the input signal power increases, the amount of non-linear distortion

introduced by the PA gradually increases until it reaches saturation point.

This non-linear phenomenon will lead to in-band performance degradation and out-of-band spec-

trum regrowth, which leads to adjacent channel interference. For in-band signals, these distortions are

quantified by the symbol error rate (SER) of the received signal and by the error vector magnitude

(EVM) on the received constellation. In the following chapters, we will use the SER and the normalized

mean square error (NMSE) in order to quantify in-band effects. It has to be pointed out that NMSE

is generally expressed in dB while EVM is in percentage, but these two notions are very similar. PA

nonlinearity is present for both BS PA (downlink, DL) and UE PA (uplink, UL). For UL and DL it

is necessary to increase energy efficiency in order to increase the life duration of batteries in the UE

and for decreasing the overall BS consumption at the BS side. The dynamic long-term memory effect

of the HPA provides asymmetry in the process of sideband adjacent channel leakage ratio (ACLR) or

intermodulation distortion (IMD) varying with envelope frequency [50] [51].

IBO and 1dB compression point

As we can see on FIGURE 1.5, in order to avoid or at least to reduce the nonlinear effects, the HPA

is usually operated at a given Input Back-Off (IBO) from its 1dB compression point [52]. The 1dB
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Figure 1.5 – Illustration of a nonlinear PA AM/AM characteristic with definition of 1 dB compression
point

compression point refers to the input power level where the transfer characteristics of the amplifier

have dropped by 1 dB from the ideal linear characteristics. The IBO is defined, in log scale, as follows

IBO = 10 log10

(︃
P1 dB

Pi

)︃
(1.26)

where P1 dB is the input power at the 1dB compression point and Pi is the mean power of the input

signal. Generally, the the linear region size of a PA mainly depends on the distance between the

saturation point input power level Psat and the P1 dB. In addition, IBO adjustment aims to reduce the

nonlinear distortion, that is, sacrificing efficiency in exchange for the linear operation, which is also

the main reason for the contradiction between linearity and efficiency of the PA.

1.5.2 PA model

In 2G and previous communication systems, RF PA often exhibits weak memory effects due to

the narrow signal bandwidth and low peak-to-average ratio (PAPR). The corresponding early power

amplifier behavior models are mostly memory-less models or quasi-memory-less models, such as Polar

Saleh model[53], Berman model [54] and look-up table (LUT) model [55]. However, with wireless com-

munication systems development and frequency bandwidth increase PA must be considered as memory
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devices. At the same time, the RF PA shows more stronger dynamic nonlinear characteristics. Under

this circumstance, the quasi-memory-less based nonlinear model is no longer enough to accurately

describe the non-linear behavior of PA.

Volterra series are well-known method to model nonlinear systems with memory accurately. By

trimming and designing the Volterra series, a variety of polynomial models have been proposed one

after another. The memory polynomial (MP) model only intercepts several items on the main diagonal

of the full Volterra series [56] and it is the polynomial model with the lowest computational complexity.

Based on the MP model, D.R.Morgan el.al. added the multi-diagonal basis functions of the Volterra

series, and proposed a generalized memory polynomial (GMP) model [57]. There are also other models

based on the Volterra series such as Dynamic Deviation Reduction (DDR) model [58] and hybrid

memory polynomial (HMP) model [59] , etc.

In order to further enhance the flexibility of nonlinear modeling, neural networks (NN) are conside-

red to be very useful with their flexible and high-precision nonlinear fitting capabilities. The early PA

NN model used two complex multi-layer perception networks to fit the characteristics of AM-AM and

AM-PM respectively [60], but the disadvantage of this is that the non-linearity of PA is divided into

two parts and are fed to two independent networks for fitting. It is difficult to ensure that these two

independent networks converge to the optimal point at the same time. In [61], the author uses directly

complex NNs for nonlinear modeling, but the complex coefficient updating in the NN requires the use

of complex gradient descent operations, and this stage will bring high computational complexity [62]

[63].

In LTE and 5G NR reports, several PA models are provided. We will introduce two of them, which

will be used in the following chapters.

Polynomial model

This model is based on the measured commercial 4GHz LTE PA [64]. It simultaneous exhibit both

AM/AM and AM/PM distortions. The measured AM/AM and AM/PM curves of the PA model are

approximated using a full-rank polynomial model with degree P = 9. The signal u(t) at the output of

the PA device can be written as :

u(t) =
P∑︂

l=1
alρ(t)|ρ(t)|l−1 (1.27)

where al are the complex coefficients of the polynomial approximation, obtained by using the classical
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least square (LS) method. Then, the complex soft envelope of the signal u(t) is :

S(ρ(t)) = Fa(ρ(t))ejFp(ρ(t)) =
P∑︂

l=1
alρ(t)n (1.28)

Modified Rapp model

Rapp model is proposed by the 3GPP for the NR evaluation [65]. In modified Rapp, which resembles

closely to realistic PAs, AM/AM and AM/PM conversions can be given by :

Fa(ρ(t)) = Gρ(t)(︃
1 +

⃓⃓⃓
Gρ(t)
Vsat

⃓⃓⃓2p
)︃ 1

2p

, Fp(ρ(t)) = Aρ(t)q(︃
1 +

(︂
ρ(t)
B

)︂2p
)︃ (1.29)

where G is the linear gain, Vsat is the saturation level, p is the smoothness factor and A, B and q are

fitting parameters.

1.5.3 PA nonlinear compensation

As described above, the wireless system suffers from PA nonlinearities, when the power efficiency

of this latter is high, i.e., it is operated with low IBO. Therefore, in order to increase the PA efficiency

without damaging the system performance, several solutions are proposed. The techniques can be

divided into two classess : 1) the pre-distortion (PD) module which is implemented before PA and

2) PAPR reduction module which is the signal adjustment. When pre-distorsion is applied on the

base-band sampled digital signal we call it digtal pre-distorsion (DPD). This kind of predistosion

will be used in the following of the presented work. These two complementary technique are always

implemented together.

DPD

DPD technology was proposed by James K. Cavers et. al [66] in the 1990s. After more than 20

years of development, DPD has become one of the most basic blocks in current wireless communication

systems. The core idea of DPD is to first extract an inverse model of RF PA, and then cascade the

extracted inverse model before the input of PA, so that the cascaded system of DPD and PA is linear

[67]. As shown before in FIGURE 1.5, When the input power of PA is small, its input-output gain

is approximately constant. When the input signal power gradually increases, PA gradually enters the

nonlinear region and exhibits strong nonlinear characteristics. In order to compensate for this negative
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effect, we insert a pre-distortion module before the input of PA. The gain of this pre-distortion module

changes with the input signal power, and the trend is opposite to that of the PA, so that the final

RF PA output signal is relative linear amplification to the original transmitted signal. The method is

shown on FIGURE 1.6. Through the application of DPD technology, the linear working area of PA

can be effectively extended, so that it can produce higher output power without obvious nonlinear

distortion effects, and greatly improve the efficiency.

Figure 1.6 – Illustration of DPD method

PAPR reduction

Unlike single-carrier transmission where the variations of the signal are small and depend only

on the shaping filter and the digital modulation used, multi-carrier transmission are characterized

by a high dynamic range of the transmitted signal. Indeed, the time-domain signal of a multi-carrier

modulation is the result of the sum of a large number of subcarriers, where the envelope of the signal

has a huge fluctuation. This is often referred to high PAPR. This characteristic makes multi-carrier

transmission very sensitive to the HPA nonlinearities.

In general, the PAPR of an OFDM signal is the ratio of the maximum power (peak power) of the

current OFDM symbol to its average power [68] [69]. It can be written as :

PAPR[x(t)] = max0≤t≤NT

[︁
|x(t)|2

]︁
Paverage

(1.30)

where the Paverage is given by :

Paverage = 1
T

∫︂ T

0
|x(t)|2dt (1.31)

53



1.5. PA

with N samples of the OFDM signal and sample duration T.

For a better approximation of the PAPR of OFDM signals at continuous time domain, the sampled

signal is L-times over-sampled. Therefore, the output sample xk, 0 ≤ k ≤ NL − 1, after NL − IFFT

can be expressed as :

xk = 1√
N

N−1∑︂
n=0

Xne
j2πnk

NL (1.32)

Then, the PAPR of xk is defined as :

PAPR [xk] =
max0≤k≤NL−1

[︂
|xk|2

]︂
E

[︂
|xk|2

]︂ (1.33)

where E[.] is the mathematical expectation operator.

The PAPR of the multi-carrier signal is a random variable. In the literature, we are generally

interested in the cumulative complementary distribution function (CCDF) of PAPR. The distribution

is a key factor in multi-carrier system as it evaluates the PAPR level. It denotes the probability that

the PAPR of the signal exceeds a given threshold PAPR0, as shown on the following equation.

CCDF [xk] (PAPR0) = Prob (PAPR[xk] > PAPR0) (1.34)

In the literature, there are several methods of reducing PAPR which are classified into three

categories : coding methods, probabilistic methods and signal addition methods.

Coding methods [70] are early technology used for PAPR reduction. The basic idea of this tech-

nology is to encode the input binary data and to select only the code words characterized by a low

PAPR, in order to avoid transmitting multi-carrier symbols at a high PAPR. However, it is applicable

only for systems with small number of subcarriers[70].

There are different types of probabilistic methods for PAPR reduction such as Partial Transmit

Sequence (PTS) and Selective Mapping (SLM) methods. In the PTS method [71] [72], each input data

block is divided into sub-blocks. The subcarriers in each subblock are weighted by a phase factor, such

that the PAPR of the signal is minimized. The principle of the SLM method [71] [73] is to make phase

rotations for each symbol and to choose the symbol having the smallest PAPR. The drawback of these

two methods is the necessity to send side information to the receiver.

The signal addition methods consist in adding the PAPR reduction signal xpapr to the useful signal
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xk, aiming to reduce the peaks and reach the result PAPR [xk + xpapr] < PAPR[xk]. There are several

methods in literature like Tone Reservation (TR) [74], Clipping and Filtering [75], Tone Injection (TI)

[76], etc. TR and TI are PAPR reduction techniques without degradation of the OFDM signal (i.e.,

no in-band effects due to the PAPR reduction technique) while clipping degrades the OFDM signal

integrity. The advantage of these methods is that no side information is necessary.
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2.1 Introduction

The new 5G wireless system is expected to enable a number of services with varying specifica-

tions. MIMO technology was developed to meet the demand for increased spectral efficiency and

improved connection reliability through spacial multiplexing gain and antenna diversity gain. This

chapter will cover the use of spatial multiplexing to link users who share the same bandwidth but

have different numerologies. Precoding designs are presented with the aim of managing mixed nume-

rologies spectrum sharing (SS) transmission. Then, in massive MIMO-OFDM systems, we investigate

internumerology interference (INI) and derive theoretical expressions for its radiation pattern. Mixed

numerology schemes are being proposed, in which the numerology varies depending on the service

characteristics required. Subcarrier spacing (SCS), symbol size, and cyclic prefix (CP) length are all

parameters that can be set in OFDM using different numerologies. In [77], authors presented the first

studies to present the multi-numerology or mixed numerology method. Mixed numerologies schemes

are also included in the Third Generation Partnership Project (3GPP) NR standardization and have

been the subject of numerous studies [78][79][80][81][82]. According to the above studies, the most

commonly accepted approach for supporting diverse services is to divide the bandwidth into many

subbands, then introduce flexible numerology allocation in each subband. Although the use of nu-

merology multiplexing increases system stability, interference between users of different numerologies

exists, and inter-numerology interference (INI) has an effect on system efficiency. In [83], an INI model

is constructed as a function of numerology spacing, overlapping windows, and channel frequency res-

ponse. While theoretical expressions are developed, this model is limited to a SISO Windowed-OFDM

system and users occupying adjacent subbands. In [84], which investigated INI problems and explained

their underlying causes such as SCS, number of activated subcarriers, control, and so on, factors that

affect INI in a mixed numerologies OFDM system are discussed. This work, however, is still limited

to SISO systems with adjacent bands, and only simulation results have been presented. Also, where

the INI occurs near the junction of the two subbands, [85] produces similar findings as the two pa-

pers above. Some recent researches [86] [12] have focused on mixed numerologies SS, also known as

overlapping mixed numerologies. Unlike non-overlapping mixed numerologies systems, it is difficult to

prevent interference using windowed/filtered waveforms in mixed numerologies SS systems (i.e., users

share the same time/frequency resources). In [12], the authors proposed a new transceiver design for

classical MIMO-OFDM using a mixed numerologies SS scheme, where the users have different SCS.

58



2.1. INTRODUCTION

The interference pattern is deduced, but no theoretical model is suggested, and only simulation results

are shown.

It is beneficial to allocate the maximum bandwidth to all users in massive MIMO-OFDM systems

in order to maintain high spectral performance when offering scalable services. It is worth noting

that this SS scheme differs from the SISO/classical MIMO scenario, in which adjacent bandwidths

divided by a guard band are allocated to different users and INI occurs at the subband edges [81][82].

In addition, unlike in a SISO/classical MIMO system with different numerologies, MUI in a massive

MIMO system has two parts : Intra-Numerology Interference (Intra-NI) and INI, where the former

refers to interference between users of the same numerology and the latter refers to interference between

users of different numerologies. Due to the various antennas equipped at the BS, the Intra-NI is

cancelled by precoders or detection method using the high dimensional degrees of freedom (DoFs).

In comparison to classical MIMO, some hypothesis can be applied to massive MIMO to simplify the

computation of an analytical model for the INI with high accuracy. Furthermore, how MU massive

MIMO-OFDM systems work in mixed numerologies SS transmission is still unknown. In addition to

the studied schemes and analysis, a good INI cancellation algorithm is needed for good results.

In this chapter, we will bring the following contents :

• To allow flexible management of mixed numerologies SS transmission, improved transceiver

schemes are developed for the massive MIMO-OFDM downlink and uplink systems. Many

patterns, such as SCS, channel selectivity, and power allocation, are analyzed in the INI.

• For massive MIMO-OFDM systems with mixed numerologies, analytical INI models are crea-

ted, which could be useful in guiding 5G system design and parameter selection. We derive

theoretical INI expressions in closed-form to investigate the effect of INI on users’ results theo-

retically. Theoretical findings match simulation results, proving the validity of our theoretical

research.

• We propose an INI cancellation methods based on the derived theoretical expressions of INI

between different numerologies for massive MIMO-OFDM downlink and uplink. The results

show that the proposed cancellation method can reduce the INI and improve the transmission

quality.

Special Notations : In this chapter, the superscript represent the numerology index (e.g. X(1)).

The k-th element in the vector x is denoted as x[k]. For a M × N matrix X, X(m, :) denote the m-th
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line and X(:, n) denote the n-th column.

