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Abstract
Although LTE has been considered as a strong technology expected to be used in the upcoming years, the need for a new technology, capable to meet the huge growth in data
trafﬁc volume, to support diverse use cases and to empower new users’ experience, is becoming a reality. A new generation of cellular networks, known as 5G new radio (NR),
has been standardized through improvements in the current 4G/4G+ concepts and features
in order to bring a new level of ﬂexibility, scalability and efﬁciency. Time division duplex
(TDD) is expected to be one of the key features of 5G NR since it offers more advantages
than frequency division duplex (FDD) mode in terms of capacity, ﬂexibility and implementation adequacy with other features, such as full dimension multiple input multiple
output antenna (FD-MIMO) technology. A variant operational mode of TDD, known as
D-TDD, is in the scope. It is designed to deal with uplink (UL) and downlink (DL) trafﬁc
asymmetry since it is based on instantaneous trafﬁc estimation and offers more ﬂexibility
in resource assignment. However, the use of D-TDD requires new interference mitigation
schemes to handle two additional types of interference called cross link interference (CLI)
and stands for DL to UL and UL to DL interference.
The ﬁrst part of this thesis is devoted to tackle the problem of interference modeling
in D-TDD based macro-cell and small-cell deployments. We provide a complete analytical approach to derive relevant metrics, such as interference-to-signal-ratio (ISR) and the
coverage probability formulas, considering adequate geometry models for each type of
deployment: regular hexagonal model for macro-cells and spatial PPP based model for
small-cells. In the second part, we investigate the feasibility of two interference mitigation
schemes designed to reduce the strong DL to UL interference that affects D-TDD based
systems. To this intend, we propose a new 3D beamforming scheme based on the spatial
distribution of users’ locations. This technique aims at exploiting the horizontal and the
vertical dimensions to enhance the strength of antenna radiation patterns in a given location and reduce DL interference in neighboring cells. Then, we study the applicability of
this scheme in the context of D-TDD based macro-cells and we compare performance to
S-TDD with the aim of verifying the feasibility of D-TDD for macro-cells. Additionally,
9
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we propose a tractable cell clustering scheme, based on the hexagonal tessellation, to reduce DL to UL interference in small-cell networks.
The third part of the thesis is dedicated to investigate another problematic which is
Orthogonal Frequency Division Multiplex (OFDM) radio resource dimensioning. Since
5G NR takes in consideration a wide array of emerging use cases and also the possibility of having future requirements, the third Generation Partnership Project (3GPP) comes
up with a variant of OFDM known as scalable OFDM and having different sub carriers’
spacing. This feature appears to be an ideal choice for 5G NR since it offers a high spectral efﬁciency, robustness to selective fading channels, convenience with diverse spectrum
bands and compatibility with other features. Therefore, dimensioning OFDM is a major
task to accomplish in the context of NR. To this purpose, we provide an analytical model to
dimension OFDM based systems, that remains valid also for scalable OFDM, with a proportional fair resources’ allocation policy. We identify two kind of users: i) indoor users
that we model with a spatial PPP in the cell coverage area. ii) To model outdoor users,
we propose ﬁrst a random model describing the distribution of roads in the studied area
which is Poisson Line Process (PLP), then we consider the random distribution of users
in each road according to a linear PPP. Hence, the distribution of users becomes doubly
stochastic according to a process known as Cox. According to this model, we show that
the total number of requested radio resource follows a compound Poisson distribution and
we derive some analytical results regarding the congestion probability. The accuracy of
this model is then veriﬁed through numerical results.

Keywords 5G NR, S-TDD, D-TDD, Interference, SINR, ISR, Coverage probability, 3D
beamforming, FeICIC, Cell clustering, Hexagonal network, PPP, Cox Process, PLP, Dimensioning, Congestion probability, QoS, ASE.

10

Résumé étendu
Introduction
Une nouvelle génération des réseaux mobiles, connue sous le nom de 5G NR, est en cours
de standardisation à travers des améliorations apportées à son prédécesseur 4G/4G+. 5G
NR va introduire un nouveau niveau de ﬂexibilité, scalabilité et efﬁcacité aﬁn de satisfaire
plusieurs classes de services. Le mode de duplexage TDD est le plus favorable pour 5G NR
grâce aux avantages qu’il représente par rapport au mode FDD en termes de capacité, ﬂexibilité et convenance de déploiement avec les autres technologies attendues dans le cadre
de la 5G comme FD-MIMO. Une variante du TDD, connue sous le nom du dynamique
TDD (D-TDD), attire de plus en plus l’attention. D-TDD est désigné pour l’adaptation
des conﬁgurations des sous-trames DL et UL en se basant sur une estimation instantanée
du traﬁc. Cependant, l’utilisation de ce mode nécessite l’implémentation des mécanismes
capable de réduire deux types d’interférence additionnelles : l’interférence générée par les
stations de bases qui impacte le signal UL des utilisateurs et l’interférence générée par les
mobiles en UL qui interfère avec le signal DL des stations de base.
La première partie de cette thèse est consacrée à l’analyse des performances du mode
D-TDD en termes de ISR et de probabilité de couverture dans 2 types de déploiement
: macro-cells et small-cells. Ensuite, nous proposons deux techniques de mitigation des
interférences dont la première est destinée aux macro-cells et basée sur le 3D beamforming tandis que la 2ème est le cell clustering et appliquée au small-cells. Dans la 2ème
partie de cette thèse, nous étudions la problématique du dimensionnement de l’OFDMA
qui sera une technologie de base pour la 5G NR. Etant donné que le dimensionnement
des ressources radio est une tâche primordiale dans l’ingénierie radio, nous proposons
un modèle analytique qui permet la réalisation de cette tâche en considérant un scheduling proportional fair. Nous distinguons entre 2 types d’utilisateurs : utilisateurs indoor
qui sont modélisés par un PPP spatial et utilisateurs outdoor qui sont modélisés selon un
processus de Cox conduit par un PLP. Plusieurs résultats analytiques et numériques sont
exposés aﬁn de justiﬁer l’exactitude et la précision de ce modèle.
11
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Modélisation des interférences et analyse des performances des réseaux mobiles basés
sur le dynamique TDD:
Aﬁn de supporter la prolifération continue du traﬁc de données observée durant les dernières
années, et qui va continuer à augmenter vu les différentes exigences des utilisateurs mobiles et des services demandés, une variante du mode de duplexage TDD, nommée dynamique TDD, est introduite dans le but de permettre aux cellules d’adapter la conﬁguration des trames montantes (UL) et descendantes (DL) d’une manière dynamique selon le
traﬁc observé. L’utilisation d’un tel mode résulte en deux types d’interférence additionnelles qui impacte le signal utile des utilisateurs:
• L’interférence UL to DL: quand une cellule est en transmission DL, le signal utile d’un
utilisateur servi en DL est interféré par le signal des utilisateurs qui transmettent en
UL dans les autres cellules Fig. 1.
• L’interférence DL to UL: quand une cellule est en transmission UL, le signal utile d’un
utilisateur est interféré par le signal DL des stations de base des autres cellules qui
transmettent en DL Fig. 2.

Figure 1 – L’interférence UL to DL

Figure 2 – L’interférence DL to UL

.

.

Ces deux types d’interférence sont en général difﬁciles à gérer surtout pour les macrocells car il se peut que les stations de base qui transmettent avec des puissances élevées
se trouvent en visibilité directe entre eux et aussi les mobiles se déplacent d’une manière
aléatoire.
12
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Figure 3 – DL ISR: Static TDD vs Dynamic TDD.
.

Figure 4 – UL ISR: Static TDD vs Dynamic TDD.
.

Dans ce contexte, nous proposons une approche analytique qui permet la modélisation
des interférences générées par le mode D-TDD dans 2 types de déploiement :
• Un réseau de macro-cells: On le modélise par un réseau hexagonal régulier avec un
nombre inﬁni de cellules macro. On dérive les expressions de ISR (Interference
to Signal Ratio) qui couvrent les 4 types d’interférence qui apparaissent selon le
sens de transmission et on dérive aussi l’expression explicite de la probabilité de
couverture en DL et en UL.
• Un réseau de small-cells: Étant donné que les small-cells prennent des positions non
planiﬁées comme le cas des macro-cells, on choisit de modéliser leur distribution
spatiale par un processus de poisson aﬁn de pouvoir exploiter les résultats mathématiques
basés sur la géométrie stochastique. Cela va permettre de dériver la probabilité de
couverture en DL et en UL.
Pour un réseau de macro-cells, les résultats montrent que l’activation du mode D-TDD
est en faveur de la transmission DL comme on peut voir sur Fig. 3. En effet, lorsque
un certain nombre de cellules changent leurs sens de transmission du DL vers le UL,
l’interférence qui provient du signal DL des stations de bases, qui est puissant par rapport au signal UL qui provient des mobiles, diminue et les performances s’améliorent par
la suite. Cependant, le comportement est complètement différent durant la transmission
UL. Lorsque le D-TDD s’active, on remarque que l’interférence augment d’une manière
13
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signiﬁcative, ceci provient du fait que le signal DL des stations de bases interfère et impacte beaucoup le signal UL du mobile dans sa cellule serveuse Fig. 4. Par conséquence,
on peut conclure que le mode D-TDD ne peut pas s’appliquer à un réseau macro en UL
sans techniques de mitigation d’interférence.
Les mêmes résultats peuvent être observés par simulation pour les deux types de
déploiement macro-cells et small-cells. La seule différence c’est que le réseau de smallcells est moins vulnérable à l’interférence DL to UL car en général les small-cells sont
considérées plus isolées les unes des autres.
1
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Figure 5 – Probabilité de couverture en DL et en UL pour un réseau macro avec différent
facteur de control de puissance fractionnel.
Nous considérons pour le sens de transmission UL un mécanisme de contrôle de puissance appliqué au canal PUSCH et on le modélise par le contrôle de puissance fractionnel
avec un facteur de compensation k. La ﬁgure Fig. 5 montre la probabilité de couverture en
DL et UL en considérant différent facteurs de contrôle de puissance k pour un réseau de
macro-cells dont le mode D-TDD est activé. Pour le DL, on peut voir que le contrôle de
puissance en UL n’a quasiment aucun impact sur les performances car l’interférence qui
domine durant le cycle de transmission DL est celle en provenance des stations de base
qui transmettent en DL. Pour le UL, on peut constater qu’il y a une amélioration de la
probabilité de couverture pour les petites valeurs de k. En effet, le contrôle de puissance
fractionnel permet aux utilisateurs UL d’achever un SINR nécessaire pour leurs transmissions en contrôlant en même temps les interférences qu’ils génèrent. Pour un facteur k
compris entre 0 et 1, l’affaiblissement du parcours est partiellement compensé. Ce qui
14
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veut dire qu’il y a un compromis entre l’affaiblissement du parcours et le SINR requis i.e.,
avoir un affaiblissement de parcours élevé implique un signal UL moins élevé. Cela résulte
en un compromis entre l’affaiblissement du parcours et le SINR qui permet de contrôler
l’interférence UL dans le contexte du D-TDD.
Pour conclure, dans la première partie de cette thèse, nous avons proposé un modèle
mathématique pour analyser les performances des réseaux macro-cells et small-cells avec
le mode de duplexage D-TDD. Les résultats ont montré que ce mode est en faveur de la
transmission DL par contre le UL est sévèrement impacté par l’interférence DL to UL.
Dans la 2ème partie on propose un modèle 3D beamforming dédié à la mitigation des interférences en DL et on va montrer que l’application de ce modèle dans un réseau macrocells permet de diminuer l’impact de l’interférence DL to UL et rendre le D-TDD faisable
pour les déploiements macro.

Un modèle analytique 3D beamforming dont les rayonnements horizontal et vertical
des antennes dépendent de la distribution spatiale des utilisateurs
FD-MIMO est une technologie qui est basée sur le fait d’arranger un grand nombre d’antennes
dans un tableau 2D placé en tête des stations de base. Cela permet de surmonter les contraintes de taille en augmentant le nombre d’antenne dans le contexte de massive-MIMO
ainsi que l’activation du 3D beamforming en exploitant la dimension verticale du rayonnement des antennes. Le 3D beamforming consiste à former un beam du signal aigu entre
l’émetteur et le récepteur en jouant sur la largeur du beam dans le rayonnement horizontal
et vertical de l’antenne. Cela permet d’augmenter la puissance du signal en le focalisant
sur un endroit bien précis et en même temps diminuer l’interférence qui provient des autres
stations de base.
Nous proposons dans cette 2ème partie un modèle analytique pour le 3D beamforming dont les rayonnements horizontal et vertical des antennes dépendent de la position
géographique des utilisateurs considérés aléatoirement distribués dans le plan. Pour se
faire, on considère un réseau hexagonal tri-sectoriel dont les stations de bases sont équipées
par des antennes directionnelles. Pour modéliser leurs rayonnements horizontal et vertical,
on adopte le modèle de Mogensen qui décrit les rayonnement comme suit
H(αs,c ) = [cos(αs,c )]−2wh
−2wv

V (ϕs,c ) = [cos(ϕs,c )]
15
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avec wh =

ln(2)
ln(cos(

θh3dB 2
2 ) )

zontale et verticale.

et wv =

ln(2)
ln(cos(

θv3dB 2
2 ) )

. θh3dB et θv3dB sont les ouvertures 3dB hori-

Figure 6 – Le modèle 3D beamforming
• L’angle αs,c est l’angle dans le plan horizontal entre l’axe du beam dirigé vers un mobile
zs,c , qui se trouve dans un secteur c d’un site s, et la position du mobile z0 qui se
trouve dans le premier secteur du site serveur s0 .
• L’angle ϕs,c est l’angle dans le plan vertical entre le mobile l’axe du beam dirigé vers un
mobile zs,c et l’orientation du mobile z0 (Fig. 6).
En se basant sur la géométrie complexe on peut déterminer les expressions des angles
αs,c et ϕs,c comme suit:

αs,c = ψ (z0 , s) − θs,c ,

(3)

avec ψ (z, s) = arg(z0 − s) et θs,c = ψ (zs,c , s) est l’argument complexe du zs,c relativement
à s.
De même l’angle ϕs,c est exprimé par:

ϕs,c = atan(

lb
) − ϕ̃s,c ,
|z0 − s|

(4)

b
avec ϕ̃s,c = atan( rls,c
) est le downtilt de l’antenne qui est variable dans ce cas car il dépend
de la position du mobile zs,c .
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Etant donné que les mobiles zs,c prennent des positions aléatoires dans les secteurs
hexagonals des sites, on suppose que les angles θs,c sont uniformément distribuées dans
l’interval [ϑc − π3 , ϑc + π3 ] avec ϑc = π3 (2c − 1) est l’azimut de l’antenne du secteur c
de chaque site s. Aussi, on suppose que les variables aléatoires rs,c = |zs,c − s| sont uniformément distribuées dans l’intervalle [0, 23δ U(θs,c − ϑc )] avec U(θs,c − ϑc ) c’est le rayonnement de l’antenne horizontal qui couvre tout le secteur hexagonal d’un site.
Le rayonnement des trois secteurs d’un site s reçu à la position z0 d’un mobile dans le
premier secteur de s0 est donné par

3

Gs (z0 ) =

∑ ρs,cH(αs,c)V (ϕs,c),

(5)

c=1

avec ρs,c est une variable aléatoire de Bernoulli qui représente le pourcentage des ressources
radio occupées par un mobile zs,c .
En se basant sur ce modèle, on montre que le ISR est une série de variable aléatoire
qui converge presque sûrement:

I (z0 ) = −1 +

∑ r2b|s − z0|−2bGs(z0)10 10 .
Ỹs

(6)

s∈Λ

Ce résultat est intéressant car la convergence presque sûr implique la convergence en
probabilité ce qui implique la convergence en distribution.
Les résultats de simulations montrent que le modèle 3D beamforming améliore les
performances en termes de la probabilité de couverture. Comme on peut voir sur la ﬁgure
Fig. 7, lorsqu’on prend des petites valeurs de l’ouverture 3dB horizontale, on constate
une amélioration de la probabilité de couverture. Ceci est du au fait que l’application
du 3D beamforming avec des beam aigus orientés vers les mobiles dans chaque secteur
diminue l’interférence des stations de bases en DL et en même temps l’application du 3D
beamforming pour le mobile dans la serveuse améliore sa puissance reçue et par la suite
améliore son SINR.
17
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Figure 7 – Les variations de la probabilité de couverture avec différentes valeurs de θh3dB .

Aussi la comparaison entre le 3D beamforming et le 2D beamforming montre que les
résultats sont bien meilleurs avec le 3D beamforming comme on peut voir sur la ﬁgure Fig.
8.
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Figure 8 – Comparaison entre le 3D beamforming et le 2D beamforming.
18
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Figure 9 – Les variations du débit utilisateur avec la charge dans les sites qui interfèrent:
comparaison entre le 3D beamforming et un réseau sans beamforming

Dans la ﬁgure Fig. 9, on trace le débit utilisateur en fonction de la charge dans les
sites qui interfèrent aﬁn de comparer le gain obtenu de l’application du 3D beamforming
sur les performances. On peut constater qu’il y a une amélioration du débit quand le 3D
beamforming est appliqué avec des petites valeurs de l’ouverture 3dB. Aussi, on peut voir
que pour le cas du réseau sans beamforming, le débit devient sensible à l’augmentation
de la charge dans les sites qui interfèrent. Cette sensibilité devient faible lorsque le 3D
beamforming est considéré.

Ensuite, on étudie l’application de ce modèle 3D beamforming avec un réseau de
macro-cells basé sur le mode de duplexage D-TDD aﬁn de minimiser l’impact des interférences DL to UL et DL to DL et voir la faisabilité de ce mode de duplexage avec des
déploiements macro-cells (Fig. 10 et Fig. 11).
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Figure 10 – D-TDD durant la transmission
en DL
.

Figure 11 – D-TDD durant la transmission
en UL
.

Pour se faire, on considère un réseau hexagonal tri-sectoriel dont les 3 secteurs de
chaque site adoptent la même conﬁguration des trames TDD. Une fois le D-TDD est activé, chaque site choisit le sens de transmission indépendamment des autres. Aussi, on
considère que durant les sous-trames D-TDD, les stations de bases transmettent en DL
considérant des mécanismes 3D beamforming selon le modèle présenté ci-dessus et le
contrôle de puissance fractionnel est adopté pour les utilisateurs UL. Ce modèle nous a
permis de dériver les expressions de ISR qui couvre les 4 types d’interférences en termes
de séries convergentes et de séries qui convergent presque sûrement de variables aléatoires.
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Figure 12 – Probabilité de couverture DL
(2b = 3.5, k = 0.4).

Figure 13 – Probabilité de couverture UL
(2b = 3.5, k = 0.4).
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Figure 14 – Probabilité de couverture UL:
D-TDD vs S-TDD with 3D beamforming
avec des valeurs différentes des ouvertures
3dB (2b = 3.5, k = 0.4).