2.2 Massive MIMO-OFDM downlink : INI theoretical analysis

2.2.1 Massive MIMO-OFDM downlink system model

We consider a massive MIMO-OFDM downlink scheme with various numerologies. The BS has

Mt antennas that serve Mr single-antenna users with different numerologies over a frequency-selective

channel, where Mt is far larger than Mr. NUM numerologies, represented by index num, where

num = 1, ..., NUM , can be used to divide the Mr users into NUM groups. Nnum and CPnum denote

the IFFT/FFT size and CP size of group num, respectively. The proposed transceiver architecture

differs from that of [86], in which we added zeros to each user’s signal structure to allow flexible

INI management. Our transceiver can suppress Intra-NI by using several precoders in this way, and

the added zeros enable INI cancellation, which will be addressed later. The BS sends data, over the

mt-th antenna, to the mr-th user via channel
√

αmr htmr,mt , where αmr is the large-scale fading,

htmr,mt ∈ C1×D is the channel impulse response between transmitting antenna mt and user mr,

mt = 1...Mt, mr = 1...Mr and D is the number of taps.

Then,

hf (num)
mr,mt

= FFT (√αmr htmr,mt , Nnum). (2.1)

represents the channel frequency response with FFT size Nnum. For a massive MIMO-OFDM system,

the channel frequency response is denoted by H̄(num) ∈ CMr×Mt×Nnum , where

H̄(num)(mr, mt, :) = hf (num)
mr,mt

. (2.2)

The construction of H̄num
is illustrated on FIGURE. 2.1.

In this chapter, in order to keep the scheme simple without losing its generality, we consider

two users (Mr = 2) using two separate numerologies, as shown in FIGURE 2.2. For users 1 and 2,

s(1), s(2) ∈ C1×N1 are signals produced by M-quadrature amplitude modulation (QAM). The least

common multiplier (LCM) methods [12], as shown in FIGURE 2.3, is used to achieve synchronization.

We assume that N1 = N × N2, CP1 = N × CP2 , where N = 2i and i is an integer. This generalized

synchronized scenario has also been considered in previous works [80] [83]. x(1)
mt is the modulated

OFDM symbol on the mt-th transmitting antenna for user 1 and x(2,n)
mt is user 2’s n-th modulated
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Figure 2.1 – Structure of matrix H̄num

OFDM symbol on the mt-th transmitting antenna. x(1) has a total symbol length of N times the

symbol length of x(2,n), and all of the symbols are aligned.

Figure 2.2 – System model of the massive MIMO OFDM downlink with two different numerolo-
gies : Mt transmit antennas at the BS, two sigle-antenna terminals, two blocks illustrate two different
numerologies with OFDM of N1 and N2 subcarriers.

Figure 2.3 – Signal synchronization and summation. x(1)
mt is user 1’s signal on mt-th transmitting

antenna, x(2)
mt is user 2’s signal on mt-th transmitting antenna.

At the BS, a linear precoding scheme is used to eliminate the Intra-NI at the receivers. We consider
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two linear precoding divisions, each for one numerology, where two zero-forcing (ZF) precoders are

used to allow flexible management [87]. On FIGURE 2.2, the first line of matrix S(1) is the data

knowledge vector s(1) in numerology 1 for user 1, while the second line is set to zero to protect user

2. It is also worth noting that matrix S(2) contains data vector s(2) for user 2 in the second branch

(solid-line block), while null-vector is prepared for user 1.

Then, at each branch, ZF precoding is performed, which is designed to fully eliminate Intra-NI

between users within the same serving cell as introduced in the previous chapter. As a result, the

signal matrices S(1), S(2) ∈ C2×N1 are linearly coded as follows

u(1)
n1 = 1√︂

ζ
(1)
n1

W(1)
n1 s(1)

n1 , n1 = 1, ..., N1, (2.3)

u(2,n)
n2 = 1√︂

ζ
(2,n)
n2

W(2)
n2 s(2,n)

n2 , n2 = 1, ..., N2 & n = 1, ...N. (2.4)

where ζ
(1)
n1 , ζ

(2,n)
n2 are power normalization factors, W(num)

nnum ∈ CMt×Mr denotes the ZF precoding

matrices for nnum-th OFDM subcarrier of numerology num. s(1)
n1 = S(1)(:, n1) ∈ C2×1, u(1)

n1 ∈ CMt×1

represent the original signal on the n1-th subcarrier and the precoded vectors of the n1-th subcarrier

with numerology 1, s(2,n)
n2 = S(2)(:, n2 + (n − 1) · N2) ∈ C2×1, u(2,n)

n2 ∈ CMt×1 are the original signal of

the n2-th subcarrier for n-th symbol and the precoded vector of the n2-th subcarrier for n-th symbol

with numerology 2. The ZF precoding matrices are constructed as

W(num)
nnum

= H(num)
nnum

H
(︃

H(num)
nnum

H(num)
nnum

H
)︃−1

(2.5)

where H(num)
nnum = H̄(num)(:, :, nnum) ∈ C2×Mt is the MIMO channel frequency response of the

nnum-th OFDM subcarrier with numerology num. We assume that channel matrices are perfectly

estimated at the BS, which can be calculated using time division multiplexing (TDD) systems’ channel

reciprocity. [88][89].

After precoding, the Mt-dimension vector u(1)
n1 and u(2,n)

n2 are reordered in order to construct ma-

trices V(1) and V(2,n), according to the following mapping

v(1)
mt

=
[︂
u(1)

1 [mt] . . . u(1)
N1

[mt]
]︂

, (2.6)
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v(2,n)
mt

=
[︂
u(2,n)

1 [mt] . . . u(2,n)
N2

[mt]
]︂

. (2.7)

where v(1)
mt ∈ C1×N1 and v(2,n)

mt ∈ C1×N2 denote each line of the precoded signals.

The structure of matrix V(1) is shown in FIGURE 2.4, and the structure of matrix V(2,n) is similar.

The time-domain signals are then obtained by using IFFTs and adding CPs. For each transmitting

antenna, signals of two different numerologies are added point by point before transmission over

wireless channel. FIGURE 2.3 also illustrates the process of adding at each transmit antenna mt. It is

worth noting that users in the proposed system share the same bandwidth, resulting in high spectrum

performance. Inter-symbol interference (ISI) is avoided at the receiver side if the length of CPnum is

greater than the length of the multi-path channel.

Figure 2.4 – Structure of matrix V(1)

Since H(num)
nnum

(︂
H(num)

nnum

)︂†
= IMr, transmitting u(num)

nnum =
(︂
H(num)

nnum

)︂†
s(num)

nnum perfectly eliminate all

the Intra-NI, which is part of the total MUI. The suppression of Intra-NI with ZF precoders can be

expressed as follows for, respectively, user 1 and user 2.

Mt∑︂
mt=1

hf (1)
2,mt

[n1]v(1)
mt

[n1] = 0, n1 = 1, ..., N1, (2.8)

Mt∑︂
mt=1

hf (2)
1,mt

[n2]v(2,n)
mt

[n2] = 0, n = 1, ..., N& n2 = 1, ..., N2. (2.9)

It is worth noting that equations (2.8) and (2.9) are only fulfilled when Mt ≫ Mr, indicating that

the ZF precoders work well and can fully suppress Intra-numerology MUI. This obviously does not
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apply in SISO systems, and even less so in classical MIMO, where the number of BS transmitting

antennas is insufficient. As a result, the analysis of INI between users using different numerologies

that we will perform in the next few paragraphs will only be true for massive MIMO-OFDM systems.

It will also be different from previous studies for SISO and classical MIMO systems. The obtained

signal can be written as follows, in the case of INI between users who use different numerologies.

r1[n1] = s1[n1] + ini(2,1)[n1] + b1[n1], n1 = 1, ..., N1, (2.10)

r2,n[n2] = s2,n[n2] + ini(1,2)
n [n2] + b2,n[n2], n2 = 1, ..., N2. (2.11)

where y1 is the received signal by user 1, y2,n is the n-th received signal obtained by user 2. INI from

numerology 2 to numerology 1 and INI from numerology 1 to n-th numerology 2 symbol are ini(2,1) and

ini(1,2)
n , respectively. The received noises b1 and b2,n are i.i.d circularly-symmetric complex Gaussian

distributions with zero-mean and σb
2 variance.

2.2.2 Inter-numerology interference analysis

INI from numerology 1 with N1 to numerology 2 with N2 = N1/N

First, we consider the user 2 using numerology 2, which is with smaller IFFT/FFT size N2.

User 2 receives an all-zero signal if only the dash-line block in FIGURE 2.2 is enabled. Since the ZF

precoder removes all MUI, we only get INI from user 1 which is using a different numerology. FIGURE

2.5 (a) demonstrates the transmission chain. For user 2, a single symbol modulated with numerology

1 corresponds to N INI symbols. INI is derived from the IFFT/FFT window sizes being unequal, as

seen in FIGURE 2.6 (a), where the FFT window of numerology 2 is smaller than that of numerology

1. In the case of a transmission between transmit antenna mt and user 2, the n-th received symbol

can be expressed , in frequency domain, as follows

r2,n,mt = G(1)B(1)
n Diag

(︂
hf (1)

2,mt

)︂ (︂
v(1)

mt

)︂T
. (2.12)

where r2,n,mt ∈ C1×N2 is the received n-th symbol on user 2 with numerology 2, transmitting from the

mt-th transmit antenna. G(1) = DFTN2 ∈ CN2×N2 , hf (1)
2,mt

∈ C1×N1 is the MIMO channel frequency

response between mt-th transmitting antenna and user 2. B(1)
n ∈ CN2×N1 is the n-th N2 × N1 part of
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(a) Transmission where zero-signal is prepared for user 2. At the receiver side, user 2 will only receives INI

(b) Transmission where zero-signal is prepared for user 1. At the receiver side, user 1 will only receives INI

Figure 2.5 – Systems used when analysing different INIs

matrix B(1), where B(1) ∈ CN1×N1 is a rotated version of matrix IDFT. The structure of matrix B(1)

is represented on FIGURE 2.7.

From numerology 1 to numerology 2, the INI can then be seen as the summation of y2,n,mt in

(a) INI from user 1 to user 2 (b) INI from user 2 to user 1

Figure 2.6 – FFT windows and INI on the receiver side
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Figure 2.7 – Structure of matrix B(1) and matrices B(1)
n . The blue dash block is IDFTN1 , we rotate

the last CP2 × N1 part above to get B(1) as shown on the left side. Then, B(1)
n is the n-th N2 × N1

part of B(1) as the red dash blocks shown on the right side.

(2.12) over all transmitting antennas. This INI is given by :

ini(1,2)
n =

Mt∑︂
mt=1

r2,n,mt

=
Mt∑︂

mt=1
G(1)B(1)

n Diag
(︂
hf (1)

2,mt

)︂ (︂
v(1)

mt

)︂T
= G(1)B(1)

n

N1∑︂
n1=1

Mt∑︂
mt=1

hf (1)
2,mt

[n1]v(1)
mt

[n1].
(2.13)

According to (2.8), we have
∑︁Mt

mt=1 hf (1)
2,mt

[n1]v(1)
mt [n1] = 0, then, we get

ini(1,2)
n = 0 n = 1, ..., N. (2.14)

.

As a conclusion, we can say that there is no INI from numerology 1 to numerology 2 since the

proposed precoding scheme protects all subcarriers occupied by user 2.

Remark 1 : Performance of users using small numerology are well protected against interference

coming from higher numerology, i.e., their performance is not degradated.

As a result, unlike SISO/classical MIMO, where INI exists on small numerology (IFFT/FFT size)

[83][86], the INI of users with small IFFT/FFT size is completely suppressed when using the proposed

transceiver design for massive MIMO-OFDM. This result shows another interest of Massive MIMO

technology for OFDM transmissions using different numerologies.

INI from numerology 2 with N2 to numerology 1 with N1 = N × N2
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In comparison to user 2, user 1’s transmission is not properly protected by the ZF precoder, the

INI analysis will be presented in the following.

When only the solid-line block on FIGURE 2.1 is enabled, user 1 receives zeros. In this case, the

received signal on user 1 is the INI induced by signal from user 2, as illustrated by FIGURE 2.5 (b).

In this scenario, N symbols of numerology 2 refer to one symbol with user 1 since N1 = N × N2. The

INI is induced by an uneven FFT window on the receiver side, as seen in FIGURE 2.6 (b). The sum

of INI from each symbol modulated with numerology 2 is the total INI, which can be expressed as

ini(2,1) =
N∑︂

n=1
ini(2,1)

n =
N∑︂

n=1

N2∑︂
n2=1

ini(2,1)
n,n2 . (2.15)

where n = 1, .., N , n2 = 1, ..., N2, ini(2,1)
n represents the interference from the n-th symbol with

numerology 2 and ini(2,1)
n,n2 represents the interference from the n2-th subcarrier in n-th symbol with

numerology 2.

If we focus on the mt-th transmit antenna, we can derive the theoretical expression of the obtained

signal on user 1 as

r1,n,mt =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

G(2)
1 B(2)

1 Diag
(︂
hf (1)

1,mt

)︂
G(2)

2 B(2)
2

(︂
v(2,n)

mt

)︂T

for n = 1,

G(2)
2 ID(2)

n B(2)
3 Diag

(︂
hf (1)

1,mt

)︂
G(2)

2 B(2)
2

(︂
v(2,n)

mt

)︂T

for n = 2, ..., N.

(2.16)

where y1,n,mt is the received INI caused by the n-th symbol with numerology 2. hf (1)
1,mt

∈ C1×N1 is the

MIMO channel frequency response between the mt-th transmitting antenna and user 1. All the other

matrices in the expression are

G(2)
1 =

[︂
0N1×CP1 DFTN1

]︂
∈ CN1×(N1+CP1), G(2)

2 = DFTN1 ∈ CN1×N1 ,

B(2)
1 =

[︄
IDFTN1

0CP1×N1

]︄
∈ C(N1+CP1)×N1 , B(2)

3 = IDFTN1 ∈ CN1×N1 ,

ID(2)
n =

⎡⎢⎣ 0T1×(N1/2) 0T1×(N1/2)
IT2 0T2×(N1−T2)
0T3×(N1/2) 0T3×(N1/2)

⎤⎥⎦ ∈ CN1×N1 .
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Figure 2.8 – Structure of matrix B(2)
2 with red dash box. The blue dot block is IDFTN2 , we copy

the last CP2 × N2 part above and add zeros below to extend the dimension to N1 × N2.

for matrix ID(2)
n , we have

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T1 = N1 − (N − n + 1)(N2 + CP2),

T2 =

⎧⎨⎩N2 + CP2 + D for n = 2, ..., N − 1

N2 + CP2 for n = N,

T3 =

⎧⎨⎩(N − n)(N2 + CP2) − D for n = 2, ..., N − 1

(N − n)(N2 + CP2) for n = N.

(2.17)

The structure of matrix B(2)
2 ∈ CN1×N2 is illustrated on FIGURE 2.8.