Figure 15 – Probabilité de couverture UL:
D-TDD vs S-TDD with 3D beamforming
avec des valeurs différentes des ouvertures
3dB (2b = 3.5, k = 0.4).

Les résultats numériques, présentés sur les ﬁgures 13,14,15, 16 et 17, montrent que
le 3D beamforming améliore les performances en termes de la probabilité de couverture
en DL puisque il permet la réduction de l’impact du signal DL des stations de base qui
nuisent le plus aux performances durant le cycle DL. En UL, on peut remarquer que la
probabilité de couverture d’un réseau basé sur le D-TDD avec le 3D beamforming est
améliorée par rapport au cas sans beamforming. Aussi, avec des petites ouvertures 3dB
horizontale et verticale, les performances s’approchent du Statique-TDD. D’une autre part,
la combinaison du contrôle de puissance fractionnel avec le 3D beamforming améliorent
plus les performances pour les mêmes raisons évoquées précédemment.

Pour conclure, le 3D beamforming réduit signiﬁcativement les interférences générées
par les signaux DL des stations de bases. Cela résulte en un gain signiﬁcatif durant le
cycle DL d’une station de base opérant dans un réseau basé sur le D-TDD. Pour le UL, on
constate que les performances s’approchent du mode S-TDD quand le 3D beamforming
est utilisé pour la transmission DL des stations de base qui sont dans le sens opposé à la
serveuse. Cette amélioration est encore plus remarquable quand il y a une combinaison du
3D beamforming et le contrôle de puissance fractionnel avec des petites valeurs du facteur
de compensation.
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Figure 16 – L’effet du contrôle de puissance fractionnel sur la probabilité de couverture en
UL: 2b = 3.5, k = 0.4.

Dimensionnement des ressources radio d’un réseau basé sur l’OFDMA avec distinction entre les distributions aléatoires des utilisateurs outdoor et indoor
La dernière partie de cette thèse est consacrée à l’étude d’une autre problématique qui est
le dimensionnement des ressources radio pour les réseaux mobiles basés sur l’OFDMA.
L’analyse porte en particulier sur l’impact de la distribution aléatoire des utilisateurs dans
la zone de couverture d’une cellule typique sur le nombre requis des ressources radio aﬁn
de satisfaire un service désiré. Ainsi, on distingue entre deux types d’utilisateurs:

• Des utilisateurs outdoor qui se situent généralement à l’extérieur sur des routes: on
modélise leurs distribution par un processus aléatoire double stochastique dit processus de Cox basé sur le PLP (Poisson Line Process). En effet, la distribution
aléatoire des routes a un impact signiﬁcatif sur les performances des réseaux mobiles. Dans cette partie on modélise d’abord la distribution aléatoire des routes par
un PLP, ensuite on considère une distribution aléatoire des utilisateurs sur chaque
route selon un processus de poisson ponctuel (PPP) linéaire.
• Des utilisateurs indoor qui se localisent dans les bâtiments: on modélise leurs distribution par un PPP spatiale.
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Figure 17 – Réalisation d’un processus de Cox basé sur un PLP dans la zone de couverture
d’une cellule circulaire
D’une autre part, étant donné que le dimensionnement des ressources radio consiste
à déterminer le nombre total des ressources radio nécessaire aﬁn de gérer un traﬁc prédit
tout en satisfaisant une qualité de service prédéﬁni au préalable par un opérateur, le choix
d’une métrique signiﬁcative qui décrit le mieux la qualité du service à respecter s’avère primordial. On choisi dans cette partie la probabilité de congestion comme fonction décrivant
la qualité du service. Cette métrique est déﬁni comme étant la probabilité que le nombre
de ressource radio demandé par tous les utilisateurs dans la cellule dépasse le nombre de
ressource disponible.
Aﬁn de modéliser le réseau, on considère une cellule typique avec une station de base
à son centre. Le débit de chaque utilisateur est déterminé en utilisant la borne supérieur
de la formule de Shannon. On suppose que les utilisateurs sont schédulés d’une manière
équitable i.e., celui qui perçoit des mauvaises conditions radio reçoit plus de PRBs aﬁn
de pouvoir accéder à une classe de service donnée (on suppose qu’il y a une seule classe
de service avec un débit de transmission requis ﬁxe et que l’allocation des PRBs se fait
à chaque TTI). L’interférence est évaluée en termes de marge pour chaque région de la
cellule.
En se basant sur ce modèle, pour chaque type d’utilisateur, la cellule pourra être divisée
en plusieurs anneaux. la région entre chaque deux anneaux représente la région de la
cellule dont les utilisateurs ont besoin d’un certain nombre de PRB. Ensuite, on montre que
la somme totale des PRBs demandés dans la cellule suit une somme de Poisson composée.
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Le modèle proposé permet de dériver une formule analytique de la probabilité de congestion conditionnellement au processus choisi et qui reste valide pour tout processus qui
décrit la distribution spatiale aléatoire des utilisateurs:
Soit Λ une variable aléatoire tel que Λ = ∑N
n=1 nVn , avec Vn sont des variables aléatoires
de Poisson ayant des intensités wn . La probabilité que Λ dépasse un seuil M est donnée
par
N
1
P(Λ ≥ M) = 1 − e− ∑n=1 wn ×
π
Z π
sin( M2θ )
M−1
e pn (θ )
cos(
− qn (θ ))d θ ,
θ
2
0
sin( 2 )

(7)

avec
pn (θ ) =

N

∑ wn cos(nθ ) and qn(θ ) =

n=1

N

∑ wn sin(nθ ).

n=1

Cette formule peut encore être améliorée en introduisant un outil mathématique de
l’analyse combinatoire dit Polynômes de Bell. Cela permet de déterminer la probabilité
de congestion comme étant une somme ﬁnie des polynômes de Bell:
Soit Λ une variable aléatoire tel que Λ = ∑N
n=1 nVn , avec Vn sont des variables aléatoires
de Poisson ayant des intensités wn . Soit x j déﬁni comme suit

w j j!



xj =

si 1 ≤ j ≤ N,

0




sinon.

La probabilité que Λ dépasse un seuil M peut s’exprimer comme étant une somme des
polynômes de Bell exponentiels par
P(Λ ≥ M) = 1 − H

M−1

∑

k=0

Bk (x1 , ..., xk )
k!

(8)

avec H = e− ∑n=1 wn .
N

La formule analytique de la probabilité de congestion est comparée par la suite aux
résultats des simulations Monte-Carlo comme s’afﬁche sur la ﬁgure 19 :
24
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Figure 18 – Probabilité de congestion: théorique vs simulation pour deux valeurs de τ
On constate que les simulations correspondent bien aux résultats théoriques et aussi
l’augmentation du débit moyen de la cellule génère une augmentation de la probabilité de
congestion. Cela s’explique par le fait que le débit moyen cellule est directement lié à la
densité des utilisateurs et la densité des routes dans la zone de couverture de la cellule.
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Figure 19 – Comparaison entre les différentes distributions aléatoires des utilisateurs
Dans la ﬁgure 20, on compare les différentes distributions aléatoires des utilisateurs
en termes de la probabilité de couverture. On peut constater que le nombre de PRBs de25
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mandé est toujours élevé, pour toute valeur cible de la probabilité de congestion, lorsque
les utilisateurs sont distribués selon le processus de Cox. Cela veut dire que la géométrie
aléatoire de la zone de couverture de la cellule a un impact très important sur les performances. Additionnellement, la grande demande de PRBs vient des utilisateurs indoor car
ces derniers en général perçoivent des mauvaises conditions radio et l’environnement deep
indoor est défavorable pour la propagation des ondes.
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Figure 20 – Résultats de dimensionnement: comparaison entre les différents modèles

La ﬁgure 20 représente les résultats de dimensionnement avec une comparaison entre
les différents modèles aléatoires des utilisateurs. On voit que le nombre de ressource dimensionné est toujours grand lorsque les utilisateurs suivent un processus de Cox géré par
le PLP en comparaison avec le modèle PPP spatial ayant la même intensité. Lorsque
l’intensité des routes est très élevé, les utilisateurs dans ce cas apparaissent distribués
partout dans la cellule et non pas concentrés sur les routes, par conséquence, le processus
de Cox peut être approximé par un processus de Poisson spatial ayant la même intensité.
Avec une intensité des routes faible, les résultats deviennent optimistes avec un PPP spatial.
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Figure 21 – Résultats de dimensionnement: comparaison entre les utilisateurs en cell edge,
cell middle et cell center.
Pour analyser l’impact des interférences, la ﬁgure 22 montre es résultats de dimensionnement en considérant trois zones dans la cellule: cell center, cell middle et cell edge ayant
chacune une marge d’interférence. On peut voir à partir des courbes de dimensionnement
que la plus grande demande en terme de PRBs provient des utilisateurs en cell edge qui
perçoivent un grand niveau d’interférence et un grand affaiblissement de parcours.
Le dimensionnement des ressources radio est une phase très importante car il permet
aux opérateur d’avoir une vision très claire sur la manière dont ils peuvent manager le
spectre radio aﬁn de retarder des investissements dans l’acquisition des nouvelles bandes de fréquence. Si le nombre de ressource dimensionné dépasse le nombre disponible,
l’opérateur par exemple peut faire appel à l’agrégation des porteuses pour élargir la bande
de fréquence ou bien utiliser le mode de duplexage TDD qui permet d’exploiter la totalité
de la bande de fréquence pour les deux sens de transmission DL et UL.
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Chapter 1
Introduction
1.1 Background and general context
The upcoming 5th generation (5G) of mobile networks is promising to deliver a big leap
in performance, spectral efﬁciency and capacity. 5G radio interface, known as new radio
(NR), has been designed by considering ﬂexibility in features deﬁnition in order to support
the huge proliferation of mobile data trafﬁc and to satisfy different use cases with different
users’ requirements. In the context of 5G, one can usually talk about three general classes
of use cases: enhanced mobile broadband (eMBB), massive machine-type communication
(mMTC) and ultra-reliable and low-latency communication (URLLC) [1]. To meet the
requirements of those use case classes, 5G NR needs to exploit the potential of new technologies and also to get the most out of the wide array of frequency spectrum. Since bands
at different frequencies have different characteristics due to propagation properties, 5G
NR is expected to expand spectrum exploitation to bands at low frequencies below 1 Ghz,
which are convenient for wide area coverage, mid-bands between 1 Ghz and 6 Ghz and
high frequency bands above 24 Ghz known as millimeter waves (mmWave), mainly dedicated to enhance capacity in dense small-cell deployments. Furthermore, Time Division
Duplex (TDD) mode is expected to be a key feature for 5G NR. Actually, TDD alternates
downlink (DL) and uplink (UL) frame portions in time and allows them to share the same
frequency band contrary to Frequency Division Duplex (FDD) mode based on paired frequency channels and a guard band to avoid interference between DL and UL. This gives an
increase in frequency diversity and more resource assignment ﬂexibility. Moreover, one of
the major advantages of TDD is channel reciprocity. It allows the transmitter to estimate
the channel on the outward link based on the estimated channel on the return link. Such
properties make TDD more convenient with 5G NR features, such as massive multiplein multiple-out (massive MIMO), 3D beamforming and dense small-cell deployments in
39

1.1. BACKGROUND AND GENERAL CONTEXT

mmWave frequency bands, than FDD.
Additionally, TDD can be used with two mode of operation: static and dynamic. In
static TDD (S-TDD) systems, cells allocate UL and DL subframes using time domain partitioning in order to avoid overlapping transmissions. The ratio of dedicated subframes in
each direction is based on the average perceived trafﬁc statistics measured over a period of
time. To meet the continued growth in data trafﬁc volume, Dynamic-TDD (D-TDD) has
been introduced as a solution to deal with UL and DL trafﬁc asymmetry, mainly observed
for dense heterogeneous network deployments, since it is based on instantaneous trafﬁc
estimation and provide more ﬂexibility in resource assignment. However, D-TDD system
is severely limited by a strong mutual interference between the UL and DL transmissions
because those two directions share the same frequency band. Hence, two types of interference appear: DL to UL (impact of DL other cell interference on UL signal received by
the studied cell) and UL to DL (impact of UL mobile users transmission, located in other
cells, on DL signal received by a mobile user located in the studied cell). Those additional
interference, mainly DL to UL, are usually more difﬁcult to deal with because of the LOS
(Line Of Sight) between highly elevated base stations (BSs) transmitting with high power
level and also because the mobiles can move around randomly. Thus, this duplexing mode
can be more convenient with heterogeneous networks (HetNet) as small-cells are considered well isolated from each others and also from the macro-cells’ layer.
Furthermore, in order to mitigate interference in D-TDD system, 3GPP (3rd Generation Partnership Project) standard advices new approach for enhanced Interference Mitigation and Trafﬁc Adaptation (eIMTA) in dynamic environment [2]. Cell clustering scheme
is an efﬁcient technique that can be used to deal with D-TDD interference. Cells that suffer
from high DL to UL interference level between each others can be gathered in the same
cluster and use the same UL-DL conﬁguration. In the same time, transmission directions
in different clusters can be dynamically adapted. This technique can be very efﬁcient for
HetNet when it is combined with enhanced Inter Cell Interference Coordination (eICIC),
introduced in 3GPP Release 10, or Further eICIC, introduced in 3GPP Release 11. eICIC
and FeICIC are based on time domain partitioning: macro-cell BSs reduce the transmitted power level during some sub-frames called Almost Blank Sub-frames (ABS) so that
small-cells can adjust UL-DL portions dynamically during those sub-frames according to
the trafﬁc variations. FeICIC and cell clustering are rather dedicated to minimize D-TDD
interference in small-cell networks. Recently, the applicability of massive antenna technologies, such as Full Dimension MIMO (FD-MIMO) and 3D beamforming, with D-TDD
has drawn the attention of telecommunication actors. Actually, beamforming consists in
forming a signal beam between the transmitter and the receiver by using an array of anten40
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nas. It enhances the signal strength at the receiver and minimize interference level so that
high average data rate and high spectral efﬁciency can be achieved. Most existing base
stations (BSs) are equipped with directional antennas that provides radiation patterns in
the horizontal dimension, considering only the azimuth angle, and having a ﬁxed vertical
pattern and downtilt. By taking into account also the impact of the elevation and combining the horizontal and the vertical dimensions, the signal strength at the receiver location
could be further improved and interference from neighboring cells could be minimized [3].
Therefore, the applicability of this feature with D-TDD can effectively reduce the strong
DL to UL interference impact and thus make D-TDD feasible for macro-cell deployments.
Additionally, 5G NR will be also made through improvements in the current 4G/4G+
key features by taking in consideration the wide array of emerging use cases and also future requirements. Hence, The 3GPP has chosen an optimized OFDM based waveform for
5G NR known as scalable OFDM and having different subcarriers’ spacing (∆ f = 2ν 15
kHz, where ν = 0 to 4) [4]. This technology appears to be an ideal choice for 5G NR
for many reasons such as the robustness to channel selective fading, the high provided
spectral efﬁciency and also the compatibility with other techniques. A set of OFDM subcarriers constitutes the basic unit of radio resources that a cell can allocate to a mobile user.
This set of subcarriers is called Physical Resource Block (PRB) in the 3GPP terminology.
Furthermore, the allocation of PRBs to users is performed at each Time Transmit Interval
(TTI) according to a predeﬁned scheduling algorithm. The choose of this latter is mainly
related to the fairness level between users, i.e., the way that resources are allocated to users
according to their channel qualities and their priorities, deﬁned by the operator [5–7]. Consequently, OFDM dimensioning will be certainly a major task in the context of 5G NR. It
aims at ﬁnding the number of radio resources required to carry a forecast data trafﬁc at a target users Quality of Services (QoS). Hence, it is of utmost importance to deﬁne a relevant
metric for QoS and develop an accurate mathematical model for dimensioning capable to
give the desired results by taking into account different system parameters. Besides, a key
parameter for network dimensioning and performance analysis is Signal-to-Interferenceplus-Noise-Ratio (SINR). This parameter, in turn, is related to the perceived interference
which makes their modeling vital.
Actually, interference in cellular networks represents a major issue that obstructs the
achievement of high performance in terms of data rate and spectral efﬁciency. Telecommunication actors continuously attempt to minimize it during all the phases of a technology
conception, since it is related to network performance. In radio engineering, one can use
interference margin, known also as noise rise, to perform link budget tools. However, this
notion does not describe the real perceived interference and does not take into account
the geometry of the studied area that impacts in one way or another performance. Thus,
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the analytical tractability of interference is of prime importance. Having a mathematical
model can always give better results and avoid recourse to extensive simulations. In effect,
interference are related to the network geometry and the spatial distribution of users. Most
considered models that can be found in literature are the regular hexagonal model [8] and
random models based on spatial point processes [9] and [10]. Hexagonal network is the
basis model for network design in radio engineering. It is considered effective for network
having ﬁxed cell radius such as macro-cell deployments. However, this model is not useful for heterogeneous network topology. Small-cells usually occupy unplanned random
positions. It appears that stochastic point processes are practical to model their random
distribution in dense urban environment. Homogeneous Poisson Point Process (HPPP) is
a very popular model in cellular networks in which BSs and mobile users spatial distribution are modeled according to a PPPs. Despite the tractability of HPPP, this model can not
ﬁt with the geometry of real cellular networks because of the repulsive behavior of transmitting nodes. Also, with this model, one cannot evaluate interference at each arbitrary
user location and only its distribution that can be determined [8] and [11]. Nevertheless,
spatial PPP may not always be suitable for all spatial conﬁgurations of nodes. Actually, the
spatial distribution of BSs and users is mainly related to the geometry of the studied area.
This latter is related, in turn, to the spatial distribution of roads and buildings. For instance,
indoor users, often distributed in buildings, can be modeled by a spatial PPP. However, outdoor users (e.g., pedestrians or vehicular) are generally distributed along roads. Hence, to
model such a system, one should consider two sources of randomness: i) the random location of users on each road that can be modeled by a linear PPP and ii) the road system
itself that can be considered as a random realization of a line process. Several approaches
to model road systems can be found in the scientiﬁc literature such as Manhattan model
that uses a grid of horizontal and vertical streets, Poisson Voronoi Tessellations (PVT) and
Poisson Delaunay Tessellations (PDT) [12–14]. A well-known and tractable model that
gives a quite good presentation of road systems in dense urban environment is Poisson
Line Process (PLP). PLP is a random process mathematically derived from PPP. Instead
of points, PLP is based on a random set of lines distributed in the plane R2 . The distribution of nodes belonging to each line is modeled according to a linear PPP. Hence, the
combination of roads and nodes distributions results in a doubly stochastic process often
known as Cox process [15].