The signal obtained by user 1 is the summation from all transmit antennas, thus :

ini(2,1)
n =

Mt∑︂
mt=1

r1,n,mt . (2.18)

From (2.16), we can rewrite (2.18) into

ini(2,1)
n =

Mt∑︂
mt=1

EnDiag
(︂
hf (1)

1,mt

)︂
Z

(︂
v(2,n)

mt

)︂T
. (2.19)

where

En ∈ CN1×N1 =

⎧⎪⎨⎪⎩
G(2)

1 B(2)
1 for n = 1,

G(2)
2 ID(2)

n B(2)
3 for n = 2, ..., N.

(2.20)

Z = G(2)
2 B(2)

2 ∈ CN1×N2 is identical for all symbols. The INI on the n1-th subcarrier with nume-
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rology 1 from the n-th symbol with numerology 2 is then

ini(2,1)
n [n1] =

N1∑︂
n′

1=1

N2∑︂
n2=1

Mt∑︂
mt=1

En(n1, n′
1)hf (1)

1,mt
[n′

1]Z(n′
1, n2)v(2,n)

mt
[n2]

=
N1∑︂

n′
1=1

N2∑︂
n2=1

En(n1, n′
1)Z(n′

1, n2)
Mt∑︂

mt=1
hf (1)

1,mt
[n′

1]v(2,n)
mt

[n2].
(2.21)

where n1 = 1, ..., N1, n′
1 = 1, ..., N1, n2 = 1, ..., N2 and mt = 1, ..., Mt.

Due to the frequency selectivity of the channel response, ini(2,1)
n in (2.21) is not equal to zero.

(2.9) is not satisfied since hf (1)
1,mt

[n′
1] ̸= hf (2)

1,mt
[n2], where n′

1 = 1, ..., N1, n2 = 1, ..., N2. In a selective

channel, we can deduce that user 1 would be affected by INI induced by user 2.

Remark 2 : In a constant channel, ini(2,1) is zero due to the channel frequency response characte-

ristic.

The two MIMO channels hf (1)
1,mt

= FFT (ht1,mt , N1) ∈ C1×N1 and hf (2)
1,mt

= FFT (ht1,mt , N2) ∈

C1×N2 are two frequency responses of the same impulse response with different length. When the

channel remains constant, we get the following equation :

hf (1)
1,mt

[n1] = hf (2)
1,mt

[n2]. (2.22)

where n1 = 1, ...N1, n2 = 1, ...N2.

From (2.9) and (2.22), all of the elements inside the two frequency responses are identical. Then,

for all of user 1’s subcarriers, we have

ini(2,1)
n [n1] =

N1∑︂
n′

1=1

N2∑︂
n2=1

En(n1, n′
1)Z(n′

1, n2)
Mt∑︂

mt=1
hf (2)

1,mt
[n2]v(2,n)

mt
[n2] = 0. (2.23)

Unlike SISO and classical MIMO systems, Massive MIMO, ensures no INI when mixed numerologies

are used over flat-fading channels.

Remark 3 : ini(2,1) is increased by channel selectivity and difference between N1 and N2.

Vector hf (1)
1,mt

is the interpolation of vector hf (2)
1,mt

when the channel is frequency-selective. In a

frequency-selective channel, in order to build vector hf (1)
1,mt

, N − 1 values are added between every two
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points in hf (2)
1,mt. From this characteristic, we can obtain

hf (1)
1,mt

[(n2 − 1)N + 1] = hf (2)
1,mt

[n2]. (2.24)

where n2 = 1, ...N2.

We can begin by considering the n2-th subcarrier of the n-th symbol with numerology 2. Its

impact on the n1-th subcarrier with numerology 1 is derived in (2.21). According to (2.38) and (2.9),

the influence of n2-th subcarrier is zero only when n′
1 = (n2 −1)N +1, because under this situation, we

could obtain hf (1)
1,mr

n′
1] = hf (2)

1,mr
[n2]. For other values of n′

1 (n′
1 ̸= (n2−1)N +1), the difference between

hf (1)
1,mr

[n′
1] and hf (2)

1,mr
[n2] is closely related to the channel selectivity and the difference between N1

and N2. Greater selectivity and a larger difference between N1 and N2 result in a larger difference in

the frequency responses of the two channels, resulting in high INI.

Remark 4 : Interference is directly influenced by power distribution for different users.

We use a basic power distribution scheme to keep it simple and concentrate on the INI analysis.

The power delegated to the mr-th user (pmr) is proportional to the inverse of its path-loss
√

αmr . The

global power allocation is given by

P = ρ

Mt
A−1. (2.25)

where ρ is a normalization factor that guarantees the power constraint tr(P) = pT x is satisfied,

where pT x is the global power at the transmitter side. P = Diag(p1, ..., pMr ) and A = Diag(α1, ..., αMr ).

Then, as user mr’s large-scale fading increases, the user’s transmission power increases.

In our system, having two users with different path-loss, the generated INI power from user 1 on

user 2 (p(1,2)) and that from user 2 on user 1 (p(2,1)) satisfy

p(1,2)

p(2,1) = α2
α1

. (2.26)

For example, if α2 < α1, which means that user 2 is farther away from the BS than user 1, user 1

will receive more INI as a result of user 2’s improved transmitting power.
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2.3 Massive MIMO-OFDM uplink : INI theoretical analysis

2.3.1 Massive MIMO-OFDM uplink system model

The uplink system is the reverse of the downlink system introduced in the previous section. We

consider a single-cell massive MIMO-OFDM uplink system, where Mt single-antenna users that are

using different numerologies, transmit signals to a BS equipped with Mr antennas, over a frequency-

selective channel. Note that in the uplink system, Mr is significantly larger than Mt due to the fact that

now the BS is the receiver. The users can be also divided into NUM groups using NUM numerologies.

Other definitions such as channel response remain the same with the previous section.

We also use two users (Mt = 2) with two different numerologies, as shown on FIGURE 2.9.

Considering the generalized synchronized scenario, similar as before, we assume that N1 = N ×

N2, CP1 = N × CP2 , where N = 2i and i is an integer [12]. At the BS side, the received signal is

separated into two branches and the data stream are then detected through linear processing by two

ZF detectors P̄
(1) ∈ C2×Mr×N1 and P̄

(2) ∈ C2×Mr×N2 .

P(num)
nnum

= P̄
(num)(:, :, ni) ∈ C2×Mr , num = 1, 2 represent the ZF detection matrix for the nnum-th

OFDM subcarrier of numerology num, which is given as follows

P(num)
nnum

=
(︃

H(num)
nnum

HH(num)
nnum

)︃−1
H(num)

nnum

H
(2.27)

where H(num)
nnum = H̄(num)(:, :, nnum) ∈ CMr×2, i = 1, 2 is the frequency-domain MIMO channel of

the nnum-th OFDM subcarrier with numerology num. Due to the ZF detection characteristics, the

following equations are valid

Mr∑︂
mr=1

P̄
(1)(2, mr, n1)hf(1)

mr,1[n1]s(1)[n1] = 0 (2.28)

Mr∑︂
mr=1

P̄
(2)(1, mr, n2)hf(2)

mr,2[n2]s(2,n)[n2] = 0 (2.29)

MUI within the same numerology is eliminated by the detection matrices. In a mixed numerologies

scheme, INI impacts users sharing the same band. In the next section, we will carry analysis of the

INI and its corresponding radiation pattern.
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Figure 2.9 – System model of the massive MIMO OFDM uplink with two different numerologies :
Mr receiving antennas at the BS, two sigle-antenna terminals, two blocks illustrate two different
numerologies with OFDM of N1 and N2 subcarriers.

2.3.2 Inter-numerology interference analysis

INI from numerology 1 with N1 to numerology 2 with N2 = N1/N

First, we consider the INI for user 2 with numerology 2, which employs a small IFFT/FFT size.

We assume a noise-free transmission channel and s(2) = 0 to simply focus on the INI caused by user 1.

r2,n,mr ∈ C1×N2 represents the received n-th symbol on user 2 with numerology 2, received from the

mr-th receiving antenna, can be written as follow

y2,n,mr
= G(1)Q(1)

n Diag
(︂
hf

(1)
mr,1

)︂ (︂
s(1)

)︂T
(2.30)

where the matrix definition is the same as equation (2.12). Then, the BS uses P̄
(2)

for the detection

of user 2’s signal and the interference of each subcarrier in n-th symbol can be written as

ini(1,2)
n [n2] =

Mr∑︂
mr=1

P̄
(2)(2, mr, n2)r2,n,mr [n2] (2.31)

From equation (2.31), the INI on user 2 is caused by all subcarriers from user 1.

INI from numerology 2 with N2 to numerology 1 with N1 = N × N2

In this part, we will analyze at the INI received by user 1 with numerology 1, which has a large

IFFT/FFT size. Similarly, with s(1) = 0, we consider a noise-free transmission channel.

If we focus on the mr-th receiving antenna, we can derive the theoretical expression of the obtained
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signal on user 1 as

r1,mr =
N∑︂

n=1
EnDiag

(︂
hf

(1)
mr,2

)︂
Z

(︂
s(2,n)

)︂T
(2.32)

where the definition of matrices En and Z are the same as them in equation (2.19)

Then, the BS uses P̄
(1)

for the detection of user1’s signal and the interference of each subcarrier

can be written as

ini(2,1)[n1] =
Mr∑︂

mr=1
P̄

(1)(1, mr, n1)r1,mr[n1] (2.33)

From (2.33), we can see that ini(2,1)[n1] is caused by all subcarriers of user 2.

Remark 5 : Due to the channel frequency response characteristics, in a constant channel, the purpo-

sed transceiver scheme for massive MIMO-OFDM based mixed numerologies SS uplink transmissions

does not produce any INI for both user 1 and user 2 (i.e. ini(1,2)
n = 0, ini(2,1) = 0 ).

Different sizes of FFTs produce the same result for a constant channel (i.e. the number of channel

taps D = 1). For any mt = 1...Mt and mr = 1...Mr, We can get

hf(1)
mr,mt

[n1] = hf(2)
mr,mt

[n2] (2.34)

for all n1 = 1, ..., N1, n2 = 1...N2.

From (2.27), The ZF detection matrices are derived from the frequency response of the channel,

which is constant in a constant channel, shown as

P̄
(1)(mt, mr, n1) = P̄

(2)(mt, mr, n2) (2.35)

for all n1 = 1...N1, n2 = 1...N2.

Then, to show the INI on each subcarrier, we should rewrite equations (2.31) and (2.33) in detail.

The INI on each subcarrier of user 1 and user 2 is expressed in equations (2.36) and (2.37), respectively.

From (2.34) and (2.35), in a constant channel, elements in vector hf
(1)
mr,2 and vector hf

(2)
mr,2 are the same,

which will leads to P̄
(1)(1, mr, n1) = P̄

(2)(1, mr, n2), P̄(1)(2, mr, n1) = P̄
(2)(2, mr, n2) for all n1 =

1...N1, n2 = 1...N2. With these substitutions and equations (2.28), (2.29), it is clear that ini(1,2)
n = 0
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and ini(2,1) = 0, for n = 1...N .

ini(1,2)
n [n2] =

N2∑︂
k2=1

N1∑︂
n1=1

G(1)(n2, k2)QQ(1)
n (k2, n1)

Mr∑︂
mr=1

P̄
(2)(2, mr, n2)hf(1)

mr,1[n1]s(1)[n1]⏞ ⏟⏟ ⏞
equals to 0 in constant channel (2.28)

(2.36)

ini(2,1)[n1] =
N∑︂

n=1

N1∑︂
k1=1

N2∑︂
n2=1

En(n1, k1)Z(k1, n2)
Mr∑︂

mr=1
P̄

(1)(1, mr, n1)hf(1)
mr,2[k1]s(2,n)[n2]⏞ ⏟⏟ ⏞

equals to 0 in constant channel (2.29)

(2.37)

Remark 6 : The INIs for both user 1 and user 2 increases with channel selectivity and the difference

between N1 and N2.

When the channel is frequency-selective, vector hf(1)
mr,mt

∈ C1×N1 is the interpolation of vector

hf(2)
mr,mt

∈ C1×N2 for all mt = 1...Mt and mr = 1...Mr, where N − 1 values are added between every

two points in hf(2)
mr,mt

to construct vector hf(1)
mt,mt

. We have derived this characteristic as follow

hf(1)
mr,mt

[(n2 − 1)N + 1] = hf(2)
mr,mt

[n2] (2.38)

where n1 = 1, ...N1, n2 = 1, ...N2.

Equation (2.38) shows that there are only a few same-values within the two channel frequency

responses for the same time-domain channel between user mt and receiving antenna mr. For other

values (i.e. n1 ̸= (n2 − 1)N + 1), the difference between hf(1)
mr,mt

[n1] and hf
(2)
1,mr

[n2] is closely related to

the channel selectivity and the difference between N1 and N2. Greater selectivity and a larger difference

between N1 and N2 result in a larger difference in the frequency responses of the two channels, resulting

in more interference.

Remark 7 : The INIs at user 1 and user 2 are directly affected by the power allocation for different

users.

In the previous analysis, we use a simple power allocation schemes where the transmission power

of the mt-th user is equal for the sake of simplicity and to concentrate on the INI analysis. As noted

before, the received signal is the summation of all the transmitted signals. As a consequence, the power

of INIs produced is influenced by the unequal receiving power of each user. Greater large-scale fading

in user mt (represented by αmt) results in lower receiving power and INI power on other users. The

cell’s most distant user suffers the most INI.
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Figure 2.10 – INI cancellation for downlink.

In our system with two users having different path-loss (α1 and α2), the generated INI power from

user 1 on user 2 (p(1,2)) and that from user 2 on user 1 (p(2,1)) satisfy

p(1,2)

p(2,1) = α1
α2

(2.39)

If α2 < α1, for example, it means that user 2 is further away from the BS than user 1. Then, at

the BS, the obtained INI power on user 2 is higher than the INI power on user 1.

2.4 INI cancellation

In this section, we present new precoding schemes to remove the INI, thanks to the developed

INI analytical expressions. The main idea is to reduce the complexity of the single-antenna users by

doing all the processing at the BS. In this regard, we proposed two INI cancellation methods for both

downlink and uplink massive MIMO-OFDM systems.

2.4.1 Downlink INI cancellation

Only numerologies with large IFFT/FFT sizes suffer from INI as compared to numerologies with

small IFFT/FFT sizes, as seen in the previous sections. In massive MIMO systems, only the uplink

transmission estimates the maximum channel state. The uplink channel estimation is used for pre-

coding in the downlink transmission, but discrepancies between the uplink and downlink channels

are adjusted by a reciprocity adjustment method [90]. In this regard, the proposed INI cancellation

approach is implemented at the BS side, so the receivers are not incredibly complex.
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Figure 2.11 – INI cancellation for uplink.

At the BS side, FIGURE 2.10 illustrates the proposed INI cancellation method’s scheme. The key

concept is to measure the INI from numerology 2 to numerology 1 ahead of time using knowledge of

the MIMO channel response and signals following user 2’s precoding. Then, instead of transmitting

s1, we transmit ˜︁s1 = s1 − ini(2,1) in the transmission part. As we demonstrated in section 2.2.2, this

calibration does not introduce any INI at user 2, and our proposed transmission scheme perfectly

protects the transmission of user 2. The transmit power with INI cancellation is pT x = pu + pini,

where pu is the power allocated to users and pini is the power allocated to INI cancellation. It is worth

noting that in equation (2.25), ρ is adjusted to fulfill the constraint imposed by the total transmit

power pT x when taking the pini into account. According to some simulations, the pini is insignificant

compared to the power allocated to users (pu), and it is worth noting that this would result in a minor

signal-to-noise ratio (SNR) loss.

2.4.2 Uplink INI cancellation

As analyzed before, on uplink, INIs are created for each user in a frequency-selective channel. With

the support of the INI analytical results presented previously, we implement an INI cancellation scheme.

By performing all processing at the BS [91], one of the key ideas in massive MIMO uplink transmission

is to reduce the complexity of the transmitters (users) while maintaining good transmission efficiency.

The full channel state is also calculated on the uplink in massive MIMO, which can be used in ZF

detection and INI cancellation. The proposed INI cancellation approach is implemented at the BS

side, as shown by FIGURE 2.11, and it does not add any complexity to the users in this regard. INI

is estimated after the symbol estimation, then s̃(1) = ŝ(1) − ini(2,1) and s̃(2,n) = ŝ(2,n) − ini(1,2)
n is done

in order to suppress the INI.

Furthermore, the proposed INI cancellation scheme can be extended to any method that employs
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more than two numerologies. The INI cancellation can be applied effectively for a given numerology

by measuring and extracting the INIs from all other users that use different numerologies. It is worth

noting, however, that the proposed INI cancellation approach is just as sensitive to imperfect CSI as

ZF detections.

2.5 Simulation results

2.5.1 Parameters

The accuracy of the derived analytical expressions for INI in a mixed numerologies SS large MIMO-

OFDM downlink scheme is evaluated in this section. There are two single-antenna users who use two

different numerologies but share the same bandwidth in the single cell and the BS is equipped with

one hundred antennas. For downlink transmission, this scenario means Mt = 100 and Mr = 2 while for

uplink transmission, it means Mt = 2 and Mr = 100. A 16-QAM with Gray mapping is considered. Two

pairs of numerologies are taken into consideration, with the first pair N1 = 1024, N2 = 512, CP1 =

72, CP2 = 36 and the second pair N1 = 1024, N2 = 256, CP1 = 72, CP2 = 18. The time-domain

channel responses htmr,mt[d] = cd have circularly symmetric Gaussian distributed values of zero mean

and unit variance, where d = 1, ..., D. Four wireless channels are represented by a tap delay line with

D = 1, 2, 8, 18 taps. It is worth noticing that the CP duration is often adequate to suppress the ISI

induced by the channel.

In our simulations, we consider the transmission without noise first when testing the INI. The

normalized mean-square error (NMSE) is known as

NMSEnum = ∥ ŝnum − snum ∥2
∥ snum ∥2

, num = 1, 2. (2.40)

Note that ŝnum represents the estimated symbols and snum represents original transmitted symbols.

2.5.2 Downlink simulation results

TABLE 2.1 shows the NMSE values in dB for the user of interest for the transmission method

mentioned in the previous section under different conditions. It is worth mentioning that all of the

simulation results in TABLE 2.1 are with equal transmitting power. TABLE 2.1 shows that the

INI is of -300dB when the interfering user utilizes higher IFFT/FFT size compared to the user of
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Table 2.1 – NMSE (dB) of user of interest with interfering numerology and different channels for
massive MIMO-OFDM downlink

User of Interest user1 (N1 = 1024) user2
(N2 =
512)

user2
(N2 =
256)

Interfering User user2(N2 =
512)

user2(N2 =
256)

user1(N1 = 1024)

D = 1 -300 -300 -300 -300

D = 2 -52 -48 -300 -300

D = 8 -42 -37 -300 -300

D = 18 -38 -33 -300 -300

interest. This verdict remains valid regardless the channel selectivity. It should be noted that the

value of -300 dB is related to the following : (a) We used Matlab’s floating point operation. (b) There

are only a few users who use the service (2 users in the simulations). The degrees of freedom will

decrease as the number of users increases, and the NMSE values will be affected. This NMSE can

also be harmed by fixed point operation and incorrect channel estimation. These findings are in full

accordance with the study conducted in section 2.2.2. When the difference between the IFFT/FFT size

increases in a frequency-selective channel, however, user 1 suffers more INI from numerology 2. User

1’s reliability is worse when interference is from N2 = 256 than when interference is from N2 = 512 for

the same frequency-selective channel with D = 2. (4 dB difference). This discrepancy may result in

poor transmission quality. Meanwhile, when comparing the performance of the same pair of N1 and N2

under various channel selectivity, we can see the performance decrease with the frequency selectivity

of the propagation channel. Indeed, for N1 = 1024 and N2 = 512, There is a 10 dB degradation under

channel D = 8 compared to D = 2 and a 14 dB degradation under channel D = 18. The degradation

is 11 dB and 15 dB for N1 = 1024, N2 = 256. These findings support what we found in section 2.2.2 .

The NMSE of INI is often very small (-33 dB in the worst case) and should have a minimal effect

on SNRs, as shown in TABLE 2.1. It should be noted, however, that these figures are for users with

the same path-loss : α1 = α2 (α1/α2 = 0 dB).If we consider a more realistic scenario, we can use the

equation (2.41) [92] for the LTE path-loss model.

Pathloss(dB) = 128.1 + 37.6log10(dk) (2.41)

where dk is the distance from the BS in km.
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Table 2.2 – Scenario parameters and simulation results on user 1 for massive MIMO-OFDM downlink

(a) Different scenarios

distance
user 2/BS

(km)

path-loss of
user 2 (dB)

distance
user 1/BS

(km)

path-loss of
user 1 (dB)

α1/α2
(dB)

case 1 1 128.1 0.3 108.44 19.66

case 2 1 128.1 0.25 105.46 22.64

case 3 1 128.1 0.2 101.82 26.28

(b) NMSE values before and after INI cancellation

User of Interest user1 (N1 = 1024)
Interfering User user2(N2 = 512) user2(N2 = 256)

α1/α2 (dB) original
(dB)

corrected
(dB)

original
(dB)

corrected
(dB)

19.66 -22 -300 -18 -300

22.64 -19 -300 -14 -300

26.28 -16 -300 -11 -300

Since the analysis in the previous sections and the simulation results shown in TABLE 2.1 suggest

that user 2 performs the best, we will concentrate on the transmission of user 1 in the following

simulations. For example, in a scenario with a cell radius of 1 km, the path-loss attenuation is shown

in TABLE 2.2 (a), for various user/BS distances.

TABLE 2.2 (b) gives the performance on user 1 for various path-loss and with channel tap number

D = 8. This performance is given in terms of NMSE when applying or/not INI cancellation at the BS

side.

It can be seen that as the path-loss on user 2 grows, user 1 experiences more INI. When N1 =

1024, N2 = 512 and D = 8, there is a 20 dB degradation when α1/α2 = 20 dB compared to α1/α2 = 0

dB in TABLE 2.1. When α1/α2 = 26 dB, this degradation increases to 26 dB. These results are in

agreement to what we found in section 2.2.2. In the lower sub-table, it can also be shown that, after

the INI cancellation is applied at the BS, user 1’s transmission performs as well as user 2, reaching

-300 dB for all path-loss values.

FIGURE 2.12 shows the symbol error rate (SER) vs. Eb/N0 using N1 = 1024, N2 = 512 and

D = 18 to validate the INI analysis on user 1.

We can see in FIGURE 2.12 that when the path-loss of user 2 increases, user 1’s output suffers
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Figure 2.12 – SER performance with and without INI cancellation on user 1. α1/α2 = 0, 20, 23 and
26 dB.

significantly. We could compare α1/α2 = 0 dB to α1/α2 = 26 dB, for example. When SNR = 4 dB,

user 1 will achieve SER ≤ 10−6 when α1/α2 = 0 dB, but when α1/α2 = 26 dB, user 1’s SER is greater

than 10−5.

2.5.3 Uplink simulation results

Table 2.3 – NMSE (dB) of user of interest with interfering numerology and different channels for
massive MIMO-OFDM uplink

User of Interest user1 (N1 = 1024) user2(N2 =
512)

user2(N2 =
256)

Interfering User user2(N2 =
512)

user2(N2 =
256)

user1(N1 = 1024)

D = 1 -300 -300 -300 -300

D = 2 -56 -52 -52 -49

D = 8 -47 -45 -44 -40

D = 18 -43 -40 -39 -36

TABLE 2.3 shows the NMSE values in dB for the user of interest for the uplink system described in

the previous sections under various conditions. Notice that α1 = α2 is used in all simulation results in

TABLE 2.3. It shows that INIs are found on all users except for the flat fading channel. Furthermore,

these findings are consistent with the analysis presented in section 2.3.2, demonstrating that channel

80



2.5. SIMULATION RESULTS

selectivity and increased N1/N2 ratio raise INIs. For example, under channel with D = 8, there is 9 dB

of degradation on NMSE1 compared to channel D = 2 and 13 dB under channel with 18 taps for the

same pair of numerologies, N1 = 1024, N2 = 512. Meanwhile, when comparing performance under the

same channel selectivity, different pairs of numerologies behave differently, with users suffering more

INI as the IFFT/FFT size gap grows. User 1’s performance is worse when the interference is from

N2 = 256 than when the interference is from N2 = 512 over the same frequency-selective channel with

D = 2. (4 dB difference). From table 2.3, we can see also that for a given channel selectivity (with

D > 1), the degradation is higher when the interferer’s numerology is higher compared to that of the

user of interest.

Similar to our simulation of massive MIMO-OFDM downlink system, we consider some more

realistic scenarios with the LTE path-loss model given by equation (2.41) [92].With a cell radius of 1

km, the different path-loss attenuations are shown in TABLE 2.4 (a), for various user/BS distances.

The impact of path-loss on system performance is shown in TABLE 2.4, with D = 8 as the number of

channel taps. It can be seen that as path-loss increases, users experience more INI. As an example, when

N1 = 1024, N2 = 512, there is a 21 dB degradation on NMSE2 when α1 = α2 = 20dB compared to

α1/α2 = 0dB, and this degradation increases to 28 dB when α1/α2 = 26dB. These findings match our

study in section 2.3.2. The lower sub-table also shows that, after the INI cancellation was introduced

at the BS, transmission of user 1 and user 2 reached about -70 dB for all path-loss values.

Using N1 = 1024, N2 = 512, D = 8 and three separate pairs of locations, FIGURE 2.13 shows the

symbol error rate (SER) vs. signal-to-noise ratio (SNR) of different users with/without INI cancella-

tion.

In comparison to user 2, we can see that when the path-loss increases, user 1’s performance suffers

from INI significantly. When SNR = 3 dB, for example, user 1 could achieve SER ≤ 10−5 when

α1/α2 = 0 dB, while this SER is reduced to 10−3 when α1/α2 = −26 dB.

It can also be seen in the figure that, regardless of path-loss, user 1’s performance increases signi-

ficantly after the INI is cancelled. In certain cases ( i.e. α1 > α2 ), these results can also be obtained

for user 2.
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Table 2.4 – Scenario parameters and simulation results on user 1 for massive MIMO-OFDM uplink

(a) Different scenarios

distance
user 2/BS

(km)

path-loss of
user 2 (dB)

distance
user 1/BS

(km)

path-loss of
user 1 (dB)

α1/α2
(dB)

case 1 1 128.1 1 128.1 0

case 2 0.3 108.44 1 128.1 19.66

case 3 0.2 101.82 1 128.1 26.28

case 4 1 128.1 0.3 108.44 -19.66

case 5 1 128.1 0.2 101.82 -26.28

(b) NMSE values before and after INI cancellation with N1 = 1024, N2 = 512 and D = 8

α1/α2 (dB) NMSE1
original
(dB)

NMSE1
corrected
(dB)

NMSE2
original
(dB)

NMSE2
corrected
(dB)

0 -47 -70 -44 -69

20 -66 -71 -23 -69

26 -72 -72 -16 -70

-20 -28 -69 -65 -69

-26 -20 -69 -70 -72
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Figure 2.13 – SER performance before and after INI cancellation on user 1. α1/α2 = 0, −20 and −26
dB.
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Figure 2.14 – User distribution in a ring where BS is in the center. The inner radius r1 = 200 m and
the outer radius r2 = 1000 m. Mt = 100, Mr = 30.

2.5.4 Multi-user cellular system

The results of the simulations above are for a simple cell with only two different numerologies

taken into account and each category using the same numerology has just one user. In reality, each

category can have multiple users, and a single cell can contain several groups. We will, in this seciton,

use a downlink scenario as an example. Users are evenly distributed in the ring around the BS, with

inner radius r1 = 200 m and outer radius r2 = 1000 m, as shown in FIGURE 2.14 with Mt = 100

and Mr = 30. The thirty users are divided into three groups : Group 1 includes users 1 to 10, Group

2 includes users 11 to 20, and Group 3 includes users 21 to 30, using three different numerologies of

IFFT/FFT sizes of 1024, 512, and 256, respectively.

The INI between different users in the cell using our proposed transceiver design is shown on

FIGURE 2.15, without considering path-loss under a frequency-selective channel with D = 18, where

the x axis represents the interfering user index, the y axis represents the user of interest (UoI), and

the color represents the UoI’s NMSE values. We can see that there is no INI between users in the

majority of cases (the dark-blue part). The other two classes do not produce any INI on the users

from group 3 (UoI No. 21 to No. 30) who use IFFT/FFT size equal to 256. Furthermore, when INI
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Figure 2.15 – NMSE values for different users without considering the path-loss. Group 1 : user No.1
to No.10 with N1 = 1024. Group 2 : user No.11 to No.20 with N2 = 512. Group 3 : user No.21 to
No.30 with N3 = 256. Channel taps D = 18.
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Figure 2.16 – NMSE values for different users considering the path-loss presented on Fig.12. Group
1 : user No.1 to No.10 with N1 = 1024. Group 2 : user No.11 to No.20 with N2 = 512. Group 3 : user
No.21 to No.30 with N3 = 256. Channel taps D = 18.

84



2.6. CONCLUSION

is created, the NMSE values are around -35 dB (as shown in TABLE 2.1), implying that there is no

need to implement INI cancellation when the users have similar path-loss.

When we consider the path-loss of various users, as seen in FIGURE 2.14, the INI for each user

varies. FIGURE 2.16 describes various NMSE values on various UoI belonging to various groups. As

seen in this figure, some users have a major effect on others (red and orange points). We can compare

the different INI impacts on UoI No. 1 from users No. 12 and No. 13, for example, where user No.

1 belongs to group 1 (N1 = 1024) and users No. 12 and 13 belong to group 2 (N2 = 512). The INI

generated from user No. 12 to user No. 1 induces the NMSE value to be around -40 dB (blue point),

while the INI generated from user No. 13 to user No. 1 induces the NMSE value to be around -20 dB.

(red point). In this case, it’s more important, for user No.1, to cancel the INI generated by user No.13.