1.2

Problematics and contributions

The major contributions of this thesis are threefold:
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1. D-TDD interference tractability approaches and performance analysis in macro-cell
and small-cell deployments:
As the number of mobile users is set to continue increasing in the upcoming years,
D-TDD is expected to be one of the major keys of 5G NR. D-TDD enables the
dynamic adjustment of UL and DL resource transmissions based on instantaneous
trafﬁc variations. The problem of this duplexing mode is two additional types of
interference, called cross link interference (CLI), that stands in the way of the useful
transmitted DL and UL signals: i) when the serving cell transmits to a given mobile location, DL and UL interferences’ effect on DL useful transmission appears;
ii) when the serving cell receives signals from mobiles, UL and DL interferences’
impact on UL transmission rises. The ﬁrst objective of this work is to provide a complete analytical framework for interference tractability in macro-cell and small-cell
deployments. Macro-cells are modeled by using a regular hexagonal network with
inﬁnite number of sites whereas small-cells are modeled according to a spatial PPP,
in order to exploit the mathematical framework based on stochastic geometry and to
satisfy in the same time D-TDD assumptions. Moreover, to analyze the feasibility
of D-TDD for macro-cells, the study treats in particular the explicit evaluation of Interference to Signal Ratio (ISR) in each position of the network by covering the four
types of interference generated in D-TDD based network. This metric is very useful
for link budget tools in which the average perceived interference is required in each
mobile location. The second objective is to analyze performance of D-TDD based
macro-cell and small-cell networks, in terms of the coverage probability expressed
as a function of different system parameters, and its comparison with performance
of existing S-TDD based networks. This metric is related to the throughput and it is
useful for throughput dimensioning.
2. D-TDD interference mitigation schemes in macro-cell and small-cell networks:
D-TDD based macro-cell networks undergo strong interference, mainly coming
from DL transmitting BSs, that severely degrade performance. Actually, macrocell BSs often transmit with high power levels and are likely to be in LOS condition.
Therefore, D-TDD cannot be used with macro-cell deployments without interference mitigation schemes. FD-MIMO has been introduced as an efﬁcient technique
to enhance mobile network performance in terms of users’ throughput and spectral
efﬁciency. It is based on a 2D array of antennas that offers the possibility to increase
the number of transmit antennas and gives extra degrees of freedom. Also, it makes
possible to adapt the signal beams in the horizontal and the vertical dimensions.
Consequently, applying 3D beamforming in D-TDD based macro-cell systems can
effectively reduce the strong DL to UL interference impact and thus make D-TDD
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feasible for macro-cell deployments.
The ﬁrst part of this second contribution is dedicated to propose a new analytical
approach to model 3D beamforming in a regular tri-sectorized hexagonal network.
It aims at characterizing the antenna radiation patterns, in both the horizontal and
vertical dimensions, by considering the random locations of users in the cells. Some
analytical results regarding the explicit derivation of ISR and its mathematical expectation are provided. Also, 3D beamforming based system performance in DL
transmission are analyzed through system level simulations to make sure that this
feature enhances the coverage probability and reduces the perceived interference in
DL. Finally, a comparison between 3D beamforming and 2D beamforming is given.
The second part is devoted to investigate the applicability of 3D beamforming with
D-TDD based systems and its comparison with S-TDD. Results show that 3D beamforming further enhances performance in DL and minimize signiﬁcantly DL to UL
interference during the UL transmission cycle of a typical cell. Different numerical
results are provided to justify this interference mitigation approach.
On the other hand, small-cells are likely to be well isolated from each others, which
makes D-TDD more convenient with HetNet deployments. As it is mentioned previously, cell clustering is an efﬁcient technique devoted to minimize interference in a
D-TDD environment. The main idea of cell clustering is to gather small-cells in different clusters based on speciﬁc metrics e.g., Mutual Coupling Loss (MCL) threshold between them. Small-cells in the same cluster adopt the same UL-DL frame
conﬁgurations and the transmission inside a cluster can be coordinated by a central
unit, which decides the more convenient frame conﬁguration according to trafﬁc
conditions. Moreover, cells belonging to different clusters can choose the conﬁguration independently from each others. However, the problem of CLI still exists even
with cell clustering scheme. Actually, the dense deployment of small-cells certainly
induces severe interference between small-cells belonging to neighboring clusters
when they transmit in opposite directions. Hence, users served by small-cells located in the cluster edges can experience bad performance. So, the second part of
this contribution is devoted to provide a tractable cell clustering scheme based on the
hexagonal tessellation to see how this feature can reduce the DL to UL interference
in a D-TDD based small-cell network.
3. OFDM based system radio resources dimensioning approach with a comparison between Cox process driven by PLP and Poisson Point Process:
Radio resources dimensioning is a major task in cellular network development that
aims at maximizing the network resources efﬁciency. Dimensioning process consists in assessing the necessary resources that permit to carry a predicted data traf44
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ﬁc in order to satisfy a given QoS. So, an accurate trafﬁc estimation is one of the
major issues to consider for dimensioning problem and for that, it is of utmost importance to choose a relevant QoS metric to evaluate system performance. To this
purpose, the third contribution of this thesis aims at providing an analytical model
to dimension OFDM based systems with a proportional fair resources’ allocation
policy. This dimensioning model is very useful for operators since it gives a vision
on how they should manage the available spectrum. If the dimensioned number of
resources exceeds the available one, the operator can, for instance, aggregate fragmented spectrum resources into a single wider band in order to increase the available
PRBs, or activate capacity improvement features like dual connectivity between 5G
and legacy 4G networks, in order to delay investment on the acquisition of new spectrum bands. Moreover, the proposed model can be applied to the scalable OFDM
based 5G NR with different subcarriers’ spacing in order to enable different types of
deployments and network topologies and support different use cases. Furthermore,
instead of considering only the random distribution of users, often modeled by a
spatial PPP in the cell, we consider two types of users: i) indoor users distributed
in buildings and modeled by a spatial PPP. ii) for outdoor users (e.g., pedestrians
or vehicular), we characterize at ﬁrst the random distribution of roads in a typical
cell coverage area by a PLP and then we consider the random distribution of users
in this system of roads according to a linear PPP. This model allows the operator
to evaluate and compare performance between outdoor and indoor environments in
terms of required radio resources. Finally, We show that the total number of the
requested PRBs follows a compound Poisson distribution and we derive the explicit
formula of the congestion probability as a function of different system parameters by
using a mathematical tool from combinatorial analysis called the exponential Bell
polynomials. This metric is deﬁned as the risk that the requested resources exceed
the available ones. It is often considered primordial for operators when it comes to
resources dimensioning since it is related to the guaranteed quality of service. Then
by setting a target congestion probability, we show how to dimension the number of
PRBs given a forecast cell throughput.

1.3 Thesis outline
The structure of this thesis is as follows:
• Chapter 2: In this chapter, an extensive state of the art on Dynamic-TDD, Interference mitigation schemes in dynamic environment, FD-MIMO, 3D beamforming
and radio resources dimensioning is provided. Also, a review of cellular network
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modeling and interference tractability approaches is given.
• Chapter 3: This chapter is dedicated to investigate the analytical tractability of interference in D-TDD based macro-cell and small-cell deployments. Different analytical results, regarding the explicit derivation of ISR and the coverage probability,
are provided. This is followed by a performance analysis part through system level
simulations.
• Chapter 4: The aim of this chapter is to provide a new analytical model for 3D
beamforming, in the context of FD-MIMO, in a tri-sectorized hexagonal network. A
characterization of antenna beamforming radiation patterns, in both horizontal and
vertical dimensions, is given considering the spatial distribution of user locations.
Analytical and simulation results are stated to justify the accuracy of this scheme.
• Chapter 5: In the ﬁrst part of this chapter, we investigate the applicability of 3D
beamforming scheme, presented in chapter 4, in a D-TDD based macro tri-sectorized
hexagonal network. Through system level simulations, we analyze performance in
terms of the coverage probability of D-TDD and its comparison with S-TDD. In the
second part, we present a cell clustering scheme based on the hexagonal tessellation
that aims at minimizing interference in a D-TDD based small-cell deployments.
• Chapter 6: This chapter is devoted to present a new approach for radio resource dimensioning considering the congestion probability, qualiﬁed as a relevant metric for
QoS evaluation. We distinguish between two types of users: indoor users modeled
by a spatial PPP and outdoor users modeled by a linear PPP in a random system of
roads described by PLP. Different analytical and simulation results are provided to
justify this approach.
• Chapter 7: This chapter concludes the study and summarizes the different results.
Also, it gives new potential perspectives for future works.
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Chapter 2
Related works and state of the art
In this chapter, we provide a survey of related works, existing in the scientiﬁc literature,
regarding the topic of dynamic TDD and the different proposed interference mitigation
schemes. Also, we review the state of the art on FD-MIMO and 3D beamforming. Moreover, we summarize different related works to the topic of OFDM radio resources dimensioning before concluding with a review on cellular network modeling and existing approaches for interference tractability.

2.1 Dynamic-TDD vs S-TDD performance analysis and
interference coordination schemes
TDD and FDD are the two fundamental duplexing schemes in wireless communication
systems. FDD is based on paired spectrum bands to separate DL from UL transmission
whereas TDD is based on unpaired band and the separation between DL and UL transmissions is performed in time. Additionally, TDD represents some characteristics that make
it more desirable for the upcoming 5G NR. For instance, using an unpaired band allows
the exploitation of the whole bandwidth whether for UL or DL, which leads to capacity
enhancement. Moreover, channel reciprocity is a key advantage of TDD over FDD. TDD
system can obtain the channel state information in DL from the measurements in the UL
link [16]. Besides, TDD mode can be used with static frame conﬁgurations or dynamic
adjustment of UL/DL frame portions. With the huge proliferation of mobile data trafﬁc
volume, D-TDD appears to be a good solution to optimize the adjustment of UL/DL sub
frames since it is based on instantaneous trafﬁc estimation.
D-TDD has been widely investigated in the available scientiﬁc literature; see for in47
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stance [17–26]. The ﬁrst study dates back to 2002 with the work in [17] where performance of a D-TDD ﬁxed cellular network in UL transmission was investigated. Authors
in [17] proposed a time slot assignment method to improve the UL outage performance.
In [24], authors have studied the possibility of using dynamic adjustments of TDD UL/DL
conﬁgurations in a pico-cells based HetNet. Even if the study lucks analytical analysis,
simulation have shown that enabling dynamic adjustment is in the favor of DL transmission since it reduces the number of DL transmitting pico-cells. However, the UL transmission performance undergoes huge degradation because of the strong interference coming
from DL transmitting pico-cells. Similar approach has been adopted in [19]. Authors have
shown that applying interference mitigation between macro-cells and pico-cells leads to a
signiﬁcant improvement of the average packet throughput especially in low to medium trafﬁc load situations. In [27], authors have studied performance of D-TDD based small-cell
deployment. They have focused on a particular small-cell architecture known as phantom
cells. This architecture is based on conﬁguration split between the control plane, supported by macro-cells in low frequencies, and user plane supported by phantom cells in
high frequencies. By using some well-known results from stochastic geometry regarding
spatial PPPs, authors have derived the DL and UL outage probability formulas considering
the four types of interference generated by D-TDD based systems. As expected, they have
reached the conclusion that UL transmission cycle performs worst than DL in terms of outage probability. Moreover, they have proposed a frequency domain inter-cell-interferencecoordination technique that leads to an enhancement in system performance. Similarly
in [28], the coverage probability and the area spectral efﬁciency of a dense small-cell network based on synchronous D-TDD has been studied. Authors have derived a closed-form
expressions of the DL/UL time resource utilization. Also, they have derived a closed-form
expression of the coverage probability and the area spectral efﬁciency for both DL and UL
transmission directions, by modeling BSs and users spatial distributions as two independent homogeneous PPPs. They have reached the conclusion that D-TDD performs better
than S-TDD in terms of time resource utilization. Also, they have shown that D-TDD
achieve better area spectral efﬁciency than S-TDD in DL. In [29], a two-tier Device to Device enhanced HetNet operating with D-TDD has been studied. Authors have proposed an
analytical framework to evaluate the coverage probability and network throughput using
stochastic geometry. Likewise in [30], authors have provided a comparison between static
and dynamic TDD in millimeter wave (mm-wave) cellular network, in terms of SINR distributions and mean rates, considering synchronized and unsynchronized access-backhaul.
From this survey, it is obvious that most of research works focus on the feasibility of
D-TDD in small-cell deployments. However, performance of D-TDD based macro-cell
deployments has not been well investigated.
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In order to make D-TDD implementation feasible, some interference mitigation techniques based on cell clustering and mainly dedicated to small-cell deployments, have been
proposed in literature; see for instance [31, 32]. All discussed cell-clustering schemes
gather small-cells that highly interfere each others in the same cluster and force them to
use the same conﬁguration. Such schemes reduce D-TDD interference, although the problem is not completely solved since inter-cluster interference still exists especially between
cells located in the edge of clusters. Also, it can force small-cells in the same cluster,
with different trafﬁc ratios, to choose the same frames’ conﬁgurations which reduces the
efﬁcacy of D-TDD. To enhance the efﬁciency of cell clustering schemes, it was discussed
in [32] a soft reconﬁguration method based on cell clustering devoted to mitigate D-TDD
interference in femto-cell deployments. This technique use a transition map constructed
based on the ratio DL/UL with DL (UL) refers to the number of DL (UL) sub-frames in
a TDD frame. The aim of this method is to allow cells in the same cluster to change dynamically the UL/DL conﬁguration while saving a low interference level between them.
This can be done by making femto-cells to choose by turns their conﬁgurations based
on the transition map. Numerical results showed that this model outperforms the classic
cell clustering schemes but the study lacks analytical modeling. Always in the same context, it can be found several works that have discussed radio resource management and
optimization approaches to deal with cross slot interference generated by D-TDD. For instance in [25], authors have proposed a centralized clustering based coordination scheme
for D-TDD with interference cancellation. The objective of this work was performing joint
UL/DL user scheduling rate and MIMO rank allocation for each resource block.

2.2 Full Dimension MIMO and Beamforming
Multiple antenna technologies and beamforming were the subject matter of many existing
works in the scientiﬁc literature. Massive MIMO technology known also as FD-MIMO offers a lot of advantages. It can enhance the capacity by increasing the number of installed
antennas in sites’ BSs [33–37]. Actually, according to the current LTE standard, most
existing BSs have up to 8 antennas arranged linearly at the top. Since the array size is
proportional to the number of antennas, increasing this latter linearly to ﬁt massive MIMO
requirements seems impractical. Consequently, research community and telecommunication actors come up with FD-MIMO as an alternative. The aim of this feature is to arrange
antennas in a 2D array. By using intelligently this set of antennas, it enables the use of 3D
beamforming by adapting also antenna radiation patterns in the elevation plane with extra
degrees of freedom [38]. Moreover, FD-MIMO is very convenient with TDD duplexing
mode since increasing the number of antennas does not increase the feedback overhead
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thanks to TDD channel reciprocity property [39].
The applicability of massive MIMO and beamforming can be found in many works.
In [35], authors analyzed performance of UL and DL non-cooperative multi-cell TDD networks. They have opted for a realistic system by taking in consideration imperfect channel
estimation, pilot contamination, antenna correlation and path loss. Also, they have studied
the asymptotic behavior of the system when the number of antennas increases, by using
different precoding schemes, in order to achieve a given percentage of rate. Their model
seems accurate comparing to realistic systems. In [40], authors have studied multi-level
beamforming by developing a methodology to design a multi-level codebook of beams in
an environment with low numbers of multi-path. They have focused on how beams can be
generated with reduced interference from side lobs. Also, they have provided an algorithm
to select beams during scheduling based on users CQI (Channel Quality Indicator). The
applicability of this model to LTE use cases have shown that it seems good and attractive in
terms of low implementation complexity and performance enhancement. It has been provided in [41] a channelization code of wideband CDMA (Code-Division-Multiple-Access)
mobile communication systems based on sectored beamforming antenna arrays in BSs. To
quantify the relationship between the number of antenna arrays and capacity gain, authors
have provided through system level simulations a comparison between pedestrians and vehicular users. They have shown that it exists a compromise between the number of beams
and antenna gain that avoid pilot overhead and does not results in low antenna gain. The
proposed solution is based on cell splitting in terms of spatially isolated scrambling codes
regions. In [42], it has been proposed a general framework to evaluate coverage and rate in
mmWave cellular networks. Authors have considered three categories of BSs: indoor BSs,
outdoor BSs that are in LOS condition and outdoor BSs that are NLOS to the users. BSs
and users equipment are considered to be equipped with directional beamforming antennas
modeled by using sectored antenna model to provide an approximation of beamforming
patterns. The analytical approach is based on stochastic geometry. Also in [43], sectorized
gain pattern has been considered to model beamforming radiation patterns in a self backhauled mmWaves’ network. In [44], authors have proposed a new analytical model as a
mixture of the inverse Gaussian [45] model and the inverse Weibul model [46], to model
interference power distribution. They have established methods to estimate parameters for
both rich and limited scattering environments. They have applied this model to evaluate
performance of cellular network with joint transmit and receive beamforming.
Additionally, the impact of the vertical dimension in beamforming has been investigated throughout many works. In [47] authors investigated the impact of adapting the
vertical pattern of antennas to user locations through conducted lab and ﬁeld trial measure50
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ments. They showed that, either in outdoor or indoor environments with Line Of Sight
(LOS) and Non Line Of Sight (NLOS) conditions, adapting the vertical pattern improves
performance. Interference restraint using dynamic vertical beam steering has been studied
in [48]. authors have focused on the potential of dynamic vertical beam steering in an
interference-limited macro-cell network. They have considered beam coordination methods for interference avoidance with and without requirements of communication between
BSs. Through system level simulations and ﬁeld measurements, they have shown, based
on 3GPP standard speciﬁcation, that performance are better with 3D antennas. In [49] authors have analyzed the impact of antenna radiation pattern and the downtilt on the performance of a DL cellular network in terms of the coverage probability and the area spectral
efﬁciency. For the analytical approach, they have used tools from stochastic geometry to
model the spatial distribution of nodes. Also, they have shown that there exists an optimal
antenna downtilt that depends on the LOS and NLOS conditions. This optimal downtilt
maximizes the coverage probability and improves the area spectral efﬁciency. Similarly
in [50], the effect of antenna downtilt in a MIMO system has been studied through system
level simulations. Authors used the 3GPP antenna radiation pattern model to show that
the maximal cell throughput depends on the antenna downtilt. Finally, in [51] it has been
proposed an analytical model for 3D beamforming in a tri-sectorized network. Authors
have studied the impact of varying the horizontal and vertical half power beam-widths on
performance enhancement.
Furthermore, the marriage between FD-MIMO and D-TDD is not well investigated in
the available scientiﬁc literature. To the best of our knowledge, the only work that focuses
on the feasibility of implementing 3D beamforming as an interference mitigation scheme
for D-TDD based macro-cell networks is the study provided in [52]. In this work, based
on random matrix theory, authors have shown that equipping BSs with a large number of
antennas (massive MIMO), removes effectively the DL to UL interference in macro-cell
deployments.