The difference in path-loss between users results in different INI impacts, as seen in FIGURE 2.14,

where user No.1 and user No.12 have equal path-loss while user No.1 and user No.13 have a significant

difference in path-loss. To summarize, INI cancellation is interesting, or even important, when users

from two different groups have a significant difference in terms of path-loss.

2.6 Conclusion

In comparison to mixed numerologies SISO and classical MIMO systems, where users use adjacent

frequency bands, in this chapter, we first introduced new transmission schemes designed for MU

massive MIMO-OFDM based 5G that supports different services using different numerologies while

sharing the same band. The efficiency of these mixed numerologies in massive MIMO-OFDM downlink

/ uplink systems was then investigated. We derived theoretical expressions of the INI for the occurring

INI in the mixed numerologies scheme, which were checked by simulations. We showed that, in the

massive MIMO-OFDM downlink scenario, INI is only created in frequency selective channels and only

when users with large SCS communicate with users with small SCS. However, in uplink scenario, all

users suffer from INI in frequency selective channels.

Furthermore, we have verified that the theoretical INI analysis agrees with simulation findings,

suggesting that INI is influenced by SCS, channel selectivity, and power allocation. Last but not least,

we proposed INI cancellation schemes based on the developed close-form INI expressions that can

suppress the INI at the BS side without raising the users’ complexity. These findings demonstrated
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that massive MIMO-OFDM systems can accept mixed numerology transmissions while all users share

the same band, indicating that this method can increase the spectrum efficiency as well as meet the

needs of future wireless communication systems.
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3.1. INTRODUCTION

3.1 Introduction

The upcoming 5G and beyond wireless communication systems are expected to support a variety

of services with different needs while their energy and spectral efficiencies are of crucial importance.

Massive multi-user (MU) MIMO system, which was first introduced in [93], with a BS equipped with

a large number of antennas, providing services for multiple single-antenna users [94] simultaneously.

The number of single-antenna users is much smaller than the number of antennas in the BS, and the

created multiplexing gain is shared by everyone, thereby, improving the spectral and energy efficiencies

[95] [96] [97]. In addition, simple linear signal processing methods, such as MF and ZF are considered

as widely used precoding techniques for massive MIMO downlinks, which have the potential to reduce

transmitter power consumption, realize signal transmission and eliminate MUI [98].

However, massive MIMO precoders bring transmit signals with high PAPR, which suffer from

the hardware impairments [13]. The non-linearity of the RF PA, which is unavoidable in a common

transmission chain, especially when the global system energy-efficiency is high (i.e., the PA is operated

with low IBO where its power efficiecy is high). brings the main hardware impairment in the system. In-

band distortion and Out-Band Radiation (OBR) occur with the existence of PA in the transmission

chain. As a result, signal distortion and phase rotation appear due to the in-band distortion and

adjacent channel interference appears with the rise of OBR. The effect of non-linear PA on the energy-

efficient design of massive MIMO is studied in [14] and the spatial characteristic of the non-linear

distortion radiated from antenna arrays is shown in [15]. In order to avoid severe distortion, one

method is to ensure that each PA operates in its linear region (i.e., a region where its transmission

characteristics are sufficiently linear), corresonding to operate at high IBOs. However, this is not

considered as a practical solution for its lack of power efficiency. It will result in huge operating

expenses for large-scale BSs with a great amount of antennas.

Recently, many research works have studied new precoding techniques to reduce the PAPR of the

transmitted signals in massive MU-MIMO. Low PAPR Tomlinson-Harashima precoding schemes and

iterative precoding method were proposed in [99] and [100], under the system of MU-MISO downlinks,

respectively. However, specific signal processing is required in these solutions on the receiver side (i.e.,

in the single-antenna terminals), thereby increasing the whole system complexity and reducing their

attractiveness. In [101] and [102], authors proposed the optimisation algorithms to reduce the PAPR
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in the MU-MIMO systems. In stead of solving the convex problem, another algorithm-based solution is

proposed in [103], in which the authors use relaxation of the nonconvex constraints to obtain a convex

problem that approximates the original problem. In [104], authors introduced a method, in which

certain tones are preserved, aiming to reduce PAPR in large-scale MU-MIMO-OFDM systems. Another

peak-clipping scheme is proposed by Prabhu et al. [105], for PAPR reduction in an OFDM-based

massive MIMO system, where certain antennas at the BS side are preserved in order to compensate

the added peak-clipping signals. However, these methods lack efficiency because of their preservation

on antennas or tones, which will lead to spectral efficiency loss. Therefore, they are not realistic

solutions for future wireless networks.

There are also some researches aiming to jointly perform MU precoding and PAPR reduction for

massive MIMO-OFDM, like the papers [106] [107] [1], where algorithms EM-TGM-GAMP, PROXIINF-

ADMM and MU-PP-GDm were proposed, respectively. These recent algorithms showed great perfor-

mance both in MUI and OBR while satisfying PAPR conditions. However, all of them, despite they do

not consider PA nonlinearities, still have a quite high computational complexity. More recently, Zayani

et al. have proposed the MU-PNL-GDm algorithm performing jointly MU precoding, PAPR reduction

and digital-predistortion [2]. The proposed algorithm provides good performance but its complexity is

still challenging.

Motivated by these previous researches, in this chapter, we are encouraged to concentrate on the de-

velopment of an efficient downlink transmission scheme taking into consideration MU precoding, PAPR

reduction and PA linearization with a special attention given to the computational complexity. In this

chapter, a massive MIMO precoding optimization problem considering PA nonlinearities is analysed

and formulated into a simple convex optimization problem, which is then solved via gradient descent

(GD) approach. The proposed iterative algorithm, referred to as MU-2P, is able to pre-compensate

nonlinear distortion (NLD) caused by BS power amplifiers. It exploits the high-dimensional degrees

of freedom (DoFs), provided by the large number of antennas equipped at the BS side. Moreover, it

designs a precoded signal that, when passed through the PAs and the channel, is very similar to the

transmitted information.

Our proposed method presents the following improvements compared with the existing methods,

e.g. [107]-[108] :

• First of all, the most valuable improvement is that our method reaches the same performance
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with lower computational complexity over all existing methods [107][106][108]. Indeed, the

introduced precoding optimization method enables low-complexity iterative algorithm where

only matrix-vector multiplications are performed avoiding large-scale pseudo-inverse matrix

computation needed for ZF precoding.

• Contrary to the method proposed in [1], in which MU precoding and PAPR reduction are

jointly performed through exploiting large-scale null-space channel matrix, our method exploits

DoFs avoiding the high computational complexity needed for computing the null-space channel

matrix as well as for performing peak-cancelling signal precoding.

• In [2], authors introduce a transmission scheme with lower complexity compared to the method

proposed in [108]. Nevertheless, this scheme needs to use the PA models inside the iterative

algorithm leading to a high complexity, because we have a large number of PAs. This issue is

avoided in our proposed approach. Furthermore, the scheme in [2] is tested with single carrier

based massive MIMO system while our proposed approach treats multi-carrier transmission

scheme, as OFDM.

• The proposed method can guarantee perfect MUI cancellation without introducing any additio-

nal OBR. On the contrary, other proposed methods like [107] cannot guarantee complete MUI

and OBR cancellation. Therefore, our precoder has the leading importance for future wireless

networks.

Special Notations : In this chapter, we use xm to present the m-th column, and xt
n to present the

n-th row. The k-th element in the vector x is denoted as x(k).

3.2 Massive MIMO Dwonlink system model

We consider, a massive MU MIMO-OFDM downlink scenario, where the number of antennas

equipped at BS Mt is significantly larger than the number of single-antenna user Mr. Here, each

antenna is equipped with a PA, as illustrated in FIGURE 3.1. The signal vector sn ∈ CMr×1 contains

the symbols associated with the n-th OFDM subcarrier for Mr users, where n = 1, ..., N and it is

chosen from a complex-valued constellations. In fact, OFDM systems usually specify certain preserved

sub-carriers, which are used for guard-bands which are usually located at both ends of the spectrum).

Therefore, the available sub-carriers are divided into two sets χ and χc, where the sub-carriers in the

set χ are used for data transmission, and the complementary set χc is prepared as guard-bands. In
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Figure 3.1 – MU MIMO-OFDM downlink system. The dash box represents the PA and its DPD
compensation stage at each transmission chain

addition, we set sn = 0Mr×1 for n ∈ χc so that there is no signal transmission on the guard band.

In order to suppress the MUI at the receivers, linear precoding scheme is implemented at the

BS, designed to cancel the MUI completely. Thus, the transmitted signal, corresponding to the n-th

subcarrier, through the Mt-th antennas, cn ∈ CMt×1 is linearly coded as

cn = 1√
ζw

Wnsn, n = 1, ..., N (3.1)

where ζw is the power normalization factor designed to obtain an average or instantaneous transmit

power equal to Pt. Wn ∈ CMt×Mr denotes the ZF precoding matrix for n-th OFDM subcarrier.

ZF precoding scheme is widely considered [87] to completely cancel the MUI. Note that in massive

MIMO, due to Mr ≪ Mt, many precoding matrices are proposed to achieve perfect MUI elimination.

Among them, the most widely used form is

Wn = HH
n

(︂
HnH

H
n

)︂−1
, ∀n (3.2)

where Hn ∈ CMr×Mt is the MIMO channel matrix, in frequency domain, of the n-th OFDM subcarrier.

We assume that the channel matrices are transparent and fully known by the BS side. In time division

duplexing (TDD) system, channel information can be determined by using the channel reciprocity [89]

[88].

After precoding, the Mt-dimension vector cn is reordered to construct xn, according to the following

mapping : [︂
xt

1; . . . ; xt
Mt

]︂
= [c1 . . . cN ]T (3.3)

Here, N -dimensional vector xmt represents the frequency domain signal to be transmitted via the

mt-th antenna. Then, IFFT is applied on xmt in order to obtain the time-domain signal at
mt

, CP is then
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added after to the time-domain signals at each branch. Assuming that the length of CP is larger than

that of the channel multipath, then, both inter-symbol interference (ISI) and inter-carrier interference

(ICI) are eliminated.

For the case of the massive MU-MIMO with non-linear PAs, the precoded symbols in (1) are

fed, towards the BS antennas, through Mt parallel transmit chains with PAs. The resulting amplified

symbols are : [︂
yt

1; . . . ; yt
Mt

]︂
=

[︂
p1(at

1); p2(at
2); . . . ; pMt(at

Mt
)
]︂

(3.4)

where pmt(.) denotes the nonlinear amplification operation of the mt-th PA. In order to simplify the

system and without any loss of generality, we specify the input-output relationship of the wireless

channel in the frequency-domain. Then, the signals received by Mr users can be written as

rn = Hncn + bn (3.5)

Where bn is the added Gaussian noise, and its entry is an i.i.d circularly- symmetric distribution with

zero mean and σ2
b variance.

Consider a typical OFDM system with N subcarriers, the instantaneous amplitude level of the

time domain signal at
mt

shows very high peak values compared to its average value, leading to higher

PAPR. The PAPR of at
mt

is the ratio of the highest peak power to its average power value. It is defined

as :

PAPR
(︂
at

mt

)︂
=

max0≤n≤N−1
[︂
|amt(n)|2

]︂
E

[︂
|amt(k)|2

]︂ =
N

⃦⃦
at

mt

⃦⃦2
∞⃦⃦

at
mt

⃦⃦2
2

(3.6)

For our MU-MIMO system, the major sources of distortions in the transmitter is the nonlinear PAs,

especially when they are operated close to their saturation regions to increase the power efficiency (i.e.,

with low IBO). Now, we let amt(n) = ρ(n)ejϕ(n) be the n-th sampling point that is to be transmitted

and amplified via the antenna mt, where ρ(n) and ϕ(n) denote, respectively, the magnitude and phase

of that sample. Then, the relation between the baseband equivalent input and output signals of the

PA in the mt-th antenna branch can be written as

yt
mt

(n) = g(αρ(k))ej(ϕ+Ψ(αρ(k))) (3.7)
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where g(.) is the amplitude-to-amplitude (AM-AM) conversion and Ψ(.) is the amplitude-to-phase

(AM-PM) conversion of the PA. The factor α is a multiplicative coefficient applied at the input of

the PA to obtain the PA working point according to the given IBO. Here, all IBOs are given in dB

related to the PA saturation point. The factor α needed to ensure a signal amt(n) with a given IBO

value, which is obtained through
√︂

Psat/(10
IBO

10 Pt), where Psat is the saturation inout power and Pt is

the emitted power. The functions g(ρ) and Ψ(ρ) are modelled by the modified Rapp model proposed

by the 3GPP for the New Radio (NR) evaluation [109]. In this modified Rapp model, which reflects

closely to realistic PAs, AM/AM and AM/PM conversions can be described by :

g(ρ) = Gu(︃
1 +

⃓⃓⃓
Gu
Vsat

⃓⃓⃓2p
)︃ 1

2p

, Ψ(ρ) = Auq(︁
1 +

(︁
u
B

)︁q)︁ (3.8)

where G is the small signal gain, Vsat is the saturation level, p is the smoothness factor and A, B and

q are fitting parameters. Neglecting the memory can be justified as we are primarily looking for how

the basic PA nonlinear distortion are processed and tackled towards high energy-efficient massive MU-

MIMO downlink. As future works, we intend to make equivalent analysis when considering memory

PA effects.

3.3 Existing transmission schemes

In order to simplify the system presentation, we present the different schemes with simple block

diagram as shown on FIGURE 3.2. The branches are shown with only one big arrow with a slash,

representing the size.

3.3.1 Reference 1 and 2 :

As shown in FIGURE 3.2, there are two reference schemes Ref. 1 and Ref. 2. Ref. 1 is the classical

ideal MU-MIMO-OFDM scheme with ZF precoding, so ideal PAs are considered without any PA

nonlinearities (i.e., no PA distortion), which represents the best quality of transmission. This is the

scenario shown on FIGURE 3.1 but without the dash box. On the contrary, Ref. 2 represents the worst

scenario among all the schemes, with only DPD processing before each NL PA at each branch, which

is the entire transmission chain shown on FIGURE 3.1.
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Figure 3.2 – Ref. 1 Classical ideal Massive MU-MIMO-OFDM system : ZF precoder is used to remove
MUI and there is no PA in the transmission chain. Ref. 2 Classical Massive MU-MIMO-OFDM system
under PA nonlinearities : ZF precoder is used to remove MUI and DPD is used for each PA. (1)
Massive MU-MIMO-OFDM downlink scenario, where ZF-PAPRnullspace is applied. (2) The joint
MU precoding and PAPR reduction solution MU-PP-GDm [1] is used to simultaneously remove the
MUI and reduce the PAPR. (3) Joint MU precoding, PAPR reduction and DPD solution,so the MU-
PNL-GDm [2] is applied. There is no DPD outside of the algorithm block. (4) The proposed scheme,
algorithm MU-2P, which combines MU precoding and PAPR reduction with low complexity, is applied.
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3.3.2 Scheme 1 : ZF precoding + PAPR reduction using null-space + DPD

In this scheme, we consider to perform separately the MU precoding, the PAPR reduction and

PA linearisation. Here, we consider the ZF for MU precoding, the peak-cancelling signals projected

onto the null-space of the MIMO channel for PAPR reduction and neural network (NN) based DPD

for PA linearisation. Specifically, PAPR reduction is achieved by adding peak-cancelling signals {pt
mt

}

to precoded signals xt
mt

. The N -dimensional vector pt
mt

is the peak-cancelling signal added to the

precoded signal of the mt-th transmit antenna, while pn ∈ CMt×1 is the frequency-domain peak-

cancelling signal collected from the Mt peak-cancelling signals at the n-th subcarrier. In order to do

not damage the transmission quality, the peak-cancelling signals must be projected onto the null-space

of the MIMO channel, satisfying :

Hnpn = 0Mr×1, n ∈ χ (3.9)

There are two methods to compute the null-space Vn using the singular value decomposition (SVD)

[38] or Vn = IMt − HH
n

(︂
HnH

H
n

)︂−1
H.