2.3 OFDM radio resource dimensioning
One of the principal decisions to make for 5G NR design is choosing an adequate waveform. OFDM seems to be an accurate technology for 5G NR since it represents numerous
advantages such as low complexity of implementation, high provided spectral efﬁciency
and low power consumption. Additionally, to meet with requirements and emerging class
of services predeﬁned in the context of 5G, NR design will introduce the scalable OFDM
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to support diverse spectrum bands and different deployment models [53]. Furthermore,
dimensioning OFDM is a major task to perform for 5G NR. It aims at assessing the necessary radio resources to guarantee a predeﬁned QoS. This task is mainly related to different
factors such as scheduling algorithm, the level of fairness between users, channel quality,
trafﬁc estimation and also the network geometry.

The available scientiﬁc literature of OFDMA based systems is quite rich and many aspects have been widely discussed such as resource allocation and dimensioning methods;
see for instance [6,7,54–60]. In [54], an adaptive resource allocation for multiuser OFDM
system, with a set of proportional fairness constraints guaranteeing the required data rate,
has been discussed. The analysis is simpliﬁed by a low-complexity algorithm in order to
separate sub-channel allocation from power allocation. Authors have shown that it offers
more fairness and ﬂexibility in terms of sum capacity. Similarly, authors in [6] surveyed
different adaptive resource allocation algorithms and provided a comparison between them
in terms of performance and complexity. Furthermore, OFDMA dimensioning has been
always considered as a hard task especially with the presence of elastic data services. It
was provided in [59] an analytical model for dimensioning OFDMA based networks with
proportional fairness in resource allocation between users requiring different transmission
rates. For a spatial Poisson distribution of mobile users in a typical cell coverage area,
authors in [59] showed that the required number of resources follows a compound Poisson
distribution. In addition, an upper bound of the blocking probability was given. Likewise in [60], authors have proposed an OFDMA dimensioning approach considering an
Erlang’s loss model and Kaufman-Roberts algorithm to evaluate the blocking probability.
The aim of this study was to build a method that determines the minimum density of BSs
assuring a given quality of services. The accuracy of their model has been veriﬁed through
numerical results that showed that the proposed method induces only up to 10% loss of
the capacity. Also in [61], it has been proposed an analytical method to evaluate the QoS
for a DL OFDMA system considering real-time and elastic trafﬁc with a dimensioning
approach illustration. In [62], authors have proposed a method to dimension OFDM based
cellular networks by using the so-called exponential effective SINR. This method consists
in extending the single SINR based planning to multi-carrier systems through a redeﬁnition of the link outage probability. Also, they have introduced a Gaussian approximation
for the exponential effective SINR. Numerical results showed that for practical number
of sub-carriers, this approximation can be used to set up a simpliﬁed panning procedure
through calculating only two moments of the single-carrier SINR. They have derived also
an upper bound of the outage probability considering interference.
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2.4 Cellular network modeling and interference analysis
Interference characterization is one of the main concept of cellular networks. It is related
to the SINR and thus the capacity, which are the prime concern to enhance when it comes
to performance analysis of mobile network communications. Interference modeling is
mainly related to the geometry of the network. It has always been a challenging problem
even with single tier networks. Hence, choosing an accurate tractable models is of utmost
importance since it saves time by avoiding to have recourse to extensive simulations.
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Figure 2.1 – Poisson Point Process based
cellular network.
.

Figure 2.2 – Hexagonal grid based cellular
network.
.

The most frequent models that can be found in literature are deterministic and random
models [8, 9, 15, 63–72]. One of the most popular models is the spatial PPP. This model
assumes that BSs are distributed in a given area of the plane according to a spatial PPP.
Users are assumed to connect with the nearest BSs and follow a uniform distribution in
their coverage areas represented by voronoi cells; see Fig. 2.1. Stochastic geometry is a
strong mathematical tool that leads to explicit results in the analysis of random models and
especially spatial PPP based models. It has been provided in [9] a complete analysis of
a DL transmitting cellular macro-cells’ network. Authors have derived a general explicit
expression of the coverage probability. Also, they have provided an explicit formula of the
mean achievable rate. Moreover, the study contains some simpliﬁcations of the derived
formulas considering different special cases. Finally, they have veriﬁed the accuracy of
their model, through some numerical results, by comparing it to the grid models and real
deployment of BSs. In [68], it has been provided a complete analytical analysis of a
DL k-tiers cellular network to model HetNet deployments. BSs of each tier are modeled
according to a homogeneous PPP and tiers are assumed to be independent from each others.
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From numerical results, it can be observed that the coverage probability of an actual 4G
deployment lies between the PPP model and the grid model, such that PPP model provides
a lower band whereas grid model offers an upper bound. To analyze the performance of
an UL network, it has been discussed in [71] an interesting approach. Since interference
in UL comes from mobiles that are randomly distributed in the network contrary to DL
where interference comes from ﬁxed transmitting nodes, the modeling of an UL network
requires some fundamental changes. The study of [71] assumes that mobile locations
are distributed according to a spatial PPP and the BS corresponding to each mobile user is
uniformly distributed in the voronoi cell of this mobile. To simplify the analytical analysis,
authors have demonstrated that the distances between mobiles and BSs are weak in terms
of dependence that comes from the use of fractional power control model [73]. With
this assumption, the proposed model has led to an explicit derivation of the UL coverage
probability.
Actually, despite the tractability of spatial PPP based models, they cannot ﬁt with the
geometry of real macro-cell wireless networks because of the repulsive behavior of sites.
Also, with random models one cannot evaluate the received interference in each mobile
location of a cell, which is very important for link budget tools, and only its distribution
is determined. The regular hexagonal network (Fig. 2.2) is the basic model for radio engineering. However, this model has been widely considered intractable. With the work
of [8], numerous analytical results regarding the explicit derivation of ISR and the coverage probability are provided. In particular, authors have proved that the ISR in a regular
hexagonal network with inﬁnite number of sites equipped with omni-directional antennas,
is a function of mobile location in a typical cell. This function can be written in terms of
convergent series on the distance between the mobile location and its serving BSs. Also,
they have derived the explicit expression of the coverage probability considering different
mobile user locations scenarios especially uniform and log-normal distributions. In [11]
a comparison between a regular hexagonal network and a spatial PPP based network has
been discussed. From this comparison, one can conclude that the hexagonal model approximates well the geometry of real macro-cell layout and it is tractable as well as HPPP
based models. Also, the regular hexagonal model can deal with non-uniform user location
distributions contrary to spatial PPP.
Furthermore, it becomes very hard to model a cellular network where BSs are distributed according to a random point process and equipped with sectorized antennas. For
instance in [10], it has been proposed a cell sectorization model based on a homogeneous
PPP to model the spatial distribution of BSs. Authors have proposed an approach to model
the horizontal and the vertical antenna radiation patterns of each sector considering the randomness and the geometry of the network. Numerical results shows that this model ﬁts
well with measurements obtained from an operational network. To the best of our knowl54
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edge, this study is the only one that tackle the problematic of sectorization in random
cellular network models. With deterministic model such as regular hexagonal network,
this problematic becomes much easier. For instance in [8], a tractable approach for interference derivation in a tri-sectorized hexagonal network with inﬁnite number of sites
has been proposed. By considering only the horizontal antenna radiation patterns, authors
have used the complex geometry to show that ISR can be written in terms of a convergent
Fourier series.
Recently with the new emerging technologies such as vehicular communication known
as V2X and V2V, it becomes important to consider also the geometry of the studied area
and the random distribution of roads in cellular network performance analysis. Several
models can be found in literature; see for instance [15, 64, 72, 74, 75]. In [72], Morlot
has introduced a new population model that takes the geometry of cities into account by
adding the random distribution of roads. In order to derive the UL coverage probability, he
modeled the system of roads according to a PLP and he provided a comparison between
two types of users: walkers and drivers. A similar model can be found in [15]. To perform
the canonical coverage analysis of a vehicular network, authors have considered a doubly
stochastic model for wireless nodes. They have assumed that the irregularity of roads can
be modeled by a PLP and the irregularity of wireless nodes can be modeled by independent
linear PPPs on each road. They have derived the SIR (Signal-to-Interference-Ratio) metric
in Nakagami-m fading channel and the expression of the coverage probability as a function
of different system parameters. Through simulations, they have provided a comparison
between their model and a spatial PPP model. The main conclusion reached from this
study is that PPP model gives optimistic results comparing to Cox process driven by PLP
and results become similar between the two models only for big values of roads’ density.
This model seems accurate and interesting and merits more investigation considering other
aspects of cellular networks performance analysis such as radio resources dimensioning.
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Chapter 3
D-TDD interference tractability and
performance analysis
3.1 Introduction
Meeting the continued growth in data trafﬁc volume, Dynamic Time Division Duplex (DTDD) has been introduced as a solution to deal with the uplink (UL) and downlink (DL)
trafﬁc asymmetry, mainly observed for dense heterogeneous network deployments, since it
is based on instantaneous trafﬁc estimation and provide more resource assignment ﬂexibility. However, the use of this feature requires new interference mitigation schemes capable
to handle two additional types of interference between cells in opposite transmission direction: DL to UL and UL to DL interference. Those interference are difﬁcult to deal with
especially DL to UL.
The aim of this chapter is to provide a complete analytical framework for interference tractability in macro-cell deployments and dense small-cell networks. We model
macro-cells by using a regular hexagonal network with inﬁnite number of sites. We treat
in particular the explicit evaluation of ISR in each position of the network, in terms of
convergent series, that covers the four types of interference generated in D-TDD based
network. To model small-cells, we adopt the widely used spatial PPP and we show how to
exploit the mathematical framework based on stochastic geometry and satisfy in the same
time D-TDD assumptions. Additionally, we derive the explicit expressions of the coverage probability (SINR distribution) for a typical cell in DL and UL for both macro-cell
and small-cell networks. This metric is related to throughput distribution and it is useful
for cell throughput dimensioning. Finally, we analyze, through system level simulations,
performance of D-TDD based network and its comparison with S-TDD considering different system parameters.
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3.2
3.2.1

System models and notations
Dynamic TDD model

To model the D-TDD system, we assume that all cells initially operate synchronously in
DL or UL. This setup can be considered as a baseline scenario characterizing performance
of existing synchronous TDD system i.e., S-TDD. After a period of time, it is assumed
that all cells select randomly UL or DL frame portions based on trafﬁc conditions. Four
types of interference henceforth appear depending on the transmission direction: i) when
the serving cell transmits to a given mobile location, DL and UL interferences’ effect on
DL useful transmission appears; ii) when the serving cell receives signals from mobiles,
UL and DL interferences’ impact on UL transmission rises (Fig. 3.1 and Fig. 3.2). It
is considered hereafter that the scheduler does not allocate the same spectral resources to
different mobile users in one cell at the same time (e.g., TD-LTE scheduling). So, intracell interference is not considered. Therefore in a given cell, we consider that during a subframe of interest (i.e., when D-TDD is activated), there is one active transmission whether
on DL or UL with full-buffer trafﬁc model. To characterize the transmission directions
of cells, denoted by s, we consider two Bernoulli random variables (RVs) χd (s) and χu (s)
such that P(χd (s) = 1) = αd and P(χu (s) = 1) = αu . χd (s) refers to the DL transmission
cycle of a cell s and χu (s) refers to the UL transmission cycle of a cell s during a D-TDD
sub-frame. It is important to mention that a cell s cannot be in DL and UL during the same
TTI. Hence, to avoid this case, we add the following condition χu (s) = 1 − χd (s). This
means that αd = 1 − αu .

3.2.2

Macro-cell deployment

To model macro-cells, we consider a hexagonal cellular network denoted by Λ with an
inﬁnite number of macro-cells having an intersite distance between them denoted by δ .
The hexagonal model means that for each node s ∈ Λ , there exists a unique (m, n) ∈ Z2
π
such that s = δ (m + nei 3 ). We denote by s0 the serving cell located at the origin of R2
(R2 is isomorphic to C). Antenna in each site is assumed to have an omni-directional
radiation pattern and covers a geographical area named Voronoi cell, having a cell radius
denoted by R. Furthermore, the location of a mobile served by s0 is denoted by z0 such
that z0 = reiθ where (r, θ ) are the polar coordinates in the complex plane. We denote also
by z the geographical location of a mobile served by a cell s ∈ Λ ∗ in the plane, where Λ ∗
is the lattice Λ without the serving cell s0 . Location z is written in the complex plane by
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Figure 3.1 – UL to DL interference.

Figure 3.2 – DL to UL interference.

.

.

z = s + ρ eiϕ , where ρ and ϕ represents respectively the distance and the angle between z
and s. Moreover, it is assumed that the locations of mobile z in the plane are uniformly
distributed.

3.2.3 Small-cell deployment
Since small cells usually occupy unplanned random positions, it appears that stochastic
point processes are practical to model their random distribution in a dense urban environment. The most common approaches model the DL cellular network with a BSs distribution according to a spatial PPP and uniform users’ distribution in BS Voronoi cells [9].
For the UL transmission, it has been proposed in [71] an interesting approach considering
a spatial PPP distribution of users in the plane with a uniform distribution of each BS in
the Voronoi cell of the associated mobile. However, with D-TDD, for each transmission
direction there is two sources of interference: BSs and mobiles. In order to be able to
exploit the mathematical framework based on stochastic geometry and satisfy in the same
time the D-TDD assumptions, we model the set of active mobiles z served by the smallcells, denoted hereafter by s̃, by a PPP Φ of intensity λ . This implies that z are uniformly
distributed in the studied area.
As we have mentioned previously, each small-cell s̃ has one active mobile transmitting
whether in DL, with probability αd , or in UL with probability αu . Thus, we can assume
that each mobile is associated with the nearest small-cell. Furthermore, the position of
each small-cell can be expressed in the complex plane by s̃ = z + ρz eiϕz , with (ρz , ϕz ) are
the polar coordinates of s̃ relatively to z. This means that also the set of small-cells forms
a PPP obtained by a displacement of Φ (Displacement theorem [63]), i.e., the process of
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Figure 3.3 – FeICIC technique in a heterogeneous deployment.
mobiles and small-cells are two dependent PPPs.
Additionally, to reduce strong macro-cell layer interference impact on users served by
small-cells, especially in small-cells range expansion, we assume that FeICIC is implemented; see Fig. 3.3. With this feature, macro-cells reduce their transmitted power level
during some speciﬁc sub-frames called Almost Blank Sub-frames (ABS) so that smallcells use those sub-frames to conﬁgure dynamically the UL-DL frame portions. Moreover,
we assume that all macro cells are well synchronized and adopt the same S-TDD conﬁguration. Hence, macro-cell BSs interference can be neglected.

3.2.4

Propagation model

To model the wireless channel, we consider the standard power-law path loss model based
on the distance between a mobile z and a BS s such that the path loss L(s, z) is given by
L(s, z) = a|s − z|2b ,

(3.1)

with 2b is the path loss exponent and a is a propagation factor that depends on the type of
the environment (Indoor, Outdoor...).
In addition to the path loss, the received power by a mobile depends on the random
channel effects, especially shadowing and fast fading. Shadowing refers to the attenuation
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of the received signal power caused by obstacles obstructing the propagation between the
transmitter and receiver. In this chapter, shadowing effect is not considered for reasons of
tractability. Readers can refer to [8] in which a way of how shadowing can be included in
calculations is provided.
Likewise, fast fading random model is not considered for the macro-cell deployment
in order to simplify calculations. Actually, fading effect can be compensated through link
level performing that maps the SINR to the throughput (T h). Also, for an AWGN (Additive
Gaussian Noise Channel), Shannon’s formula provides the relation between SINR and T h.
Hence, the fast fading effect can be compensated by using a modiﬁed Shannon’s formula
to have T h = K1 log2 (1 + K2 SINR), with K1 and K2 are constants calibrated from practical
systems [76]. However, for the heterogeneous system analysis, multi-path Rayleigh fading
effect is considered. We denote by Hi and Gi , with i = s̃ or i = z, the fading coefﬁcients
between, a transmitting node i and a typical receiving mobile, and between i and a typical
receiving BS. We assume also that the RVs Hi and Gi are independent and identically distributed (i.i.d) for each propagation link and follow an exponential distribution of mean 1.
In UL transmission, power control is applied to PUSCH (Physical Uplink Shared Channel) channel in order to set the required mobile transmitted power. In this study, it is
modeled by the fractional power control model (FPC), i.e., the path loss is partially compensated by the power control [77]. The transmitted power by the mobile location z to its
serving cell s is then written

k
P(z, s) = P∗ (s) |z − s|2b

(3.2)

where P∗ (s) is the target power cell speciﬁc and k ∈ [0 1] is the power control compensation factor. When k = 1 the power control scheme totally indemniﬁes the path loss in
order to reach the target power P∗ (s). For the case 0 < k < 1 the path loss is partially compensated and mobile users in cell edge create less interference because their transmitted
power is reduced.
Without loss of generality, we consider that P∗ (s) is the same for all the cells. Power
values P and P∗ are supposed to include the path loss constants and antenna gains of BSs
and user equipments. It is important to note that section 3.3 and section 3.4 are independent. So, to avoid confusion, we denote by P̃ and P˜∗ respectively the transmitting power
and the target power cell speciﬁc of small-cell BSs.
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3.3

Dynamic TDD interference derivation in a macro-cell
deployment

We deﬁne the Interference to Signal Ratio ISR as the received power from an interfering
source (interfering mobile or BS) divided by the useful power received by z0 from the
serving cell. The average ISR experienced in DL transmission by a mobile location z0
connected to s0 is
D(z0 ) = αd D↓ (z0 ) + αu D↑ (z0 )

(3.3)

with D↓ and D↑ are respectively DL to DL and UL to DL average interference to signal
ratios experienced during the DL cycle.
Likewise, the average ISR experienced by cell s0 in UL transmission cycle is
U(z0 ) = αu U↑ (z0 ) + αd U↓ (z0 )

(3.4)

where U↑ and U↓ are respectively UL to UL and DL to UL interference to signal ratios
experienced during the UL cycle.