Therefore :

HnVn = 0Mr×Mt , ∀n (3.10)

The key point is to design a peak cancelling signal in the frequency-domain such that pn is given

by

pn = Vnen (3.11)

After the clipping method applied to reduce the PAPR, the original frequency-domain clipping

noise related to the n-th subcarrier is dn ∈ CMt×1. Then, the aim of this scheme is to find the solution

of the following convex optimization problem :

minimize
ėn

G (en) = ∥Vnen − dn∥2
2 , n ∈ χ

subject to ėn = 0Mt×1, n ∈ χc
(3.12)

The above formulation leads to an iterative algorithm in which the peak-cancelling signal is

constrained in the null space of the related MIMO channel matrix. This algorithm, which referred

to as ZF-PAPRnullspace, aims at performing separately the MUI elimination and PAPR reduction

into two separate parts, where MU precoding is done by a predetermined precoder.
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3.3.3 Scheme 2 : joint precoding and PAPR reduction using null-space [1]+ DPD

While ZF-PAPRnullspace + DPD proposed one solution of PAPR reduction using null-space while

applying ZF precoding before. However, scheme 2 performs jointly the MU precoding and PAPR

reduction. It consists in an iterative algorithm which can performs the PAPR reduction process and

the MU precoding one by one. Compared with scheme 1, the new optimization method becomes :

minimize
{en,xn}

J (xn, en) = F (xn) + G (en) , n ∈ χ

subject to

{︄
xn = 0Mt×1, n ∈ χc

en = 0Mt×1, n ∈ χc

(3.13)

where F (xn) = ∥Hnxn − sn∥2
2 , n ∈ χ is the cost function of MUI elimination, while G (en) is given by

equation (3.12) to obtain an optimal PAPR. xn and en are the initialization of the algorithm.

By minimizing the objective function with respect to xn and en, a minimization strategy can

be used to solve (3.13). We adopt an alternative minimization strategy, in which we first minimize

J (xn, en) with respect to xn while en being frozen and then we do the same minimization with respect

to en while xn being frozen. In the algorithm, the (l + 1)-th iteration can be expressed as :

x
(l+1)
n = argmin

{xn}
J

(︂
xn, e

(l)
n

)︂
, n ∈ χ

e
(l+1)
n = argmin

{en}
J

(︂
x

(l+1)
n , en

)︂
, n ∈ χ

(3.14)

This algorithm is referred to as MU-PP-GDm.

3.3.4 Scheme 3 : Joint precoding, PAPR reduction and DPD [2]

The above two schemes use clipping approach for PAPR reduction and a separate DPD module is

added at branch for PA linearisation. The key idea of scheme 3 is to jointly perform MU precoding

and PA non-linearity mitigation, including PAPR reduction and DPD, using the PA model directly

at each transmit antenna. By using the well-known Bussgang theorem [110], one can decompose the

nonlinear signal at the PA output into a linear function of the PA input and an uncorrelated distortion

term, thanks to the fact that the transmitted signal is Gaussian. The amplified signal at each branch,

can be given by yt
mt

= qmtx
t
mt

+ dt
mt

, where qmt is the mt-th PA complex gain and dt
mt

stands for the

added zero-mean distortion noise with variance σ2
d. Then, we can write the amplified signal in (3.4)
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as :

yn = Qnxn + dn (3.15)

where Qn = diag ([q1, q2, . . . , qMt ]) is the Mt × Mt square diagonal matrix with elements {qmt} on the

diagonal.

Substituting (3.15) in (3.5), we have :

rn = HnQnxn + Hndn + bn (3.16)

By minimizing the mean square error (MSE) of intended symbols sn and the received signal rn, the

problem can be formulated as :

minimize J(xn) = ∥HnQnxn + Hndn − sn∥2
2

subject to ∥xn∥2
2 ≤ Pt

(3.17)

Then, scheme 3 aims to search, iteratively, for the symbols {xt
mt

} which can guarantee excellent

transmission quality after amplification and channel propagation. The alternating procedure, in the

(l + 1)-th iteration, can be expressed as :

x(l+1)
n = argmin

{xn}
J

(︂
x(l)

n , d(l)
n

)︂
d(l+1)

n = P
(︂
x(l+1)

n

)︂
− Qnx

(l+1)
n

(3.18)

where P (.) denotes the amplification operation, which has been given in equation (3.4). By doing so,

the considered optimization problem lends itself to efficient, yet flexible implementation for MU-MIMO

systems by avoiding the use of DPD. The proposed algorithm is referred as MU-PNL-GDm.

The three existing schemes introduced before proposed several solutions for PA non-linearity miti-

gation. However, they have high computational complexity. For scheme 1, the high complexity comes

from the matrix inversion of ZF precoding and the computation of the channel null-space. For scheme

2, although the ZF precoding matrix computation is removed, the rest computation of null-space re-

mains high. What is more is that, in scheme 3, there are PA models used at each iteration, leading to

a high computational complexity.

3.4 Proposed new scheme : Joint MU precoding and PAPR reduction wi-
thout null-space + DPD

In this section, we will propose a new scheme which can jointly perform MU precoding and PAPR

reduction without using the high-complexity required by the null-space matrix computation. The new
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scheme corresponds to Scheme 4 on FIGURE 3.2. The key idea is to iteratively reduce jointly the MUI

and the clipping noise {dt
mt

}, which is obtained by clipping the time-domain signals {at
mt

}. Given the

clipping threshold λ, the clipped signal an can be obtained by :

āmt(n) =
{︄

amt(n), if |amt(n)| < λ

λejϕ(n), if |amt(n)| > λ
(3.19)

where amt(n) = |amt(n)| ejϕ(n) and ϕ(n) is the phase of amt(n). In order to obtain the best PAPR,

the optimal clipping threshold λ is closely related to the mean power of the OFDM signal σ2
a and the

ratio of the used subcarriers [1] N
|χ| and is given by [111] :

λ = σa

√︄
ln

(︃
N

|χ|

)︃
(3.20)

The clipping noise of the mt-th transmit antenna, in frequency-domain, is presented as dt
mt

= FFT (at
mt

−

at
mt

). Then, in the frequency domain, signal on the n-th subcarrier of the transmitting signal x̃n is

represented as :

x̃n = xn + dn, n ∈ χ (3.21)

Compared with scheme 3, here, dn represents the clipping noise instead of PA distortion noise in

equation (3.15). It is worth mentioning that the computational complexity of the clipping noise dn of

the equation (3.21) is less than that of the distortion noise of the scheme 3.

Algorithm 1 Joint precoding + PAPR reduction algorithm

1: Initialize

x(1)
n = 0Mt×1,

∆x(0)
n = 0Mt×1

set the maximal iteration number maxIter

set learning rate λ
2: for l = 1, ..., maxIter do

3: ∆x
(l)
n = 2µHH

n

(︂
Hnx

(l)
n + Hnd

(l)
n − sn

)︂
, ∀n ∈ χ

4: x
(l+1)
n = x

(l)
n − ∆x

(l)
n , ∀n ∈ χ

5: a
t(l+1)
mt = IFFT

(︂
x

t(l+1)
mt

)︂
, ∀mt = 1 . . . Mt

6: dt(l+1)
mt

= FFT
(︂
a

t(l+1)
mt − a

t(l+1)
mt

)︂
7: end for
8: return x̃n = x

(maxlter+1)
n

In order to ensure that the transmitted OFDM signal has ideal spectral characteristics, the inactive

OFDM subcarriers (indexed by χc) must meet the following shaping constraints :

x̃n = 0Mt×1, n ∈ χc (3.22)
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Therefore, the total energy of MUI is determined by ∥Hnx̃n − sn∥2
2. By minimizing the MSE of the

expected symbol sn through the channel H, the problem can be then formulated as follows

minimize J(xn) = ∥Hnxn + Hndn − sn∥2
2, n ∈ χ

subject to xn = 0Mt×1, n ∈ χc (3.23)

In order to solve (3.23), a minimization strategy is used, in which the objective function is iteratively

minimized. Note that the clipping noise used in the (l + 1)-th iteration is calculated from the previous

l-th iteration. It can be expressed as :

x(l+1)
n = argmin

{xn}
J

(︂
xn,d(l)

n

)︂
(3.24)

Here, we use steepest GD method to search the direction at each iteration, where iteration l + 1 is

determined by the negative gradient of the cost function J at iteration l, which is given by :

∇xJ
(︂
x(l)

n , d(l)
n

)︂
= 2µHH

n

(︂
Hnx

(l)
n + Hnd

(l)
n − sn

)︂
(3.25)

where µ is the step size. The new algorithm referred to as MU-2P.

The details of the proposed algorithm is summarized in Algorithm 1

3.5 Complexity analysis

Table 3.1 – Complexity comparison

scheme scheme 1 scheme 2 scheme 3 scheme 4

ZF
computation

N(2MtM
2
r + M3

r ) - - -

ZF imple-
mentation

N(MtMr) - - -

Null-space
computation

2M2
t M2

r + MrM2
t +

M3
r

2M2
t M2

r + MrM2
t +

M3
r

- -

Per iterarion 2|χ|M2
t +

2MtN log(N)
2|χ|MtMr +

2|χ|M2
t +

2MtN log(N)

3|χ|MtMr +
2|χ|M2

t +
2MtN log(N)

3|χ|MtMr +
2MtN log(N)

DPD 13NMt 13NMt - 13NMt

We adopt the number of complex multiplications as a complexity measure to compare the com-

putational complexity of the proposed scheme with that of the existing scheme 1, 2 and 3. For the
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proposed algorithm MU-2P, the computational cost is dominated by the gradient ∆x
(l)
n J (Step 3) and

the N-point IFFT/FFT (Step 5 and 6). The gradient in step 3 involves O (3|χ|MtMr) complex mul-

tiplications. The IFFT/FFT costs O (MtN log(N)) complex multiplications. Therefore, the proposed

MU-2P requires a total of O (3|χ|MtMr + 2MtN log(N)) complex multiplications at each iteration.

For ZF-PAPRnullspace, it needs O
(︁
N(2MtM

2
r + M3

r )
)︁
, O (N(MtMr) and O

(︁
2M2

t M2
r + MrM2

t + M3
r

)︁
for ZF procoding matrix computation, ZF implementation and null-space computation. This leads to

O
(︁
2|χ|M2

t + 2MtN log(N)
)︁
multiplications per iteration.

MU-PP-GDm needs O
(︁
2M2

t M2
r + MrM2

t + M3
r

)︁
for the null-space computation as initialization

step and O
(︁
2|χ|MtMr + 2|χ|M2

t + 2MtN log(N)
)︁
multiplications for each iteration. The complexity

of MU-PNL-GDm is O
(︁
3|χ|MtMr + 2|χ|M2

t + 2MtN log(N)
)︁
per iteration.

The complexities of different schemes are summarized in TABLE 3.1. For scheme 1, scheme 2 and

the proposed scheme 4, a dedicated DPD block per antenna branch is used. The DPD is based on the

well-known multi-layer perception (MLP) NN model. The NN predistorter has two inputs and two

outputs, which represent the I and Q of, respectively, the input and output signals. It has one hidden

layer with 10 neurons. A sigmoid activation function is used for hidden neurons while a linear one is

used for output neurons. Then, the complexity of the NN DPD is easy to compute, it corresponds to

the number of real multiplications to process one sample. The complexity of the NN DPD is the same

for all the three algorithms.

Complexity comparison between different schemes will be given in the next section under certain

system configurations.

3.6 Simulation results

3.6.1 System parameters

In this section, we evaluate the performance of the proposed scheme for joint MU precoding and

PAPR reduction. All the simulation are conducted in a massive MIMO-OFDM downlink system.

The BS is equipped with Mt = 100 antennas serving Mr = 10 single-antenna users simultaneously

. We consider OFDM with N = 512 subcarriers, in which |χ| = 128 subcarriers are used for data

transmission. 16-quadrature amplitude modulation (QAM) is considered with Gray mapping. Com-

plementary cumulative distribution function (CCDF), which indicates the probability that the PAPR
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Figure 3.3 – PAPR performance. Mt = 100, Mr = 10

of the estimated signal exceeds a specified threshold PAPR0, is used to evaluate the PAPR degradation

performance, .

The wireless channel is set to be frequency-selective. It is modelled by a tap delay line with

D = 8 taps. The channel response matrices in time domain, Ht, t = 1, ..., D, consists of i.i.d. circularly

symmetric distribution entries with zero mean and unit variance. The equivalent frequency-domain

response Hn, n = 1, ..., N is obtained by FFT.

Multiple operators in a single cell are also considered as a scenario. As shown on FIGURE 3.6

(a), in the same cell, two Operators are serving two groups of users with adjacent channels in the

frequency-domain. Under this scenario, inter-operator interference occurs, for example, between user

m for operator No. 1 and user 1 for operator No. 2 due to spectral regrowth caused by nonlinear

amplification.

We compare our proposed scheme with the existing three schemes and the reference schemes. In

each algorithm, the learning rate µ are automatically adjusted to provide the best convergence rate

to the optimal PAPR. For each scheme, the value of maxIter is chosen to reach the MUI of -40 dB in

order to create the fair comparisons between all the algorithms.
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Figure 3.4 – BER performance. Mt = 100, Mr = 10, IBO = 3dB

3.6.2 Performance results

In order to evaluate the PAPR reduction efficiency of our proposed scheme, FIGURE 3.3 shows the

CCDF of the PAPR of different methods. We recall that the schemes are shown in detail on FIGURE

3.2, where Ref.1 represents the best scenario with the perfect PA and Ref.2 represents the worst

scenario without any PAPR reduction. Scheme 1, 2 and 3 refer to the existing schemes introduced in

section 3.3 and scheme 4 is the proposed scheme presented in section 3.4. Note that PAPRs of all Mt

antennas are taken into account in order to compute the empirical CCDF. The number of simulations

is 1000. From FIGURE 3.3, we can see that, for the same level of MUI results, the PAPR achieves a

gain of 5.4 dB, 5.2 dB, 2.6 dB and 5.1 dB, when, respectively, scheme 1, scheme 2, scheme 3, scheme

4 are considered (at CCDF of 10−3).

We plot the bit error rate (BER) vs. SNR of all the schemes in FIGURE 3.4, where the SNR

is defined as SNR = E{∥xn∥2
2}/N0 and the PA is operated at IBO of 3 dB. All schemes reduce the

in-band distortion compared with ZF scheme without PAPR reduction. We can also observe that there

are little SNR performance (less than 0.5 dB) losses between all the schemes compared with ideal Ref.

1 at the level of 10−4 . This performance difference is primarily due to the fact that we add different

power on the transmitter side with different schemes.
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FIGURE 3.5 (a) and FIGURE 3.5 (b) show the PSD at the receiver side for the different schemes

at IBO = 0 dB and IBO = 3 dB. The PSD spectrums are the mean of all Mr receiving antennas.

Note that for the ZF scheme, the NN based DPD is also applied on each branch before the PA. From

these results we can observe, first, when PAs are operating at IBO = 0 dB, scheme 3 has the best

performance while all the schemes reduce the OOB radiation. Second, when PAs are operating at IBO

= 3 dB, all schemes perform at nearly the same level, with a gain of 3 dB compared with reference 2.

As shown in [15], the uncorrelated distortion can only be omnidirectional if the number of directions

is greater than the number of dimensions, i.e. when (M3
r +M2

r )/2 > Mt. With a Mt = 100 MU-MIMO

system, the PA distortion becomes omnidirectional at Mr ≥ 6 users. Based on this knowledge, it is

important to see if our proposed scheme have impact on other users using adjacent frequency bands.

FIGURE 3.6 (b) shows the PSD at the receiver side of secondary users (dash curves) which are

considered to be served by another operator, coexist in the same area as the users of interest (UoI)

(solid curves). In order to better compare the OOB radiation, we shift the PSD of the two users. The

in-band difference is due to the antenna gain of the massive MIMO system. We can observe from

FIGURE 3.6 (b), that, in terms of OOB radiation, secondary users, as shown in dash curves, do not

bring negative impact on the adjacent frequency bands, no matter in scheme Ref. 2 or our proposed

scheme 4. Furthermore, our proposed scheme can reduce the OOB radiation compared with Ref.2.

3.6.3 Complexity comparison

According to the given closed-form expressions in section 3.3 and section 3.4 as well as the configu-

ration described in section 3.6.1, it is possible to compute the numerical complexity of all the schemes.

We consider to compute the complexity required by each scheme through the entire transmission

system to achieve a MUI at receiver side of -40dB, i.e. including all the initialization stages, the itera-

tions and the NN DPDs. In order to achieve a MUI of -40 dB, the ZF-PAPRnullspace,MU-PP-GDm,

MU-PNL-GDm and the proposed MU-2P require 35, 32,14 and 44 iterations, respectively.

First, we examine the efficiency of our proposed scheme with Mt = 100, Mr = 10, N = 512 and

| χ |= 128 & 256. TABLE II shows the numerical results of the complexity of different schemes.

From this table we can observe, first, when the number of active subcarriers is 128, the complexity

of the proposed scheme 4 is substantially less than the other schemes. When all the schemes achieve

the MUI performance of -40 dB, the complexity of the proposed scheme 4 requires 36.86 %, 37.44 %
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(a) System of two operation systems in one single cell
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Table 3.2 – Complexity comparison to achieve MUI=-40 dB for each scheme with Mt = 100, Mr =
10, N = 512 and | χ |= 128 & 256

scheme | χ |= 128 | χ |= 256
scheme 1 1.2389 × 108 2.1349 × 108

scheme 2 1.21978 2.0133 × 108

scheme 3 5.01597 9.1375 × 107

scheme 4 4.5669 × 107 6.2565 × 107

scheme 4/scheme 1 36.86 % 29.31 %

scheme 4/scheme 2 37.44 % 29.5 %

scheme 4/scheme 3 91.05 % 68.47 %

and 91.05 % of the complexity needed by scheme 1, scheme 2 and scheme 3. What is more, when we

active more subcarriers, i.e. increase the spectrum efficiency, the proposed scheme 4 has much lower

complexity compared with other schemes. From TABLE 3.2 we can find the percentages drop to 29.31

%, 29.5 % and 68.47 %, respectively. This is due to the fact that ZF-PAPRnullspace and MU-PP-GDm

have the initialization of null-space of ZF matrix computation and for MU-PNL-GDm, there is PA

implementation in each iteration.

We move now to the complexity comparison considering channel variations. Since ZF precoding

matrix computation, null-space computation, the iterative algorithms and NN DPD are all sensitive

to the channel change, the channel variation condition plays an important role in the total complexity.

FIGURE 3.7 shows the number of complex multiplication versus different number of τ with Mt = 100,
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Figure 3.7 – Performance complexity vs.τ

Mr = 10 and | χ |= 256, where τ represents the number of OFDM symbols within which the channel

stays the same. Similar to the previous figure, our proposed scheme has the best performance, in terms

of complexity, compared with all the other schemes while scheme 1 and scheme 2 are the most sensitive

among all.

All the comparison and analysis in complexity illustrate the improvement of our proposed scheme

compared to the other methods.

3.7 Conclusion

In this chapter, first, we presented some pertinent existing solutions for massive MU-MIMO under

PA nonlinearities. Then, we introduced a low complexity downlink transmission scheme for an OFDM

based massive MU-MIMO downlink scenario under PA nonlinearities. The key idea is to take advantage

of the DoFs offered by massive MIMO to reduce the PAPR of transmitted signals in massive MU-

MIMO, while maintaining a satisfying transmission quality and spectrum purity. Here, we emphasize

the computational complexity enabling efficient deployment of real-time massive MIMO. The proposed

joint MU precoding and PAPR reduction method, formulated as a simple convex optimization problem,

is designed with a steepest GD-based algorithm. The simulation results showed that the proposed

transmitting scheme allows a satisfying performance while it requires lower computational complexity
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compared with the existing solutions.
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4.1. INTRODUCTION

4.1 Introduction

In this chapter, we propose a new efficient autoprecoder (AP) based deep learning approach for mas-

sive MU-MIMO downlink systems in which the BS is equipped with a large number of antennas with

energy-efficient PAs and serves multiple user terminals. The proposed method, (called AP-mMIMO)

aims at compensating the severe nonlinear PA distortions. Unlike the other proposed solutions intro-

duced in the previous chapter, the AP-mMIMO requires lower computational complexity.

As introduced in the previous chapters, massive MIMO technology is emerging as a core feature

in the future wireless communication systems. In the massive MIMO downlinks systems, linear signal

processing methods, such as MF and ZF are considered as widely used precoding techniques to reduce

transmitter power consumption, to realize signal transmission and to eliminate MUI [112]. These

linear precoders, on the other hand, carry a high PAPR to transmit signals [13]. As a result of the

high PAPR, the main hardware distortion is the non-linearity of the RF PA, which is inevitable in a

typical transmission chain. When PA is present in the transmission chain, signal distortion and phase

rotation emerge, resulting in a transmission performance degradation.

In chapter 3, we introduced some algorithm-based solutions to compensate the PA distortion

and improve the system performance [1] [2]. Also, we proposed the new algorithm MU-2P, which

jointly perform the linear precoding and PAPR reduction and has less computational complexity

while maintaining satisfactory system performance.

In the other hand, machine learning (ML)/deep learning (DL) algorithms have proven success

in performing the real-time optimization tasks required for massive MU-MIMO. As most signal pro-

cessing algorithms in communications systems have strong foundations in statistics and information

theory, DL has the potential to outperform conventional physical layer algorithms. Deep neural net-

works (NNs), and in particular the autoencoder idea, have been proposed for end-to-end learning of

communications systems [113]. Unlike traditional communications systems, this configuration allows

for combined optimization of the transmitter and receiver for different channel model, rather than

being limited to component-wise optimization.

What is more, in a practical system includes PA nonlinearities, as we are focusing on, models

can only be estimated approximately. As a result, a DL-based communications system may be more

adequate to compensate for such imperfections.
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Sohrabi et al. [16] proposed an autoencoder to enhance the performance of one-bit massive MU-

MIMO systems : It has been shown to provide satisfactory performance, it is limited to multicasting

communications and its computational complexity is still challenging due to the large size of the

deployed neural networks (NN). It’s worth noting that the concept of a deep NN-based autoencoder

has been extensively researched for SISO systems and has been demonstrated to cope with hardware

imperfections. [114] [115]. In [116], authors proposed, in MU-MIMO system, a way to adjust the

algorithm parameters of the nonlinear biConvex 1-bit PrecOding (C2PO) algorithm developed in [117]

using NN optimization tools. However, the exact channel knowledge is needed at the BS side. To the

best of our knowledge, no previous work has looked into the use of DL to deal with PA non-linearities

in massive MU-MIMO downlink systems over varying fading channels.

Regarding the issues discussed above and the motivations behind this work, in this chapter, our

main contributions are summarized as follows :

• We investigate the use of DL in massive MU-MIMO downlink systems with varying fading

channels to deal with PA non-linearities. The important concept is to model the transmit

precoder, PAs, channel, and receiver as one deep NN, i.e. as an end-to-end reconstruction task

with only the transmit precoder and receive decoders are trainable.

• Unlike previous work [16][114][115], our new AP-mMIMO is suitable for varying channel scena-

rios, requiring less computational complexity for adaptability. We propose a two-stage precoding

scheme for this : (1) an off-line trained NN-precoder and a NN-decoder (see FIGURE 4.1) that

fits any channel, and (2) a channel-dependent linear precoder that can be designed using the

widely used ZF precoding scheme.

• We use matrix polynomials (MP)-based form for data precoding to reduce the significant com-

putational complexity of the large-scale matrix inversion needed for ZF precoding [118]. Nu-

merical simulations suggest that this latter can match the performance of the ZF precoder.

It’s worth noting that, unlike [16], the user’s power allocation in our proposed AP-mMIMO is

straightforward.

4.2 System model

We consider, in this chapter, a single-cell massive MIMO downlink system, where Mr single-

antenna users are served simultaneously by the BS equipped with Mt antennas, over a fading channel
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Figure 4.1 – Proposed AP-mMIMO structure : Generalization phase.

H ∈ CMr×Mt which has random complex Gaussian entries (Mt ≫ Mr). The symbols for the Mr

users are included in the CMr×1 signal vector s, where smr is chosen from a M-quadrature amplitude

modulation (QAM) constellation. The BS uses a linear precoding stage, transforming the vector s into

a Mt-dimensional vector by using a CMt×Mr matrix W = [w1, w2, . . . , wMr ], using the CSI. This can

be written as

x = 1
√

ςW
Ws (4.1)

where 1√
ςW

is the power normalization factor. Here, the precoding matrix can be obtained by using

the ZF technique [119] or by the matrix polynomials technique [118], which are calculated by W =

HH
(︂
HHH

)︂−1
and W = HH ∑︁J

j=0 µj

(︂
HHH

)︂j
, respectively, where µ is a vector containing the real-

valued coefficients of the MP precoder. The coefficients in µ can be optimized theoretically and they

do not depend on the instantaneous channel estimates. Note that the Horner’s implementation rule

[118] should be adopted for seeking low complexity. Interested readers are referred to [118] for more

details concerning the µ coefficients optimization and the Horner’s rule implementation.

For the case of massive MIMO with non-linear PAs, the precoded symbols in equation (4.1) are

fed, towards the BS antennas, through Mt parallel transmit chains with PAs (see FIGURE 4.1).

The resulting amplified symbols are presented by y. The amplification and channel propagation are

illustrated in equations (3.4) and (3.5).

The principal sources of distortions in the transmitter for our massive MU-MIMO downlink system,

as in the previous chapter, are the nonlinear PAs, especially when they are operated close to their
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Figure 4.2 – Structure of the precoder and decoder. Two NNs are trained at the transmitter side and
the receiver side, in which the cross entropy is used as loss function.

saturation regions to maximize their power-efficiency. Note that the nonlinear PAs are also modeled

in this chapter using the 3GPP’s modified Rapp model for the New Radio (NR) evaluation [109].

Its corresponding output signal, AM/AM conversion and AM/PM conversion are given in equations

(3.10) and (3.11).

4.3 Proposed autoprecoder structure and learning solution

In this section, we present our autoprecoder based end-to-end mMIMO downlink communication

structure and the training/generalization details.

4.3.1 Autoprecoder structure

The structure of the proposed AP-mMIMO is shown in FIGURE 4.2. Most DL libraries only offer

real-value operations, as a result, we should map the complex vectors to real ones. Since the transmitted

signal is complex, in the block diagram, there is a R-to-C block and a C-to-R block, representing the

real-to-complex and complex-to-real mappings, respectively.

The symbol c ∈ {1, ..., M} represents the index of the intended message for a specific user, and

m indicates its one-hot representation, i.e., an M -dimensional vector with one element for the m-th

element and zero for the remaining elements. This vector is passed into the transmit NN, which has

numerous dense nonlinear layers and one last linear layer. A dense layer is a matrix multiplication

with learnable weights followed by a non-linear activation function in this scenario. Two linear neurons

representing the outputs I and Q of the base-band complex signal belonging to one user should be

present in the linear layer.

The 2-dimensional real-valued signal at the output of the NN-precoder ˜︂m in this model can be

113
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written as

˜︂m = KT · σT−1 (· · · K2 · σ1 (K1 · 1m + n1) + · · · nT−1) + nT (4.2)

where T is the number of layers (i.e., T − 1 hidden layers and one output layer), σt is the activation

function for the t-th layer. ΘT = {Kt, nt}T
t=1 represents the set of the NN parameters (matrices and

bias). The dimensions of the NN parameters are

dim (Kt) =

⎧⎪⎨⎪⎩
ℓt × M, t = 1
ℓt × ℓt−1, t = 2, . . . , T − 1,
2 × ℓt−1, t = T,

dim (nt) =
{︄

ℓt × 1, t = 1, . . . , T − 1,
2 × 1, t = T

(4.3)

where ℓt is the number of neurons in the t-th hidden layer.

During the learning phase (as illustrated in FIGURE 4.2), only one NN-precoder is trained, and

it is used for the Mr users at test time. We generate the 2Mr real-valued signal corresponding to the

Mr users (as shown in FIGURE 4.1) during the generalization phase, which serves as the initial stage

of precoding. Then, a traditional linear precoder, such as a ZF one, is used in the second step. It is

worth noting that the transmit signal at each antenna is adjusted to the required IBO at the linear

precoder’s output (for the sake of simplicity, it is not presented in the FIGURE 4.1 and FIGURE 4.2).

On the receiver side, another NL NN with R thick layers is utilized as a decoder, similar to

the transmitting NN-precoder. The r-th layer of the NN decoder has ℓr neurons and represents the

receivers’ activities. All users’ decoding operations in our system employ the same NN-decoder. Only

one NN-decoder is trained during the off-line learning phase, similar to the precoder, however all users

employed the same decoder during the on-line testing phase.