3.3.1

Downlink ISR derivation D(z0 )

Expression of DL to DL ISR D↓ (z0 )
In [8], it has been shown that the DL ISR function of a location z0 = reiθ in a hexagonal
cellular network with inﬁnite number of cells admits a series expansion on r√and θ and is
a very slowly varying function on θ . Taking x = δr such that x < 1 (x < 1/ 3 condition
always satisﬁed in hexagonal network), the expression of D↓ is recalled from [8]
D↓ (z0 ) =

6x2b +∞ Γ (b + h)2
∑ Γ (h + 1)2 ω (b + h)x2h
Γ (b)2 h=0

where Γ (.) is the Euler Gamma function and


1
2
−z
ω (z) = 3 ζ (z) ζ (z, ) − ζ (z, ) ,
3
3

(3.5)

(3.6)

with ζ (.) and ζ (., .) are respectively the Riemann Zeta and Hurwitz Riemann Zeta functions [78].
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Expression of UL to DL ISR D↑ (z0 )
The UL to DL interference is generated from mobile users located at other cells, mainly
from those located at the border of cells adjacent to cell s0 . Since there is only one mobile
user transmitting at the same time in UL for each cell, the total UL to DL ISR can be
evaluated by averaging over locations z ∈ s and then summing over s ∈ Λ ∗ . So, if we
assume that location z is uniformly distributed in s, D↑ (z0 ) is mathematically written as
1
D↑ (z0 ) =
π R2

ZR Z2π

∑

P∗ ρ 2bk r2b

∗
0 0 s∈Λ

P s + ρ eiϕ − reiθ

2b

ρ dρ dφ

(3.7)

To evaluate equation (3.7), we can proceed analogously to the proof of ISR formulas in
′
hexagonal omni-directional networks provided in [8]. We start by taking z = reiθ − ρ eiϕ .
′
It is obvious that z < |s|. It follows from [8] that the sum over s inside the double
′

integral admits a series expansion on z /δ as in (3.5). Using formula (3.5) and writing
′

z in terms of r, θ , ρ and ϕ , (3.7) becomes
6P∗ x2b
D↑ (z0 ) =
Pπ R2 Γ (b)2
(r2 + ρ 2 )h (1 −

ZR Z2π +∞
0 0

Γ (b + h)2 ω (b + h)
∑ Γ (1 + h)2δ 2h ×
h=0

2rρ

r2 + ρ 2

cos(ϕ ))h ρ 2bk+1 d ρ d ϕ

(3.8)

The sum and integrals of (3.8) can be switched and the inside integral can be evaluated by
expanding (1 − r22r+ρρ 2 cos(ϕ ))h as a binomial sum. After few derivations of known special
integrals and simpliﬁcations, the UL to DL ISR D↑ (z0 ) can be evaluated by the following
convergent series on x = r/δ
⌊h⌋

6P∗ x2b R2bk +∞ 2 h−2n Γ (b + h)2 ω (b + h)
D↑ (z0 ) =
∑ ∑ ∑ Γ (n + 1)2Γ (h + 1) ×
P Γ (b)2 h=0
n=0 i=0
( δR )2n+2i x2h−2n−2i
Γ (i + 1)Γ (h − 2n − i + 1)(n + i + bk + 1)

(3.9)

√
Since x < 1/ 3 for hexagonal model, it is obvious that the ﬁrst elements of this series are
sufﬁcient to numerically evaluate D↑ . Furthermore, after few simpliﬁcations, (3.9) can be
written as an entire series on x2 as follows
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D↑ (z0 ) =

6P∗ x2b R2bk +∞
∑ βhx2h
P
h=0

(3.10)

with

βh =

Γ 2 (b + h + n + i)ω (b + h + n + i)
×
Γ (b)2Γ 2 (n + 1)Γ (i + 1)
n=0 i=0
h +∞

∑∑

( δR )2n+2i
Γ (h − n + 1)Γ (h + n + i + 1)(n + i + bk + 1)

(3.11)

3.3.2 Uplink ISR derivation U(z0 )
In this part, we derive the analytical expression of the UL interference to signal ratio. The
UL signal received from location z0 at cell s0 experiences interference coming from cells
transmitting in DL and also from mobiles in adjacent cells which are in UL transmission
cycle. The following results may be proved in much the same way as D↓ and D↑ in the
previous section.

UL to UL ISR U↑ (z0 )
The UL interference is generated by mobiles in neighboring cells which are randomly
distributed in the network as opposed to the DL direction where cells’ positions are ﬁxed.
Thus recalling the fact that mobile location z is uniformly distributed in cell s and taking
into account the deﬁnition of the transmitted power with fractional power control model
given by equation (3.2), U↑ (z0 ) can be expressed as

1
U↑ (z0 ) = 2
πR

ZR Z2π

ρ 2bk s + ρ eiϕ
∑
r2b(k−1)
s∈Λ ∗

−2b

ρ dρ dϕ

0 0
2b(1−k)

=A1 (b) x
where

(3.12)

6(R/δ )2bk +∞ Γ (b + h)2 ω (b + h)
A1 (b) =
(R/δ )2h
∑
2
2
Γ (b) h=0 Γ (h + 1) (bk + h + 1)
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Figure 3.4 – DL ISR: Static TDD vs Dynamic TDD.
.

Figure 3.5 – UL ISR: Static TDD vs Dynamic TDD.
.

It is interesting to note that when a mobile is located at the same position as the serving
BS, the UL to DL interference expression becomes similar to the expression of the UL to
UL interference. From equation(3.11) we have

Γ (b + i)2 ω (b + i)
(R/δ )2i
2 (bk + i + 1)
Γ
(i
+
1)
i=0
+∞

β0 = ∑

(3.13)

which is similar to the expression of 16 ( δR )2bk A1 (b).
DL to UL ISR U↓ (z0 )
The signal coming from neighboring cells is often very strong with respect to mobile
transmit power, especially if neighboring cells’ antennas are in LOS condition or intersite distance is lower (path loss is low). Contrary to the UL to UL interference, here the
interfering signals come from cells, which have ﬁxed positions. Hence, under the same
system model assumptions, U↓ is given by
U↓ (z0 ) =
where A2 (b) =

P |s|−2b
∑∗ P∗ r2b(k−1) = A2(b)x2b(1−k)
s∈Λ

P ω (b)
.
P∗ δ 2bk
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Fig. 3.4 shows the developed ISR in DL transmission direction for different values
of path loss exponent (2b=2.4, 2b=3.5). The ﬁrst obvious observation is that the DL interference level decreases in the studied cell when other cells use more frequently the UL
transmission cycle. This means that the impact of DL interference coming from other cells
is relatively higher than the impact of interference coming from mobiles. Consequently,
one can conclude that DL interference level in DL cycle for D-TDD should be lower than
Static TDD.
The system behavior during the UL cycle is completely different. As shown in Fig. 3.5,
interference level signiﬁcantly increases when 25% or 50% of cells switched to the opposite direction, i.e., DL transmission. The UL performance degradation is mainly related to
the higher DL transmit power of other cells, especially when they are in LOS conditions.
This makes D-TDD system very limited by DL to UL interference. These conclusions are
in agreement with the results of [24], which showed that there is an improvement of 10dB
in the DL SINR of the serving cell when 50% of other cells switch from DL to UL transmission cycle; whereas the UL SINR of the same serving cell degrades by 20dB. This UL
performance loss is expected to be more signiﬁcant in macro-cell deployment. Therefore,
DL to UL interference can seriously deteriorate system performance if no action is taken
to mitigate it.

3.3.3

Coverage probability

The coverage probability (CCDF of SINR) is the probability that a mobile user is able to
achieve a threshold SINR, denoted by γ , in UL and DL transmissions.

Θ (γ ) = P(SINR > γ )

(3.15)

For any scenario of user location distributions, the coverage probability is given by

Θ (γ ) =
such that

R

s0 dt(z) = 1

(e.g., dt(z) =

Z
s0

rdrd θ
π R2

1(SINR > γ )dt(z)

(3.16)

for uniform user locations distribution).

Based on the expressions of the DL and UL ISR derived previously, we deﬁne the DL
and UL SINR, denoted respectively by ΠDL and ΠUL , as follows
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1
1
=
2b
d(x)
η D(x) + y0 x
1
1
ΠUL (x) =
′ 2b(1−k) =
u(x)
η U(x) + y0 x

ΠDL (x) =

′

where y0 = PNPδ , y0 = PN δ P∗
over the interfering cells.
2b

2b(1−k)

(3.17)
(3.18)

, PN is the thermal noise power and η is the average load

Under a uniform user locations distribution, the expression of the coverage probability
is given by
2
Θ (γ ) = 2
R
where

Z R
0

1
Θ 2 (γ )
1(r < δ g−1 ( )) rdr =
γ
R2

(3.19)



−1 1
Θ (γ ) = min δ × g ( ), R
γ

with g = d for the DL coverage probability and g = u for the UL coverage probability.
The explicit formulas of the coverage probability require the inverse functions of d
and u. This can be calculated by using series reversion methods; see for instance [8]. The
inverse of u is easy to derive, and it is given by
u−1 (y) = (

1
y
2b(1−k)
′ )
ηαu A1 (b) + ηαd A2 (b) + y0

(3.20)

Now, to derive the inverse function of d, we shall follow the same approach as in [8].
To do so, let y = d(x), using the series expansion of D↓ (m) in (3.5) and the simpliﬁed
expression of D↑ (m) given in (3.10), it is clear that d admits an analytic expansion on
x = r/δ and can be expressed as follows
!
+∞

y = x2b f (b) 1 + ∑ ch x2h

(3.21)

h=1

where
f (b) = 6ηαd ω (b) +
and
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ch =

6ηαd Γ (b + h)2 ω (b + h)βh
f (b)Γ (b)2Γ (h + 1)2

(3.23)

Equation (3.21) can be transformed to


y
f (b)

1
b

=x

2

+∞

1 + ∑ ch x

!1

b

2h

h=1

c1
= x + x4 + O(x6 )
b
2

(3.24)

Eliminating the error terms in equation (3.24) gives a second-order equation in x2 that
admits two solutions:

2
x±
=

V (y, b)2
q
c1
1
1
2
2±
4 + b V (y, b)

where
V (y, b) = (

y 1
) 2b
f (b)

(3.25)

(3.26)

Since x = r/δ is a positive real number, only the positive solution is valid. Hence we
obtain the following approximation of x = d −1 (y)
d −1 (y) ≈ r

3.4

V (y, b)2
.
q
c
1
1
1
2
2+
4 + b V (y, b)

(3.27)

Small-cells’ network performance analysis

Let s̃0 = z0 + Reiθ be the complex location of a typical small-cell that serves a typical
mobile z0 . Thanks to the stationarity of the PPP Φ , we can evaluate interference in the
mobile location z0 = 0 having a random distance R to its closest serving BS. To simplify
calculations, we denote hereafter by Rs , the distance between an interfering small-cell s̃
and the typical mobile location z0 , by Rz the distance between an interfering mobile z and
z0 , by Ds the distance between an interfering small-cell s̃ and the typical cell s̃0 and by Dz
the distance between an interfering mobile z and s̃0 ; see Fig. 3.6.
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Figure 3.6 – Parameters recapitulation.
Based on the heterogeneous system model provided previously, The DL interference
IDL , perceived by a mobile operating in DL, is expressed by
IDL = IDL−>DL + IUL−>DL
=

∑

z∈Φ \{z0 }


2bk ∗
−2b
R−2b
s Hs P̃ χd (z) + Rz Hz ρz P̃ (1 − χd (z)) .

(3.28)

Similarly, the UL interference IUL experienced by a mobile z0 , operating in UL transmission cycle and received at the serving small-cell BSs position, is given by
IUL = IUL−>UL + IDL−>UL
=

∑

z∈Φ \{z0 }


−2b
2bk ∗
D−2b
z Gz ρz P̃ χu (z) + Ds Gs P̃(1 − χu (z)) .

(3.29)

Therefore, the DL and UL SINR can be deﬁned respectively by
P̃HR−2b
ΠDL =
(3.30)
IDL + PN
P̃∗ GR−2b(1−k)
ΠUL =
.
(3.31)
IUL + PN
with H and G are the fading coefﬁcients between the typical mobile and its serving smallcell.
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Once again, the DL (UL) coverage probability is deﬁned as the CCDF of the DL (UL)
SINR. It gives the percentage of locations in which ΠDL (ΠUL ) is greater than a threshold
value γ . It can be expressed for the DL and UL transmission directions as


ΘDL = E{R} P(ΠDL > γ )|R = r


ΘUL = E{R} P(ΠUL > γ )|R = r .

3.4.1

(3.32)
(3.33)

DL coverage probability derivation

Starting from the deﬁnition of the DL coverage probability and the DL SINR, we have
Z +∞ 


γ (IDL + PN )
|R = r fR (r)dr
(3.34)
−2b
P̃R
0
with fR (r) is the distribution of R which is the distance between z0 and the closest smallcell. Using the null probability of a PPP, it has been shown that this distance is Rayleigh
distributed [9] and its probability density function is given by

ΘDL (γ ) =

P H>

fR (r) = 2πλ re−λ π r

2

(3.35)

Using the fact that H follows an exponential distribution of mean 1 and the deﬁnition
of the Laplace transform, it follows that
Z +∞

γ r2b
)rdr
(3.36)
P̃
0
with LIDL (v) is the Laplace transform of IDL conditionally on R. It is deﬁned by
ΘDL (γ ) = 2πλ



LIDL (v) = E e−vIDL

−1 P r2b
N

e−λ π r e−γ P̃
2

LIDL (



= E{Rs ,Rz ,ρz ,Hs ,Hz ,χd (z)} exp − v×

∑

z∈Φ \{z0 }




−2b
2bk ∗
R−2b
s Hs P̃ χd (z) + Rz Hz ρz P̃ (1 − χd (z))

(3.37)

From the complex geometry, the distance Rs between a small-cell s̃ and the typical
mobile z0 = 0 can be written in terms of Rz and ρz as
R2s = R2z + ρz2 + 2Rz ρz cos(arg(z) − ϕz ).
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with arg(z) is the complex argument of z relatively to the origin of the plane z0 = 0.
Thus, replacing Rs by its expression and using the fact that Hs and Hz are i.i.d RVs and
follow an exponential distribution of mean 1, (3.37) can be simpliﬁed to

LIDL (v) = E{Rz ,ρz ,χd (z)}

∏

z∈Φ \{z0 }

E{Hs ,Hz }



×

exp

− v(R2z + ρz2 + 2Rz ρz cos(arg(z) − ϕz ))−b Hs P̃χd (z)

exp

2bk ∗
− vR−2b
z Hz ρz P̃ (1 − χd (z))






= E{Rz }

∏

z∈Φ \{z0 }

E{χd (z),ρz }



1
×
1 + v(R2z + ρz2 + 2Rz ρz cos(arg(z) − ϕz ))−b P̃χd (z)


1
2bk ∗
1 + vR−2b
z ρz P̃ (1 − χd (z))

(3.39)

Now, using the Probability Generating Functional (PGFL) of PPP Φ with respect to
the function inside the product, (3.39) becomes

LIDL (v) = exp − λ

Z +∞ Z 2π
r

0

1 − E{χd (z),ρz }



1
×
2
2
1 + v(x + ρz + 2xρz cos(θ ))−b P̃χd (z)


1
xdxd θ
1 + vx−2b ρz2bk P̃∗ (1 − χd (z))

Z +∞ Z 2π

= exp − λ
1 − E{ρz }
r

0

αd
+
2
2
1 + v(x + ρz + 2xρz cos(θ ))−b P̃


αu
xdxd θ
1 + vx−2b ρz2bk P̃∗

(3.40)

We have made the assumption that each user is associated with the nearest BS. Hence,
following the same analysis provided in [71], we can approximate the distribution of ρz by
the same distribution as R i.e., Rayleigh. It follows that
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fρz (ρ ) = 2πλ ρ e−λ πρ , ρ ≥ 0.
2

(3.41)

Finally, by using (3.41), it follows that

LIDL (v) = exp − λ
Z +∞

Z +∞ Z 2π

1−
0

r



αd
+
1 + v(x2 + ρ 2 + 2xρ cos(θ ))−b P̃
0



αu
ρ d ρ xdxd θ .
1 + vx−2b ρ 2bk P̃∗
2πλ e−λ πρ

2

(3.42)

3.4.2 UL coverage probability derivation
The derivation of the UL coverage probability is quite similar to the DL one. The typical
cell s̃0 is operating in UL cycle and perceives interference coming from the other smallcells operating in DL and also from the mobiles transmitting in UL. Interference in this
case is received at the location of s̃0 . Since the small-cells are distributed also as a PPP,
denoted hereafter by Φs and constructed by the displacement of Φ , we can perform the
analysis at the location s̃0 = 0 (The stationarity of the PPP). Therefore, using the deﬁnition
of the UL coverage probability given by (3.33), we get

ΘUL (γ ) =

Z +∞ 
0

= 2πλ

P G>

Z +∞


γ (IUL + PN )
|R = r fR (r)dr
−2b(1−k)
∗
P̃ R
∗−1 P r2b(1−k)
N

e−λ π r e−γ P̃
2

0

LIUL (

×

γ r2b(1−k)
)rdr,
P̃∗

(3.43)

with LIUL (v) is the Laplace transform of IUL calculated conditionally on R.
Once again, the distance Ds represents the distance between an interfering small-cell
s̃ and the typical one taken at the origin (s̃0 = 0). Hence using the complex notations, we
get
D2z = D2s + ρz2 + 2Ds ρz cos(arg(s) − ϕz ).

(3.44)

Thus, by following the same steps as we did in the derivation of LIDL (v), the Laplace
transform of IUL is given by
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LIUL (v) = exp − λ
Z +∞
0

2πλ e−λ πρ

2



Z +∞ Z 2π

1−
r

0

αu
+
2bk
2
2
1 + vρ (x + ρ − 2xρ cos(θ ))−b P̃∗




αd
ρ d ρ xdxd θ .
1 + vx−2b P̃

(3.45)

3.4.3 Average spectral efﬁciency
The instantaneous spectral efﬁciency (SE) is deﬁned as the maximum information rate
that can be transmitted in a given bandwidth. Using the upper-bound of the well known
Shannon’s formula, the instantaneous spectral efﬁciency is expressed by
SEs = log2 (1 + Πs )

(3.46)

with s = DL when the serving small-cell is operating in DL and s = UL when the serving
small-cell is operating in UL.
The average spectral efﬁciency (ASE) is obtained by averaging over (3.46). It follows
that
ASEs = E[log2 (1 + Πs )]
Z +∞

=
0

(a) 1
=
ln(2)

P(log2 (1 + Πs ) > t)dt
Z +∞
Θs (γ )

(γ + 1)

0

dγ

(3.47)

with (a) comes from the change of variable γ = et − 1.

3.5

Simulation results

We simulate in MATLAB the proposed Macro-cell and small-cell models, for both DL and
UL transmission directions, using the parameters summarized in Table. 3.1.
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Macro-cells power P
60dBm
Small cells power P̃
26dBm
∗
Target power cell speciﬁc P
20dBm
Noise power PN
-93dBm
Number of rings (Macro-cells)
4 (60 interfering BSs)
Inter-site distance δ
1km
Antennas gain
16dBi
User distributions
uniform
small-cells density
10 cells.km−2
Propagation factor a
Outdoor: 130dB, Indoor: 160dB
System bandwidth
Macro:20Mhz, small:10Mhz
Path loss exponent 2b
2.5, 3.5
Table 3.1 – D-TDD simulation parameters.

We plot, respectively in Fig. 3.7 and Fig. 3.8, the DL and UL empirical coverage probability curves obtained by using Monte Carlo simulations for 20000 mobile locations z0 and
for two path loss exponent different values (2b = 2.5 and 2b = 3.5). As we can see in Fig.
3.7, starting from a static TDD conﬁguration where all the macro-cells are transmitting
in DL, the coverage probability increases when D-TDD is activated with αd = 75% and
αd = 50%. This behavior is expected since the macro-cell BSs transmit with high power
level and generate strong interference compared to interfering mobiles z transmitting in
UL. However, the system behavior is completely different during the UL cycle of the serving cell. As it is shown in Fig. 3.8, activating D-TDD with a mean number of neighboring
UL macro-cells αu = 75% and αu = 50% deteriorates completely the coverage probability. For instance, with a threshold SINR of −20dB, the coverage probability undergoes a
huge degradation of 80%. Hence, one can conclude that D-TDD has a tremendous effect
on performance during UL transmission especially for macro-cell deployments. Those
results are in agreement with simulation results provided in [24] and quite similar to the
theoretical ISR curves of Fig. 3.1 and Fig. 3.2.
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Figure 3.8 – Macro-cells network UL
coverage probability.

Figure 3.7 – Macro-cells network DL
coverage probability.

In Fig. 3.9, we plot the DL and UL coverage probability curves, with different fractional power control factor values (k = 0, k = 0.4, k = 0.8 and k = 1), when D-TDD is activated and the number of DL and UL interfering cells is quite proportional (i.e., αd = 50%
and αu = 50%). When the serving cell is operating in DL, we notice that changing the
power control factor has no impact on the coverage probability. This is mainly due to the
fact that the principal interference impact comes from the DL BS signals where no power
control mechanisms are considered. During the UL transmission cycle of the serving cell,
one can notice that the coverage probability is decreasing when the fractional power control is increasing. Actually, FPC aims at providing the required SINR to UL users while
controlling at the same time their interference. When FPC factor k = 1 the path loss is
completely compensated and the target cell-speciﬁc power P∗ is reached. Thus, the interference coming from mobiles z in UL is higher especially if a mobile is located in the
edge of a neighboring cell. When FPC factor 0 < k < 1, the scheme indemniﬁes partially
the path loss. The higher is the path loss the lower is the received signal. This means
that there is a compromise between the path loss and the SINR requirements. Therefore,
interference are likely to be controlled, which explain the enhancement of the coverage
probability. This enhancement is more obvious when k = 0. Which means that there is no
compensation and the signal coming from the mobiles is weak.
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Figure 3.9 – Macro-cells network DL and UL coverage probability with different power
control factors.
Fig. 3.10 shows the DL coverage probability obtained from the simulation of a heterogeneous network. First, small-cells operate with a static TDD conﬁguration i.e., αd = 1,
then the whole network switch to a D-TDD conﬁguration during the ABS sub-frames.
We plot the coverage probability curves for an outdoor environment with a propagation
parameter a = 130dB and a deep indoor environment with a = 160dB. For the outdoor
environment, the comparison between the S-TDD and D-TDD shows that the behavior
is quite similar to the macro-cells deployment. For instance, when 50% of small-cells
switch from the DL to UL, there is an enhancement of the coverage probability by 15%
for a threshold SINR of −10dB. However, for a deep indoor environment, one can notice that the coverage probability remains unchangeable even when 50% of the interfering
small-cells switch to the opposite direction. In fact, signal propagation in a deep indoor
environment suffers from high attenuation and delay factors because of the presence of
obstacles and building penetration. During the DL transmission, the major interference
comes from DL small-cells signal. In a deep indoor environment, not only the signal received from the serving cell is attenuated but also interference signal is subject to high
attenuation. Similarly, Fig. 3.11 represents the comportment of the system during the UL
transmission cycle. As expected, there is a degradation of the coverage probability when
50% of small-cells switch from DL to UL for an outdoor environment. This degradation
is not severe like the case of macro-cells because small-cells transmit with low power and
not highly elevated. Also, the comportment in a deep indoor environment is quite similar
to the DL scenario for the same reasons stated previously.
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Figure 3.10 – Small-cells DL coverage
probability : 2b = 3.5, k = 0.4 and λ =
10 small-cell/km2 .

Figure 3.11 – Small-cells UL coverage
probability : 2b = 3.5, k = 0.4 and λ =
10 small-cell/km2 .
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Figure 3.12 – DL average spectral efﬁciency : 2b = 3.5, k = 0.4.

Figure 3.13 – UL average spectral efﬁciency : 2b = 3.5, k = 0.4..

Additionally, we plot in Fig. 3.12 the average spectral efﬁciency in DL obtained from
the simulation of the HetNet as a function of the small-cells’ density. Once again, the
comparison between the static TDD conﬁguration and dynamic TDD, in an outdoor environment, shows that there is an enhancement of the ASE when D-TDD is activated with
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αd = 50%. Also, we observe that the ASE is slightly decreasing when small-cells density
increases before it becomes almost constant. Actually, when small-cells density increases,
the mean distance between the small-cells decreases because the density is inversely proportional to the mean distance between nodes. Hence, also the size of small-cells decreases
and then both received signal power and interference increase simultaneously. Once we
reach the interference limited scenario, the ASE becomes almost constant. For deep indoor environment, interference undergoes high attenuation as we have explained previously. When λ increases, the size of small-cells decrease. Thus, the received signal from
the serving cell overcome interference undergoing bad propagation conditions. Similarly
in Fig. 3.13, we plot the ASE during the UL cycle of a typical serving small-cell using
the same parameters as in DL. Once again, we observe that the ASE is decreasing when
D-TDD is activated with αu = 50% for the outdoor environment. Also, the ASE decreases
as the small-cells density increases, especially when D-TDD is active. Moreover, for a
deep indoor environment, the system experiences very bad performances in terms of ASE.

3.6 Conclusion
In this chapter we have investigated inter-cell interference in D-TDD based network. Explicit formulas of ISR covering different scenarios of interference have been derived. We
have provided the explicit expressions of the coverage probability in macro-cell and smallcell deployments. The comparison between static-TDD conﬁguration and D-TDD shows
that performance are better with D-TDD during the DL. However, the UL transmission is
severely limited by interference coming from other BSs DL signal. Also, we have compared two types of environment, outdoor and deep indoor. As expected, the system experiences bad performance in deep indoor environment for both static and dynamic TDD.
Moreover, we have analyzed the impact of fractional power control mechanisms on the UL
transmission. Results have shown that small FPC factors enhance the coverage probability
for both D-TDD and S-TDD.
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Chapter 4
A 3D beamforming scheme based on the
spatial distribution of users’ locations
4.1 Introduction
Massive Multiple antenna technologies including 3D beamforming have drawn recently
the attention of telecommunication actors and research community. Actually, beamforming consists in forming a signal beam between the transmitter and the receiver by using an
array of antennas. It enhances the signal strength at the receiver and minimize interference
level so that high average data rate and high spectral efﬁciency can be achieved. Most
existing base stations (BSs) are equipped with directional antennas that provides radiation
patterns in the horizontal dimension, considering only the azimuth angle, and having a
ﬁxed vertical pattern and downtilt. Recently, there has been a trend to consider also the
impact of the elevation and investigate how antennas’ downtilt inﬂuences performance. It
has been shown that the combination of the horizontal and the vertical dimensions can further improve the signal strength at the receiver location, enhances data rates and minimize
interference in neighboring cells.

4.2 System model and notations
4.2.1 Network model
In this chapter, we consider a regular tri-sectorized hexagonal network denoted by Λ with
an inﬁnite number of sites s having an inter-site distance denoted by δ . Similarly to the
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regural hexagonal network, for each site s ∈ Λ , there exists a unique (m,n) ∈ Z2 such that
π
s = δ (m + nei 3 ). We denote by s0 the serving cell located at the origin of R2 . Unlike regular hexagonal network with omni-directional antennas where BSs are located in the center
of hexagons, BSs of sites here are located at the corner of the hexagons. All BSs have
the same height lb , transmit with the same power level P and assumed to have directional
antennas covering each one a hexagonal sector identiﬁed by c ∈ {1, 2, 3}. The azimuths of
antennas ϑc in which the radiation is at its maximum is taken relative to the real axis such
that

ϑc =

π
(2c − 1)
3

so that the azimuth of the ﬁrst sector of each site has an angle of
tively to the location of s.

(4.1)
π
3

with the real axis rela-

We consider a typical mobile served by the ﬁrst sector (c = 1) of s0 . Its location is
denoted by z0 such that z0 = reiθ where (r, θ ) are the polar coordinates in the complex
plane. We denote also by zs,c the location of a mobile served by a sector c of a site s ∈
Λ ∗ , where Λ ∗ is the lattice Λ without the serving cell s0 . Locations zs,c are written in the
complex plane by zs,c = s + rs,c eiθs,c , where rs,c and θs,c represent respectively the distance
and the angle (complex argument) between zs,c and s.

4.2.2 Beamforming model
As we mentioned previously, BSs are equipped with directional antennas with sectorized
gain pattern. At each TTI (Time Transmit Interval), we assume that there is at most one
user served by a sector c of site s using beamforming radiation pattern. This can be modeled by a Bernoulli RV ρs,c such that P(ρs,c = 1) = η and P(ρs,c = 0) = 1− η . η represents
the percentage of the occupied resources or the average load over the interfering sites s.
Furthermore, we assume that each antenna has a directional radiation that can be described by two planar patterns: the horizontal and the vertical one denoted respectively by
H and V . We deﬁne the antenna radiation for each pattern by a 2π -periodic function U
such that its restriction on (−π , π ] → [0, 1] has the following properties
• U(α ) = U(−α ) for all α ∈ (−π , π ],

80

CHAPTER 4. A 3D BEAMFORMING SCHEME BASED ON THE SPATIAL
DISTRIBUTION OF USERS’ LOCATIONS
• U(α ) = 0 if

π
2

≤ |α | ≤ π ,

• U is decreasing on [0, π2 ] and increasing on [ −2π , 0].
Numerous antenna radiation pattern models can be found in literature such as the 3GPP
model, Mogensen model [79] and real antenna patterns provided by constructors (Kathrein
antennas...). For reasons of tractability, we adopt in the reminder of this analysis Mogensen
model to describe the antenna horizontal and vertical radiation patterns in the linear scale
as follows

with wh =

ln(2)
ln(cos(

θh3dB 2
2 ) )

and wv =

H(α ) = [cos(α )]−2wh

(4.2)

V (ϕ ) = [cos(ϕ )]−2wv ,

(4.3)

ln(2)
ln(cos(

θv3dB 2
2 ) )

. θh3dB and θv3dB are respectively the hori-

zontal and the vertical half power beam widths (HPBW).
This model can be adapted to beamforming radiation pattern by taking small values
of HPBWs (θh3dB and θv3dB ) to have narrow horizontal and vertical beams. Hence, the
antenna radiation pattern received in a mobile location z0 from an interfering site s is
deﬁned by
3

Gs (z0 ) =

∑ ρs,cH(αs,c)V (ϕs,c),

(4.4)

c=1

with αs,c is the angle between the mobile z0 orientation and the beam axis directed to a
mobile zs,c in the horizontal plane and ϕs,c is the angle between the beam direction in the
vertical plane and the mobile z0 . The angle αs,c can be expressed, based on the complex
geometry, as

αs,c = ψ (z0 , s) − θs,c ,

(4.5)

where ψ (z, s) = arg(z0 − s) and θs,c = ψ (zs,c , s) is the complex argument of zs,c relatively
to s. Each θs,c is assumed to be uniformly distributed in the interval [ϑc − π3 , ϑc + π3 ], thus
using a linear transformation of the RV θs,c , we can easily prove that the angle αs,c is a RV
uniformly distributed in the interval [ψ (z, s) − 23π c, ψ (z, s) + 23π (1 − c)].
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Similarly for the vertical dimension, the angle ϕs,c can be expressed as

ϕs,c = atan(

lb
) − ϕ̃s,c ,
|z0 − s|

(4.6)

b
with ϕ̃s,c = atan( rls,c
) refers to the antenna downtilt, which is variable in our case.

The distance rs,c = |zs,c − s| between a mobile zs,c and s varies between 0, when zs,c is
close to s location, and 23δ when zs,c is located at the edge of a sector. This distance can be
characterized using the antenna radiation pattern covering a whole hexagonal sector of s.
Thus, rs,c is varying between 0 and 23δ U(θs,c − ϑc ), with U(θs,c − ϑc ) is the antenna radiation pattern of a sector (i.e., the horizontal half power beam width is equal to 65 degrees).
So the mobile will be located at the far edge of a sector when the angle between zs,c and s
is equal to the antenna azimuth in which the radiation is at its maximum. Moreover, since
mobile locations zs,c are taken inside the serving hexagonal sector, we consider in the remainder that rs,c is a RV uniformly distributed on the interval [0, 23δ U(θs,c − ϑc )]. Fig. 4.1
illustrates the 3D beamforming model.

Figure 4.1 – 3D beamforming illustration

4.2.3

Propagation model

To model the wireless channel we consider the same power-law path loss as in chapter 3
and given by equation (3.1). Additionally, in this chapter we model the shadowing effect
between a mobile location z0 and an interfering site s by a log-normal RV χs (z0 ) = 10
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with Ys (z0 ) is a Normal RV with mean E(Ys (z0 )) = 0 and variance σ 2 . The shadowing
effect between z0 and the serving site s0 is denoted by χ0 . This sequence of RVs are assumed to be independent and identically distributed (i.i.d) for all (s, z0 ).
Therefore, the received power from a BS s, transmitting with a power level P, in a
mobile location z0 is expressed by
Pr (z0 , s) =

PAGs (z0 )χs (z0 )
,
L(s, z0 )

(4.7)

with A is the antenna gain and Gs (z0 ) is the antenna radiation pattern from s received at
the mobile location z0 .

4.3 Characterization of antenna beamforming radiation
pattern
It is obvious from (4.4) that Gs (z0 ) is a RV that depends on the three RVs: αs,c , ϕs,c and
rs,c . Also, one can notice that V (ϕs,c ) is a RV that depends on the RV H(αs,c ). Therefore,
to characterize Gs (z0 ), we start ﬁrst by deriving the probability density function (PDF) of
H(αs,c ) and the PDF of V (ϕs,c ) conditionally on H(αs,c ), denoted respectively by fHs,c (h)
and fVs,c |Hs,c (v). To do so, we shall use the following lemma that gives the PDF of a
transformed RV by a bijective function.
Lemma 1. Let X be a RV and fX its PDF deﬁned on an interval [a,b]. Let Y be a RV such
that Y = g(X) with g is a bijective function. The PDF of Y fY is given by
fY (y) = fX (g−1 (Y ))

dg−1 (y)
1[g(a)∧g(b),g(a)∨g(b)] (y)
dy

(4.8)

where g−1 is the inverse function of g, g(a) ∧ g(b) = min(g(a), g(b)) and g(a) ∨ g(b) =
max(g(a), g(b)).
The proof of this lemma is not provided here. To obtain the result, one can calculate
the PDF by distinguishing between the case when g is increasing and the case when it is
decreasing.
Using lemma 1, the PDF fαs,c of the RV αs,c is given by
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3
1
(α ).
(4.9)
2π
2π
2π [ψ (z0 ,s)− 3 c,ψ (z0 ,s)+ 3 (1−c)]
Similarly, from equation (4.6), we can see that ϕs,c is the transformation of the uniform
b
RV rs,c by the function g(x) = atan( |z0l−s|
) − atan( lxb ). Also, this RV depends on αs,c .
fαs,c (α ) =

One can easily verify that g is strictly increasing on the interval [0, 23δ U(θs,c − ϑc )] and its
inverse function g−1 is given by
g−1 (y) =

lb
b
tan(atan( |z0l−s|
) − y)

.

(4.10)

Hence, the PDF of ϕs,c conditionally on αs,c , denoted by fϕs,c |αs,c (ϕ ), is given by
fϕs,c |αs,c (ϕ ) =
1

3
2δ U(θs,c − ϑc )

[atan(


1+



1
b
tan2 (ϕ − atan( |z0l−s|
))

2δ l U(θ −ϑ )−3lb |z0 −s|
−|z0 −s|
),atan( b s,c c
)]
lb
2δ |z0 −s|U(θs,c −ϑc )+3l 2
b

(ϕ )

(4.11)

Now, to characterize Gs (z0 ), we apply once again Lemma 1 to αs,c and ϕs,c transformed
by the function g such that g = H for αs,c and g = V for ϕs,c . Thence, using lemma 1 and
equations (4.9) and (4.11) we obtain
−1−2wh

−3h 2wh
q
fHs,c (h) =
1[h1 ∧h2 ,h1 ∨h2 ] (h),
−1
4π wh 1 − h wh

(4.12)

with h1 = H(arg(z0 − s) − 23π c) and h2 = H(arg(z0 − s) + 23π (1 − c)). And

fVs,c |Hs,c (v) = 1 +

1
−1

b
))
tan2 (acos(v 2wv ) − atan( |z0l−s|

−3v


×

−1−2wv
2wv

q
1[v1 ∧v2 ,v1 ∨v2 ] (v),
−1
4wv δ U(θs,c − ϑc ) 1 − v wv
with v1 = V (atan( −|zl0b−s| )) and v2 = V (atan(

2δ lbU(θs,c −ϑc )−3lb |z0 −s|
)).
2δ |z0 −s|U(θs,c −ϑc )+3lb2
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Moreover, the joint PDF of H(αs,c ) and V (ϕs,c ) denoted by fHs,c ,Vs,c is given by
fHs,c ,Vs,c (h, v) = fVs,c |Hs,c (v) fHs,c (h).

(4.14)

To calculate the PDF of Zh,v = H(αs,c )V (ϕs,c ), one can use the Mellin transform of the
distribution of Zh,v , denoted by fZh,v , deﬁned by
M

s−1
fZh,v (s) = E[Zh,v
]=

Z

=

Z Z

Z

h

hs−1 vs−1 fHs,c ,Vs,c (h, v)dhdv

vs−1 fVs,c |Hs,c (v)dv fHs,c (h)dh

s−1

(4.15)

Then, the PDF of the product of the horizontal and the vertical patterns fZh,v can be obtained by using the inverse Mellin transform as follows
fZh,v (z) =

1
2π i

Z

z−s M fZh,v (s)ds.

(4.16)

Finally the distribution of Gs (z0 ) can be obtained by the convolution of fZh,v for c ∈
{1, 2, 3}.
The mathematical expectation of Gs (z0 ) is deﬁned by
E[Gs(z0 )] = η

3

∑ E[H(αs,c)V (ϕs,c)],

(4.17)

c=1

where E[H(αs,c )V (ϕs,c )] is calculated by taking s = 2 in equation (4.15).
When the downtilt is taken constant, the vertical antenna radiation pattern is no more
a RV. Thus, the explicit expression of E[Gs(z0 )] conditionally on z0 can be written as
3η V (ϕs,c ) 3
E[Gs(z0 )] =
∑
2π
c=1
3η V (ϕs,c )
=
π

Z π
0

Z υc + π
3
υc − π3

cos−2wh (θ − ψ (z0 , s))d θ

cos−2wh (θ )d θ .