It IS worth noting that utilizing this method reduces receiver training parameter measurements,

theoretically leading to a speedier training process and low-complexity precoder/decoder on-line exe-

cution. In order to construct the probability vector at user mr, pk ∈ (0, 1)|M|, the last layer’s activation

function in the receivers’ NN is set to softmax activation, where the i-th element represents the pro-

bability for the desired symbol’s index to be i. Finally, user mr declares m̂ as the decoded index of the

intended symbol, which corresponds to the index of the highest probability element in pk. Here, we

may use cross-entropy to train the network so that it learns to map the proper output to the proper

input.

114



4.4. COMPUTATIONAL COMPLEXITY ANALYSIS

Table 4.1 – Complexity analysis

Method MU-PNL-GDm [2] AP-mMIMO (ZF) AP-mMIMO (MP)

Linear precoder
computation

- 8MtM
2
r + M3

r −

NN-
precoder/decoder

- (M + 2)ℓtMrτ +
(M + 2)ℓrMrτ

(M + 2)ℓtMrτ +
(M + 2)ℓrMrτ

Precoding vector
update

τNiter(12MtMr +
128Mt)

4τMtMr 4τ(2J + 1)MtMr

[118]

4.3.2 Implementation details

TensorFlow [120], an open source Python-based machine learning framework, is used to create the

AP-mMIMO based deep NN in FIGURE 4.2. The Adamax optimizer [121], a variant of the stochastic

gradient descent methodology for neural network optimization, is used to train the NN-precoder and

NN-decoder. As a loss function, we employ categorical cross-entropy. There is only one hidden layer

in each of the NN precoder and decoder (i.e., T = 2 and R = 2) with, respectively, ℓt and ℓr hidden

neurons. Furthermore, we use rectified linear unit (ReLU) as the hidden layer activation function [122].

FIGURE 4.1 illustrates the generalization phase of our proposed AP-mMIMO illustrating a typical

massive MIMO Downlink system. We recall that the NN-precoder and NN-decoder blocks are identical

for all users and are trained with only one given channel matrix H, which is chosen randomly.

Finally, we use the categorical cross-entropy loss as shown in FIGURE 4.2 to train both the NN-

precoder and the NN-decoder simultaneously and through various mMIMO chain operations, which

is appropriate to our purposes (detection of changes in the probability distribution) and has been

demonstrated to lead to quick training as well as extremely good generalization [123].

4.4 Computational Complexity Analysis

In this section, we examine the proposed AP-online mMIMO’s computational complexity and

compare it to the algorithm-based solution MU-PNL-GDm [2], which combines linear precoding, PAPR

reduction, and DPD. To our knowledge, the MU-PNL-GDm provides the highest performance in terms

of symbol error rate (SER) among the current literature, but its computational complexity and latency

are sufficiently high, making it unsuitable for real-time massive MU-MIMO Downlink systems.

We recall that the linear precoding in the proposed AP-mMIMO can be either the ZF or its low-
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Figure 4.3 – Complexity vs. τ .

complexity version based on MPs. As a result, there are two AP-mMIMO schemes : 1) AP-mMIMO

(ZF) and 2) AP-mMIMO (MP).

The complexity of implementing the three different approaches (AP-mMIMO (ZF), AP-mMIMO

(MP), and MU-PNL-GDm) are summarized in TABLE 4.1. The number of real multiplications is

computed here, where τ is related to the channel coherence interval, which indicates that the channel

properties remain constant throughout τ symbols.

Because the NN-precoder and NN-decoder are trained off-line, the corresponding complexity is not

taken into account. As a result, the proposed AP-online mMIMO’s computational complexity involves

performing NL precoding, linear precoding (ZF or MP), and NL decoding within a channel coherence

interval (i.e., processing τ symbols).

4.5 Simulation Results

In this section, we evaluate the performance of the proposed AP-mMIMO based end-to-end massive

MU-MIMO Downlink systems under PA non-linearities. For all the simulations, we consider the BS

to be equipped with Mt = 100 antennas and serving Mr = 10 single-antenna users simultaneously.

16-quadrature amplitude modulation (QAM) is considered (i.e., M = 16). The memory-less modified
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Figure 4.4 – SER vs. SNR comparison when PA is operated at IBO = 1 dB and 3 dB

Rapp model is adopted to determine the PA input and output, with parameters G = 16, Vsat = 1.9,

p = 1.1, A = −345, B = 0.17, and q = 4 [109]. Note that new test data over 105 channel realizations

were considered to evaluate the SER performance.

FIGURE 4.4 illustrates the SER vs. signal-to-noise ratio (SNR) of the proposed AP-mMIMO when

PAs are operating at IBO = 1 dB and 3 dB. As references, we plot the scenario that there is no PA

distortion correction (“PA w/o correction”) and the linear case where the PA is considered as an

ideal one (“Linear”). Each of the NN-precoder and NN-decoder has one hidden layer of 16 neurons

and the SNR is defined as SNR = E{∥yn∥2
2}/σ2

b . From the FIGURE 4.4, we can clearly note that

our proposed AP-mMIMO scheme can provide significant improvement compared to the case without

correction, which is quite close to the one provided by an ideal massive MU-MIMO system. It is worth

mentioning that the two options of the proposed AP-mMIMO, either with ZF or MP, provide the

same performance in terms of SER when J = 5, it was also mentioned in [118]. Then, for the sake of

simplicity, only one AP-mMIMO SER curve is given for each IBO value.

Most importantly, the advantage of our proposed method is the low complexity needed in online,

which makes it interesting for real-time massive MU-MIMO downlink systems. Indeed, according to

the results illustrated in FIGURE 4.3, the computational complexity vs. τ , one can note that our

proposed method, the AP-mMIMO ZF/MP, has much lower complexity for all range of τ compared
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to the MU-PNL-GDm algorithm [2]. Here, Niter = 6 and J = 5, as presented, respectively, in [2] and

[118]. When τ = 5, the complexity of AP-mMIMO (ZF) and AP-mMIMO (MP) are only 17.85% and

11.94% of that of MU-PNL-GDm, respectively.

In addition, we can note that when τ is small (≤ 10), the AP-mMIMO (MP) scheme requires

lower complexity than the AP-mMIMO (ZF) one. However, this latter performs better, in terms of

complexity, when τ becomes larger.

4.6 Conclusion

We presented a novel DL Autoprecoder-based massive MU-MIMO downlink transmission me-

thod, which aims to minimize MUI and compensate PA impairments over varying fading channels.

In comparison to current literature, numerical results clearly showed the capabilities of the proposed

AP-mMIMO to provide competitive performance with a competitive computational complexity. The

following are some of the chapter’s most interesting findings : (1) The proposed AP-mMIMO is sui-

table for varying fading channels due to the two-stage precoding approach used. As a result, when the

channel changes, just the linear precoding is changed. (2) The NN precoder/decoder can be trained

off-line and do not rely on real-time channel estimations. (3) For fast-changing channel conditions, the

AP-mMIMO (MP) is preferred, whereas the AP-mMIMO (ZF) is suitable for slow-changing channels.
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5.1. CONCLUSION

5.1 Conclusion

This thesis focuses on the efficient transmission in 5G and beyond wireless communication systems

when non linear PA and different numerologies are used in a massive MIMO context. When using

different numerologies, we have established closed form expressions for the inter numerology inter-

ference (INI) and we have proposed an INI cancellation system for both uplink and downlink when

using CP-OFDM waveform. Concerning PA impairments, we have proposed a new low complexity

algorithm able to realize the MU-MIMO precoding together with PAPR reduction. Performances of

this proposed algorithm are very closed to the ones of the available algorithms in litterature while

having a lower complexity. Finally we have proposed an auto-precoder based on DL approaches called

AP-mMIMO scheme. This auto-precoder is able to correct the impairments brought by NL PA while

having a reasonnable complexity.

In Chapter 1, we gave an overview of the development of wireless communication systems as well

as its main characteristics. The recent massive MIMO technology was also introduced and the PA

imperfections, which is an essential problem for real transmission, are presented.

In Chapter 2, we have focused on improving the spectral efficiency in massive MIMO-OFDM

systems. The mixed-numerologies method is applied to investigate the use of spatial multiplexing of

users who are sharing the same bandwidth. The downlink and uplink transmission schemes are propoed

and the INI models were built to analyse the inteference introduced between different users. The results

show that the proposed cancellation method can reduce the INI and improve the transmission quality.

We showed that, in the massive MIMO-OFDM downlink scenario, INI is only created in frequency

selective channels and only when users with large SCS communicate with users with small SCS.

However, in uplink scenario, all users suffer from INI in frequency selective channels.

In Chapter 3, we have turned our view on the energy efficiency in the real transmission chain.

In this chapter, a special interest was given in RF PAs. The PA nonlinear characteristics showed its

negative impact on the transmission quality as it brings hardware distortion. In order to compensate

this imperfection while maintaining the system efficiency, we analysed several existing solutions and

then proposed our new joint MU precoding and PAPR reduction scheme. Here, we designed the

scheme in a massive MU-MIMO downlink system. A steepest GD-based technique is used to build the

proposed joint MU precoding and PAPR reduction method, which is formulated as a simple convex
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optimization problem. The simulation results indicated that, compared to the previous methods, the

suggested transmitting scheme provides satisfactory performance while requiring lower computing

complexity.

In Chapter 4, we continue to compensate the PA nonlinearities, but with the deep NN tool. Different

from the classical optimization method, which separates the transmission chain into several blocks,

we have tried to design an end-to-end solution. In our proposed AP-mMIMO scheme, two NNs are

trained off-line and are used for all antenna branches and users. In comparison to current literature,

numerical results clearly showed the capabilities of the proposed AP-mMIMO to provide competitive

performance with even lower computational complexity, compared with the classical algorithms-based

solutions.

5.2 Perspectives

Despite the 5G research interests in recent years, researchers have begun working on the sixth

generation of the radio-mobile network. 6G is anticipated to arrive in 10 years and should be 100 times

faster than 5G, with better coverage and availability [124]. It should also complete the dependability

of 5G services (eMBB, mMTC, URLLC) while taking into account extremely low latency and low

energy consumption. Communication systems that are autonomous and intelligent have the potential

capability to enhance the overall system performance while reducing the workload. 6G will open up

new avenues for digital innovations. Under this, we could have some points for future work.

• Cell-free massive MIMO and Intelligent Reflecting Surface (IRS)

Cell-free massive MIMO [125] is a promising solution for meeting the demand for an increasing

number of users, higher data rates, and stringent quality-of-service in 6G networks. The basic

concept behind cell-free massive MIMO is to use a great number of access points that are ran-

domly placed around the coverage area and attached to a central processing unit (CPU). The

access points serve all UEs on the same time-frequency resource with the CPU’s coordination

and computational help. Therefore, we can consider to extend our studied schemes under the

concept of cell-free massive MIMO. What is more, the use of IRS allows for controllable ano-

malous scattering of incident electromagnetic waves [126] [127]. This allows for active control

of the propagation environment and adds another level of optimization to future wireless com-
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munication networks. It could be also interesting to investigate energy-efficient schemes with

the new IRS concept and channel model.

• Other hardware imperfections in 6G systems

Tx Leakage due to a nearby antenna, mirror-frequency interference due to IQ mismatch, oscil-

lator phase noise, and non-linear distortion due to PA could all occur in the radio transceiver,

which is called ”Dirty-RF,” or radio imperfections caused by the RF chain [128]. Furthermore,

cross-talk between antennas may occur, lowering broadcast quality. These imperfections, which

are frequently overlooked, have a negative impact on massive MIMO communications. In this

thesis, the study was limited to the PA non linearity and its compensation. For future work, we

could first investigate the influence of other Dirty-RF imperfections on massive MIMO perfor-

mance. Then, the next step is to provide dependable DSP-based solutions to reduce the studied

RF impairments in 6G communication systems on both the transmitter and receiver sides. This

will ensure low-cost and low-power components more widely available.

• Deep learning enabled 6G

In Chapter 4, we have already introduced the deep learning concept in the massive MIMO

system and applied it by proposing an AP-based deep learning approach for massive MU-

MIMO downlink systems. Apart from that, We could look at other new approaches, such as

meta-learning [129], which allows for lesser complexity and complements standard machine

learning approaches. The goal is to create a meta-learning model that can be extended to a

new configuration that was never learnt during the learning process. We propose to employ two

neural networks. The first one, the NN Precoder, creates a precoded data vector, for a certain

channel configuration, to compensate the PA nonlinearities or other hardware imperfection.

The weights of the NN-Precoder associated to a channel configuration are generated by the

second NN, the Meta-NN, which may be extended to any channel configuration. By doing so,

we eliminate the NN Precoder’s adaption and the associated computing complexity when the

channel changes.
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Xinying CHENG

Study and mitigation techniques of RF
impairments for beyond 5G multi-carrier

waveforms

Résumé : La recherche fondamentale vers les réseaux cellulaires au-delà de la 5G est en cours
et la vision de 2020 et au-delà comprend un nombre important de cas d’utilisation compte
tenu d’un grand nombre d’appareils avec un large éventail de caractéristiques et de demandes.
D’une part, la bonne efficacité spectrale donne plus de capacité pour la transmission tandis
que d’autre part, la construction d’équipements radio compacts et peu coûteux, flexibles et
de haute qualité est une tâche très difficile. Le contexte des travaux de cette thèse est l’étude
des techniques de type massive MIMO en présence d’imperfections RF, notamment celles
apportées par les amplificateurs de puissance (PA) non linéaires (NL). Le nombre important de
PA dans une station de base de type massive-MIMO crée différentes contraintes et les résultat
de ces contraintes entraine fortes dégradation des signaux émis tant dans la bande que hors
bande. D’autre part, la normalisation 5G a introduit le concept de différentes numérologies
conjointement à la technique massive MIMO. L’influence des différentes numérologies utilisées
par les différents utilisateurs sera aussi étudiée dans cette thèse.

Mots clés : Massive MIMO, 5G, Numérologies, Imperfection RF, Amplificateurs de Puissance
(PA), MU precoding

Abstract : Fundamental research towards beyond 5G cellular networks is ongoing and the
vision of 2020 and beyond includes a significant amount use cases considering a massive number
of devices with a wide range of characteristics and demands. On the one hand, the good
spectral efficiency gives more capacity for the transmission while on the other hand, building
compact and low-cost flexible and high-quality radio equipment is a very challenging task. The
context of this thesis is the study of massive MIMO techniques with the presence of radio
frequency (RF) imperfections, in particular, the non-linear (NL) power amplifiers (PA). The
large number of PAs equipped in the base station (BS) creates various constraints which lead
to strong degradation of the transmission quality both in the band and out of band. On the
other hand, 5G standardization introduced the concept of different numerologies together with
the massive MIMO technique. The influence of the different numerologies used by the different
users will also be studied in this thesis.

Keywords : Massive MIMO, 5G, Numerologies, RF Imperfection, Power Amplifier (PA),
MU precoding
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