(4.18)

Equation (4.18) comes from the 2π −periodicity of the function cos and Chasles’s formula.
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R

π
2

√
πΓ ( z+1
2 )
2Γ ( 2z +1)

Finally, by using 0
for all complex number z such that ℜ(z) > −1,
the explicit expression of the mathematical expectation of Gs (z0 ) is given by
cosz (x) =

3η V (ϕs,c )Γ ( 12 − wh )
√
E[Gs (z0 )] =
πΓ (1 − wh )

(4.19)

with Γ (.) is the Euler Gamma function.

4.4 Interference characterization
A mobile located at a position z0 in the ﬁrst sector (c = 1) of the serving site s0 receives
interference from the co-sectors and also from the other interfering sites in Λ ∗ . We deﬁne
the individual ISR, denoted here by Is (z0 ), as the received power from an interfering site
s divided by the useful power received by z0 from the serving cell. Its expression is given
by
Is (z0 ) =

Pr (z0 , s)
Pr (z0 , s0 )

= r2b |s − z0 |−2b Gs (z0 )χ̃s ,

(4.20)

Ỹs

where χ̃s = 10 10 is a log-normal RV representing the ratio of the shadowing effect from interfering sites and the shadowing effect from the serving site (The ratio of two log-normal
RVs is a log-normal RV), with Ỹs is a Normal RV with mean 0 and variance σ̃ 2 . Also, we
deﬁne the cumulative ISR from all the interfering sites including the two other sectors of
the serving site s0 as the sum over s ∈ Λ of all the individual ISRs. It is expressed as
I (z0 ) = −1 +

∑ r2b|s − z0|−2bGs(z0)10 10 .
Ỹs

(4.21)

s∈Λ

I (z0 ) is an inﬁnite sum of independent positive RVs not identically distributed. As
far is known, the distribution of a sum of log-normal RVs is not exactly known but there
exists some approximations that can be found in the probability theory literature. FentonWilkinson [80] approach appears to be a convenient approximation to deal with this sum
of log-normal RVs. It consists in approximating a sum of log-normal RVs by a new lognormal RV by matching the mean and the variance. Consequently, according to Theorem
9.2.a of [81],
E[I (z0 )] = −1 + E[10 10 ] ∑ r2b |s − z0 |−2b E[Gs (z0 )].
Ỹs

s∈Λ
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In [8], it has been shown that ∑s∈Λ ∗ r2b |s − z0 |−2b is a convergent series on x =
can be approximated as follows

∑

s∈Λ ∗

r2b |s − z0 |−2b ≈

6x2b +∞ Γ (b + h)2
∑ Γ (h + 1)2 ω (b + h)x2h
Γ (b)2 h=0

r
δ

that

(4.22)

with ω (z) is given by equation (3.6).
Since Gs (z0 ) ≤ 1, we have E(Gs (z0 )) < 1. By using (4.22), we can easily prove that
E[I (z0 )] < ∞. Hence, according to Theorem 9.2.b of [81], I (z0 ) converges almost
surely.
This result is very important, since the almost sure convergence implies convergence
in probability and thus implies convergence in distribution which is the notion of convergence used in the strong law of large numbers. However, the central limit theorem (CLT)
can not be applied in this case because the random variables in the sum are not identically distributed. Also, the generalized CLT known as Lyapunov CLT and Lindeberg CLT
conditions are not veriﬁed here. Hence, I (z0 ) can not be approximated by a Gaussian RV.
On the other hand, the coverage probability Θ (z0 ) is deﬁned according to (3.15) as
follows

Θ (γ ) = P(Π (z0 ) > γ ),

(4.23)

where Π (z0 ) is the SINR of z0 and it can be expressed in terms of the cumulative ISR
I (z0 ) as follows

Π (z0 ) =
with y0 =

aNr2b
APχ0

1
,
I (z0 ) + y0

(4.24)

and N is the thermal noise power.

Finally, the throughput is calculated using the upper bound of the well known Shannon’s formula for a MIMO system T x × Rx, with T x and Rx are respectively the number of
transmit and receive antennas. Hence the throughput C(z0 ) of a user located at a position
z0 can be written as
C(z0 ) = (T x ∧ Rx)Bw log2 (1 + Θ (z0 )),
with Bw is the system bandwidth.
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4.5

Numerical results and discussion

For numerical purpose, we consider 5 rings of interfering sites with an inter site distance
δ = 0.750km. All BSs are assumed to have the same height lb = 30m, transmit with a
power level P = 40dBm and operate in a bandwidth Bw of 20MHz. The antenna gain is set
to be A = 17dBi. Also, the downlink thermal noise power is calculated for Bw and set to
N = −93dBm. The path loss exponent is considered to be 2b = 3.5, the propagation factor of an outdoor environment is a = 130dB and the standard deviation of the log-normal
shadowing is σ = 5.5dB. Finally, we assume that we have 2Rx antennas in user’s terminals, the number of T x antennas depends on the chosen HPBWs (θh3dB and θv3dB ). This
number with beamforming is greater than 2 and thus, the number of possible transmission
layers is at most 2.
We simulate the 3D beamforming model in MATLAB considering four values of θh3dB
(30°, 20°, 14° and 8°) and a vertical half power beam width θv3dB = 8°. We compare it
to a simulated hexagonal tri-sectorized network without beamforming mechanisms with
θh3dB = 65, θv3dB = 32 and a ﬁxed downtilt angle 8°.

Figure 4.2 – Coverage probability variations: no beamforming vs 3D beamforming with
different θh3dB .
We plot in Fig. 4.2 the empirical coverage probability (CCDF of SINR) curves obtained by using Monte Carlo simulations for 20000 mobile locations z0 . As we can see,
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3D beamforming enhances signiﬁcantly performance. For instance, with an SINR threshold of 10dB, the coverage probability increases from 66% to 99% when 3D beamforming
is deployed with a horizontal HPBW of θh3dB = 8°. Moreover, it can be observed that the
coverage probability increases as the horizontal HPBW decreases. Actually, the horizontal HPBW is related to the number of transmit antennas used by BSs. When this number
increases, the signal is focused on a speciﬁc zone of the cell. Hence, interference coming
from neighboring sites are reduced signiﬁcantly as the HPBW decreases and the number
of transmit antennas increases. This leads to an enhancement of SINR and thus an enhancement of the coverage probability.
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Figure 4.3 – Throughput variation with the average load over interfering sites: comparison
between 3D beamforming model and hexagonal tri-sectorized network.
Similarly in Fig. 4.3, we plot the user throughput as a function of the average load
over interfering sites considering the 3D beamforming with two values of θh3dB (14° and
8°) and θv3dB = 8°. We compare results with the case of tri-sectorized hexagonal network
without beamforming. As we can observe, with a tri-sectorized hexagonal network without 3D beamforming, the throughput is more sensitive to the average load variations over
interfering sites and it decreases by almost 30% when the average load increases from 1%
to 100%. With 3D beamforming, one can notice that the throughput increases signiﬁcantly
compared to the case without beamforming. Also, it increases as the horizontal HPBW decreases, which is in agreement with results of Fig. 4.2. Additionally, we can see that the
sensitivity to the average load and interference decreases in the case where 3D beamform89
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ing is used, especially with small values of the horizontal HPBW i.e., when the number of
transmit antennas increases.
Fig. 4.4 shows a comparison between the coverage probability of a network adopting the 3D beamforming according to our model and the one of a network using a 2D
beamforming where only a random horizontal radiation pattern is considered. The vertical
component is taken constant and included in the antenna gain. Once again, we can notice
that a small horizontal HPBW leads to an increase of the coverage probability for the both
models. Moreover, it is obvious that performance in terms of SINR with 3D beamforming are better than 2D beamforming. Actually, most BSs use a linearly arranged array
of antennas placed at the top of BSs. Unfortunately, the number of antennas can not be
increased because of size constraints. Hence the interest of FD-MIMO, based on a 2D
array of antennas, that offers the possibility to increase the number of transmit antennas
and gives extra degrees of freedom in order to improve signiﬁcantly the wireless system
performance. Also, it provides the capability to adapt dynamically beam patterns in the
horizontal and vertical dimensions, which leads to performance enhancement.
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Figure 4.4 – Coverage probability comparison: 3D beamforming vs 2D beamforming.
Finally in Fig. 4.5, we plot the coverage probability considering the 3D beamforming model, presented in this chapter, for 2 values of θh3dB (8° and 14°) and θv3dB = 8°.
We compare it with the coverage probability of the same network, but instead of taking
the downtilt angle ϕ̃s,c as a function of the mobile location zs,c , we consider two values
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of this angle, ϕ̃s,c = 4° and ϕ̃s,c = 8°, close to the values used in practical systems. One
can observe that when the horizontal HPBW is set to be 14°, the 3D beamforming model
with variable downtilt angle has better performance than the case of ﬁxed downtilt for
the two values of ϕ̃s,c . However, with a horizontal HPBW of 8°, we can notice that the
coverage probability when ϕ̃s,c = 8° is getting closer to the one of the network with 3D
beamforming. Hence, using a large number of transmit antennas to concentrate the beam
to a speciﬁc location, especially in the horizontal dimension, leads to a signiﬁcant enhancement of performance. Moreover, for the vertical dimension, it has been shown in several
papers that there exists an optimal downtilt angle for which the performance are enhanced
signiﬁcantly. In practical systems, we take always a downtilt close to 6°.

Figure 4.5 – Downtilt ϕ̃s,c impact: variable vs ﬁxed downtilt.

4.6 Conclusion
In this chapter, we have proposed an analytical model for 3D beamforming, in DL transmission, where antenna radiation patterns depend on the spatial distribution of users’ locations
in the plane. We have shown, through system level simulations, that the 3D beamforming
reduces signiﬁcantly interference and thus enhances the SINR and users throughput in
downlink. A comparison between the proposed 3D model and the traditional 2D beamforming, where only the azimuthal plane is considered, shows better performance with 3D
beamforming.
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Chapter 5
D-TDD interference mitigation schemes
As we have seen in chapter 3, D-TDD shows better performance than S-TDD during the
DL transmission cycle of a typical cell. However, The UL performance undergoes a huge
degradation because of interference, mainly DL to UL interference. The aim of this chapter is to study the applicability of the 3D beamforming scheme, introduced in the previous
chapter, to DL transmitting cells in a D-TDD based tri-sectorized hexagonal network. Additionally, we propose a cell clustering interference mitigation scheme based on the hexagonal tessellation and applied to a small-cell deployment that intends also to reduce the DL
to UL interference.

5.1 D-TDD based macro-cell deployment interference mitigation scheme
In the remainder of this chapter, we adopt the same tri-sectorized hexagonal network
model, propagation model, notations and 3D beamforming model presented in chapter
4. Additionally, to model D-TDD system, we proceed as we did in chapter 3. We assume
that all cells initially operate synchronously in DL or UL with S-TDD mode. Once D-TDD
is activated, each cell selects randomly the cycle of the transmission. Also, we assume that
the transmission direction is the same in the three sectors of each site s and it is modeled
by two Bernoulli RVs βd (s) and βu (s), such that P(βd (s) = 1) = αd , P(βu (s) = 1) = αu
and βu (s) = 1 − βd (s)
Additionally, We consider the 3D beamforming model, introduced in the previous
chapter, as an interference mitigation scheme devoted to reduce DL to DL and DL to UL
interference in D-TDD scenarios. Actually, to support 3D beamforming based CLI mit93
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Figure 5.1 – D-TDD DL transmission cycle
.

Figure 5.2 – D-TDD UL transmission cycle
.

igation, it is necessary to have coordination between BSs through signaling information
exchange between cells. Also, the knowledge of channel properties in both horizontal and
vertical planes can facilitate the design of coordinated 3D beamforming. With TDD mode,
it is much easier to design the coordination between BSs, thanks to channel reciprocity
property, than FDD. Besides, BSs have ﬁxed locations in the plane, thus the interference
between them can be determined, based on some static measurements over a long period
of time, by using relevant metrics such as the mutual coupling loss or the level of RSRP
(Reference Signal Receive Power). For instance, each BS can obtain the channel state
information reference signal in the neighboring cells by exchanging information via the
backhaul signaling or over the air interface signaling. Once an UL user vulnerable to be
interfered by the DL signal of a BS is detected, the DL transmitting BSs can activate the
3D beamforming during the sub-frame of interest to serve a DL user. Furthermore, it can
be found in the available scientiﬁc literature several works that propose beamforming coordination and interference management schemes in cellular networks and for D-TDD based
networks in particular; see for instance [25, 26, 82, 83]. Since beamforming coordination
is not the subject matter of this work, we assume that during the sub-frames where cells
are allowed to use dynamic resources’ allocation, transmitting cells in DL adopt 3D beamforming to serve DL users.
Moreover, we model the shadowing effect between a transmitting node t and a receivY (t,r)
ing one r by a log-normal RV χ (t, r) = 10 10 , with Y (t, r) is a normal RV with mean
E(Y (t, r)) = 0 and variance σ 2 . This sequence of RVs are assumed to be independent and
identically distributed for all (t, r).
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5.1.1 Interference characterization
Once again, we deﬁne the Interference to Signal Ratio ISR as the received power from an
interfering source (interfering mobile or BS) divided by the useful signal power received
by z0 (or s0 ) from the serving cell (or UL transmitting mobile z0 ). In DL transmission,
the mobile z0 receives interference from other BSs operating in DL and from mobiles
transmitting in UL. Hence, we deﬁne the DL ISR denoted by IDL (z0 ) by
IDL (z0 ) = D↓ (z0 ) + D↑ (z0 )

(5.1)

where D↓ (z0 ) refers to DL to DL ISR and D↑ (z0 ) refers to UL to DL ISR. D↓ (z0 ) and
D↑ (z0 ) can be deﬁned for a tri-sectorized hexagonal network considering 3D beamforming
radiation patterns in DL, respectively as follows
E[D↓ (z0 )] = −1 +
E[D↑ (z0 )] =

∑

s∈Λ ∗

∑ βd (s)Gs(z0)|s − z0|−2br2b χ̃ (s, z0)

(5.2)

s∈Λ

2bk χ̃ (z , z )
r2b P∗ rs,c
s,c 0
,
P|zs,c − z0 |2b
c=1
3

βu (s) ∑

(5.3)

Ỹ (t,z0 )

where χ̃ (t, z0 ) = 10 10 is a log-normal RV representing the ratio of χ (t, z0 ) ( t = s or
t = zs,c ) and χ (s0 , z0 ) (The ratio of two log-normal RVs is a log-normal RV). Ỹ (t, z0 ) is a
Normal RV with mean 0 and variance σ̃ 2 .
D↓ (z0 ) is an inﬁnite sum of independent positive RVs not identically distributed. As we
have shown previously, this RV is an almost sure convergent series and its mathematical
expectation, conditionally on z0 , can be obtain by averaging over all the RVs inside the
sum. It is written as follows
E[D↓ (z0 )] = −1 + αd e

ln2 (10)σ̃ 2
200

∑ E[Gs(z0)]|s − z0|−2br2b.

(5.4)

s∈Λ

Now to calculate the average UL to DL ISR, we average ﬁrst over all the cells operating
in UL. Then we average over the shadowing log-normal RVs and over the mobiles zs,c
random locations conditionally on z0 . It follows that
ln2 (10)σ̃ 2
Z ϑc + π 
3
3
9P∗ αu e 200
E[D↑ (z0 )] =
∑
∑
π
4πδ P
c=1 s∈Λ ∗ ϑc − 3

Z 2δ cos−2ωh (ϕ −ϑc )
3
r2b x2bk
dx d ϕ .
(5.5)
cos−2ωh (ϕ − ϑc )|s − reiθ − xeiϕ |2b
0
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One can simplify equation (5.5) by proceeding analogously to the simpliﬁcation of
(3.7) in chapter 3.
During the UL cycle of the serving cell s0 , the UL transmitted signal by the mobile z0
is interfered by the DL signal of cells transmitting in DL and also by the signal of mobiles
transmitting in UL. We deﬁne the UL ISR as
IUL (z0 ) = U↑ (z0 ) +U↓ (z0 )

(5.6)

where U↓ (z0 ) is DL to UL ISR and U↑ (z0 ) refers to UL to UL ISR.
The interfering signal coming from BSs in DL, which have ﬁxed positions, is received
at the location of the serving cell s0 . Hence, by averaging conditionally on z0 , over all DL
transmitting cells, shadowing and beamforming radiation pattern RVs, the expectation of
U↓ (z0 ) is expressed by

E[U↓ (z0 )] =

Pαd ln2 (10)σ̃ 2
e 200 ∑ |s − s0 |−2b r2b(1−k) E[Gs (s0 )],
P∗
s∈Λ ∗

(5.7)

with Gs (s0 ) is the 3D beamforming antenna radiation patterns coming from the DL sites
and received at the location of s0 .
∑s∈Λ ∗ |s − s0 |−2b r2b(1−k) is a convergent series on x = δr and its expression is recalled
from equation (3.14):

∑∗ |s − s0|−2br2b(1−k) =

s∈Λ

ω (b) 2b(1−k)
x
.
δ 2bk

(5.8)

Hence by using the same reasoning as we did for the DL to DL ISR, we can show that
U↓ (z0 ) converges almost surely.
UL to UL interference is generated by mobiles zs,c = s + rs,c eiθs,c in neighboring cells
transmitting in UL and also from the UL transmission in the two co-sectors of s0 . Recalling
the fact that rs,c is a RV uniformly distributed in [0, 23δ U(θs,c − ϑc )], θs,c is uniform RV
in [ϑc − π3 , ϑc + π3 ] and considering the fractional power control model applied to the UL
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transmission, it follows that
9 ln2 (10)σ̃ 2
E[U↑ (z0 )] = − 1 +
e 200 ∑
4πδ
s∈Λ

Z ϑc + π  Z
3
ϑc − π3


|s + xeiϕ |−2b x2bk
dx d ϕ .
cos−2ωh (ϕ − ϑc )r2b(k−1)

2δ
3

cos−2ωh (ϕ −ϑc )

0

(5.9)

Based on the expressions of the DL and UL ISR derived previously, we deﬁne the DL
and UL SINR, denoted respectively by ΠDL and ΠUL , as follows

1
η IDL (z0 ) + y0 x2b
1
ΠUL (z0 ) =
′
η IUL (z0 ) + y0 x2b(1−k)

ΠDL (z0 ) =

′

(5.10)
(5.11)

where y0 = PPχN(saδ,z ) , y0 = PPN∗aχδ(z ,s ) , PN is the thermal noise power and η is the average
0 0
0 0
load over the interfering cells.
2b

2b(1−k)

Finally, the coverage probability is deﬁned by

Θs (γ ) = P(SINR > γ ),

(5.12)

with s = DL for DL coverage probability and s = UL for the UL one.

5.1.2 Simulation results
Once again, we simulate in MATLAB the 3D beamforming model considering static and
dynamic TDD scenarios. Table. 5.1 shows the different parameters used to perform this
simulations.
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Macro-cells power P
Target power cell speciﬁc P∗
Noise power PN
Number of rings (Macro-cells)
Inter-site distance δ
Antennas gain
BSs height lb
Antenna downtilt
Shadowing standard deviation
Propagation factor a
System bandwidth
Path loss exponent 2b

43dBm
20dBm
-93dBm
5 (90 interfering sites)
0.75km
17.5dBi
0.02km
8°
6dB
Outdoor: 130dB
Macro-cells:20Mhz
3.5

Table 5.1 – 3D beamforming based D-TDD network simulation parameters.
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Figure 5.3 – DL Coverage probability (2b = 3.5, k = 0.4).
We plot in Fig. 5.3 the coverage probability curves in DL obtained by using Monte
Carlo simulations for 20000 mobile locations z0 . We compare the static TDD and Dynamic TDD for three scenarios: without beamforming mechanisms, 2D beamforming and
3D beamforming. Starting from a static TDD conﬁguration where all the sites s are transmitting in DL, Fig. 5.3 shows that the coverage probability increases when D-TDD is
activated, with αd = 75% and αd = 50%, for the three scenarios. This behavior is expected since the macro-cells BSs transmit with high power level and generate strong in98
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terference compared to interfering mobiles z transmitting in UL. In the second scenario,
we contemplate 2D beamforming where only the horizontal radiation pattern with a half
power beam-width θh3dB = 14° and a ﬁxed antenna downtilt are considered. As expected,
there is an important enhancement in system performance, translated by an increase in
the coverage probability, for both S-TDD and D-TDD, compared to the ﬁrst case. This
enhancement becomes more obvious in the third scenario when 3D beamforming is implemented with θh3dB = 14° and a vertical half power beam-width θv3dB = 8°. Therefore,
D-TDD is more convenient with DL transmission direction and adding 3D beamforming
results in a gain in performance.
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0.8

D-TDD, 2D beamforming: u=0.75, d=0.25
D-TDD, 2D beamforming: u=0.5, d=0.5
D-TDD, 3D beamforming: u=0.75, d=0.25
D-TDD, 3D beamforming: u=0.5, d=0.5

0.6

0.4

0.2

0
-50

-40

-30

-20

-10

0

10

20

30

SINR dB

Figure 5.4 – UL coverage probability (2b = 3.5, k = 0.4).
To analyze the system behavior during the UL transmission direction, we plot in Fig.
5.4 the UL coverage probability considering the same scenarios as in DL. It is worth mentioning that for S-TDD UL transmission, there is no beamforming mechanisms since all
BSs are in UL and mobiles are equipped with omni-directional antennas. Hence, we consider only one S-TDD scenario and we compare it to the three scenarios raised in the
previous paragraph. The main obvious observation from Fig. 5.4 is that when 3D and 2D
beamforming are not implemented, the coverage probability undergoes a huge degradation
when the system switch from the static conﬁguration to the dynamic one with αu = 75%
and αu = 50%. This degradation is mainly coming from the strong interfering signals of
DL BSs and makes the system very limited if no interference mitigation schemes are setting up. Moreover, with 2D beamforming, one can observes from Fig. 5.4 that there is an
enhancement in the UL coverage probability when D-TDD is activated compared to the
static conﬁguration. This enhancement becomes more signiﬁcant when 3D beamforming
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is considered for DL BSs. In this case, the UL coverage probability is getting closer to the
one of S-TDD.

DL coverage probability
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Figure 5.5 – DL coverage probability: D-TDD vs S-TDD with 3D beamforming considering different half power beam-widths (2b = 3.5, k = 0.4).

In Fig. 5.5 and Fig. 5.6 we plot respectively the DL and UL coverage probability
curves when D-TDD is considered, with 3D beamforming having different horizontal
half power beam-widths (θh3dB = 30°, 20°, 14°, 8°) and a vertical half power beam-width
θv3dB = 8°. When the serving site s0 is operating in DL, it can be observed that the DL coverage probability increases as the beam width decreases in both D-TDD and S-TDD. Also,
one can notice that the gain obtained with D-TDD is quite important than S-TDD without
beamforming. Moreover, the coverage probability of a S-TDD network with 3D beamforming having small θh3dB is getting closer to the one of a D-TDD system. Actually, the
beam-width is related to the number of transmit antennas used by BSs. When this number
increases, the signal is focused on a speciﬁc zone of the cell. Hence, interference coming
from neighboring sites are reduced signiﬁcantly. This leads to an enhancement of SINR
and thus an enhancement of the coverage probability. Similar results are observed for the
UL scenario as shown in Fig. 5.6. With 3D beamforming based D-TDD, as the horizontal
half power beam-width is getting smaller, the UL coverage probability is enhanced and
getting closer to the one of S-TDD. This means that 3D beaforming reduces signiﬁcantly
the DL to UL interference and can make D-TDD feasible for macro-cells’ network.

100

CHAPTER 5. D-TDD INTERFERENCE MITIGATION SCHEMES

1

S-TDD:

u

=1,

d

=0

UL coverage probability

D-TDD, 3D beamforming:

u

=0.5,

3dBh

=30°, downtilt=8°

: u=0.5, 3dBh=20°, downtilt=8°

0.8

: u=0.5, 3dBh=14°, downtilt=8°
: u=0.5, 3dBh=8°, downtilt=8°

0.6

0.4

0.2

0
-40

-30

-20

-10

0

10

20

SINR dB

Figure 5.6 – UL coverage probability: D-TDD vs S-TDD with 3D beamforming considering different half power beam-widths (2b = 3.5, k = 0.4).

1
UL coverage probability

D-TDD, no beamforming: u=0.5, k=0.4
: u=0.5, k=0.7

0.8

: u=0.5, k=1
D-TDD, 3D beamforming: u=0.5, k=0.4
: u=0.5, k=0.7

0.6

: u=0.5, k=1

0.4

0.2

0
-60

-50

-40

-30

-20

-10

0

10

20

SINR dB

Figure 5.7 – UL coverage probability: fractional power control effect: 2b = 3.5, k = 0.4.
Finally, to analyze the effect of the fractional power control considered for the UL
transmission direction, we plot in Fig. 5.7 the UL coverage probability of a D-TDD system,
with and without 3D beamforming, considering different FPC factor values ( k = 0.4,
k = 0.7 and k = 1). One can notice that the coverage probability is decreasing when the
FPC factor is increasing for both 3D beamforming based D-TDD network and D-TDD
without 3D beamforming. Also, performance of 3D beamforming with small FPC factors
are better than the case where no beamforming scheme is applied. The interpretation of
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those results follows likely the same interpretation of the results of Fig. 3.9. When the
FPC factor 0 < k < 1, the scheme indemniﬁes partially the path loss. The higher is the
path loss the lower is the received signal which means that UL to UL interference are
controlled. With 3D beamforming, minimizing also the DL to UL interference results in
better performance.

5.2

D-TDD interference mitigation in small-cell deployment

Additional types of interferences that occur in D-TDD systems are the prime concerns to
minimize. As mentioned in chapter 1, 3GPP advices new approach for interference mitigation in dynamic environment such as cell clustering. Furthermore, small-cells are a good
candidates for D-TDD because they can be considered well isolated from each others since
they transmit with a low power level and the base stations are not highly elevated. In this
section we analyze D-TDD performance considering a cell clustering scheme applied to a
small-cell deployment.

Figure 5.8 – Cell clustering model
The main idea of cell clustering is to gather small-cells in different clusters based on
speciﬁc metrics e.g., Mutual Coupling Loss (MCL) threshold between cells. Small-cells
in the same cluster adopt the same UL-DL conﬁgurations and the transmission inside a
cluster can be coordinated by a central unit, which decides the more convenient frame
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conﬁguration according to trafﬁc conditions. Moreover, cells belonging to different clusters can choose the conﬁguration independently from each others. The problem of cross
link interference still exists even with cell clustering scheme. Actually, the dense deployment of small cells certainly induces severe interference between small cells belonging to
neighboring clusters when they transmit in opposite directions. Hence, users served by
small-cells located in cluster edges, especially during the UL cycle, can be interfered by
other small-cell DL signals .
To evaluate this clustering scheme, we consider the same network architecture, propagation and power control models used previously. We assume that clusters form a new
hexagonal lattice
√ denoted by C as shown in Fig. 5.8, with inter-cluster distance δ̃ such
that δ̃ = δ / 3. Every cluster center c is uniquely identiﬁed by the complex variable
π
c = δ̃ (u + vei 3 ) with (u, v) ∈ Z2 and c0 is the new origin of the plane R2 . Cluster radius is
denoted by R̃. Each cluster contains N small cells uniformly and independently distributed
with the same intensity λ . Small cell location s̃ is determined by s̃ = c + ρ̃ eiϕ̃ where ρ̃ is
the distance between s̃ and the cluster center. The small-cell of interest is denoted by s˜0
˜
such that s˜0 = ρ˜0 eiϕ0 . Small-cell radius is designated by R̃s . A mobile location z˜0 , served
by s˜0 in UL transmission, is identiﬁed by the complex variable z˜0 = s˜0 + r̃eiθ̃ , where r̃ is
the distance between z˜0 and s˜0 . We assume also that small-cells transmit with the same
power level denoted by P̃. The small-cell target power in UL transmission will be denoted
P̃∗ . In the remainder of this section, we assume that macro and small-cells operate in different frequency bands, hence interference from macro-cell layers will not be considered.
Also in the remainder, UL to UL interference is neglected and the DL cycle is not analyzed,
since cell clustering schemes intend to minimize DL to UL interference in D-TDD system.

5.2.1

DL to UL ISR derivation

Let ISR(s̃↓ , s˜0 ↑ ) be the individual relative interference received from small cell s̃ and impacting useful signal at s˜0 when it is in UL communication with mobile location z˜0 . Small
cell s̃ is of course assumed to belong to another cluster c of cells operating in DL transmission. The expression of ISR(s̃↓ , s˜0 ↑ ) can be formulated by
ISR(s̃↓ , s˜0 ↑ ) =
=

P̃ L(z˜0 , s˜0 )
P(z˜0 , s˜0 ) L(s̃, s˜0 )
P̃ |s̃ − s˜0 |−2b

P̃∗ |z˜0 − s˜0 |2bk |z˜0 − s˜0 |−2b
Recalling the fact that small cells are uniformly distributed in clusters with the intensity
λ (For numerical results, we will take λ = π 3R̃2 , i.e., three small cells per cluster), DL to
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UL ISR can be obtained by summing over all small cells belonging to all clusters except
the one containing s˜0 . It follows that

∑∗

U↓ (z˜0 ) = λ

c∈C

Z

c

ISR(s̃↓ , s˜0 ↑ )ds̃

(5.13)

To evaluate equation (5.13), we can proceed analogously to the derivation of D↑ in chapter
3. Take x̃ = r̃/δ̃ , then for x̃ < 1 and b > 1, the DL to UL ISR U↓ (z0 ) is explicitly written
as
U↓ (z˜0 ) = Ã2 (b) x̃2b(1−k)
(5.14)
where
⌊h⌋

6π R̃2 P̃λ +∞ 2 h−2n Γ (b + h)2 ω (b + h)
Ã2 (b) =
×
∑∑ ∑
P̃∗ Γ (b)2 δ̃ 2bk h=0 n=0 i=0 Γ (n + 1)2Γ (h + 1)
( ρR̃˜0 )2n+2i ( ρ0 )2h
˜
δ̃

Γ (i + 1)Γ (h − 2n − i + 1)(n + i + 1)

5.2.2 Coverage probability
Coverage probability is identiﬁed by the percentage of locations having their SINR higher
that a given threshold γ . Let Π (x̃) be the UL SINR experienced by small cell s˜0 when it
communicates with mobile location z˜0 , such that |z˜0 | = x̃δ̃ .

Π (x̃) =

1
U↓ (x̃) + ỹ0 x̃2b(1−k)

(5.15)

where ỹ0 = PN δ̃ P∗ , with PN is the noise power.
Assuming that location z˜0 is uniformly distributed in small cell s̃0 , the UL coverage
probability is evaluated as in [8] by:
2b(1−k)

Φ (γ ) =P(Π (x̃) > γ )

!2 
δ̃ 1
= min 
g( ) ; 1
R̃s γ

(5.16)

where g(y) is the inverse function of y(x̃) = 1/Π (x̃). It is given by
g(y) = (

1
y
) 2b(1−k) .
Ã2 (b) + ỹ0
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The strong DL to UL interference, which is the dominant interference in a D-TDD system, comes from the large coupling between small-cells. It can be observed from Fig. 5.9
that the clustering scheme minimizes its impact, mainly for favored propagation condition,
i.e., low value of parameter b.
DL to UL interference: clustering vs no clustering

DL to UL ISR ( clustering vs no clustering)

3
b=1.2, ISR cell clustering
2.5

b=1.2, ISR no cell clustering
b=1.75, ISR cell clustering
b=1.75, ISR no cell clustering
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1
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Figure 5.9 – D-TDD DL to UL ISR with cell clustering scheme

5.3 Conclusion
In this chapter, we have investigated the applicability of 3D beamforming scheme to a
D-TDD based macro-cell deployments. We have shown that the gain in performance, during the DL transmission cycle of a typical cell, is important when 3D beamforming is deployed. For the UL transmission cycle, the impact of DL to UL interference is signiﬁcantly
reduced, when 3D beamforming is applied to DL transmitting cells, and performance gets
closer to S-TDD based systems. 3D beamforming appears to be an efﬁcient solution to
reduce the strong interference coming from BSs’ signals. Nevertheless, applying this feature requires beam and frequency resources management mechanisms between interfering
BSs. Furthermore, we have introduced a tractable cell clustering scheme, that can be applied to small-cell deployments, by exploiting the mathematical framework of hexagonal
network tractability. It has been shown that this scheme reduces the impact of DL to UL
interference and thus enhances UL performance.
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Chapter 6
OFDM based 5G-NR dimensioning
approach
6.1 Introduction
5G NR interface design takes in consideration the wide array of emerging use cases and
also future requirements. Therefore, The 3GPP has chosen an optimized OFDM based
waveform for 5G NR known as scalable OFDM and having different subcarriers’ spacing
(∆ f = 2ν 15 kHz, where ν = 0 to 4). OFDM radio dimensioning is an important task. It
consists in assessing the network resources required to carry a predicted data trafﬁc with a
satisfactory QoS. This later is often summarized in some metrics such as the average user
throughput or the target congestion probability.
In this chapter, we tackle the problem of OFDM dimensioning. In contrast with some
recent works, where the dimensioning process is performed to satisfy a minimum user
throughput in the cell, we use the cell congestion as the target QoS, instead. Besides,
dimensioning is performed assuming mobile users distributed in roads or located in buildings. The ﬁrst kind of users are modeled by Cox point process driven by PLP whereas the
second kind is described by a spatial PPP. Such mobile users are granted some radio resources, called Physical Resource Blocks (PRB), at each Time Transmit Interval (TTI) and
according to a predeﬁned scheduling algorithm. The choice of the scheduling algorithm
is mainly related to the fairness level made between users, i.e., the way that resources are
allocated to users according to their channel qualities and their priorities, deﬁned by the
operator. Moreover, we show that the total requested PRBs follows a compound Poisson
distribution and we attempt to derive the explicit expression of the congestion probability by introducing a mathematical tool from combinatorial analysis called the exponential
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Bell polynomials. Finally we show how to dimension radio resources, for a given target
congestion probability, by solving an implicit relation between the necessary resources
and the forecast data trafﬁc expressed in terms of cell throughput. Different numerical
results are presented to justify this dimensioning approach.

6.2
6.2.1

System model and notations
Indoor users model

A PPP in R2 with intensity ζ is a point process that satisﬁes: i) the number of points inside
every bounded closed set B ∈ R2 follows a Poisson distribution with mean ζ |B|, where
|B| is the Lebesgue measure on R2 ; ii) the number of points inside any disjoint sets of R2
are independent [11]. Actually, spatial PPP has been widely used to model BSs and users
locations in cellular network. In this chapter, indoor users are considered to be distributed
in buildings according to a spatial PPP φ of intensity κ , which means that their locations
are uniformly distributed in the studied cell coverage area and their number follows a
Poisson distribution.

6.2.2

Outdoor users model

As we mentioned previously, outdoor users are considered to be distributed along a random system of roads. To model the random tessellation of roads, we consider the so-called
PLP which is mathematically derived from the spatial PPP. Instead of points, the PLP is
a random process of lines distributed in the plane R2 . Each line in R2 is parametrized in
terms of polar coordinates (r,θ ) obtained from the orthogonal projection of the origin on
that line, with r ∈ R+ and θ ∈ (−π , π ]. Now we can consider an application T that maps
each line to a unique couple (r,θ ), generated by a PPP in the half-cylinder R+ × (−π , π ];
Fig. 6.1. The distribution of lines in R2 is the same as points’ distribution in this halfcylinder; see [15] and [65] for more details.
In the sequel, we assume that roads are modeled by a PLP ϕ with roads’ intensity denoted by λ . The number of roads that lie inside a disk s of radius R is a Poisson random
variable, denoted by Y . It corresponds to the number of points of the equivalent spatial PPP
in the half-cylinder [0, R] × (−π , π ] having an area of 2π R. Hence, the expected number
of roads that lie inside s is E(Y ) = 2πλ R. Then, conditionally on ϕ (i.e., conditionally on
roads), outdoor users are assumed to be distributed on each road according to independent
linear PPPs with the same intensity δ . This model is known as Cox point process. The
mean number of users on a given road j is δ L j , with L j is the length of road j. Besides, the
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number of roads that lie between two disks of radius R1 and R2 respectively, with R1 ⩽ R2 ,
is 2πλ (R2 − R1). Also, the number ofq
distributed users
q in a road, parametrized by (r,θ )

and delimited by the two disks, is 2δ ( R22 − r2 − R21 − r2 ). Additionally, the average
number of outdoor users in the disk of radius R can be calculated using the equivalent
homogeneous spatial PPP with intensity λ δ in the disk area. For illustration, Fig. 6.1
presents the line parametrization described above and Fig. 6.2 shows a realization of a
Cox Point Process driven by PLP.

Figure 6.1 – Line parametrization.

Figure 6.2 – A realization of Cox Point Process driven by PLP.
Additionally, we assume that outdoor and indoor users processes are independent and
they form respectively two processes with intensities λ δ and κ . Therefore, the average
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number of users (outdoor and indoor), denoted by u, inside s coverage area can be calculated by
u = (λ δ + κ )π R2 .

(6.1)

Table 6.1 summarizes the basic notations used in this chapter.
Symbols
Deﬁnition
φ
spatial PPP of indoor users with intensity κ
ϕ
PLP of roads with intensity λ
δ
The linear PPP intensity on each road (outdoor)
rj
The short distance between a road j and the origin
Y
number of roads that lie inside s
δλ
Spatial PPP intensity on half-cylinder [0, R] × (−π , π ]
u
Average number of users in s
Table 6.1 – Chapter 6 notations.

6.2.3

Network model

We consider a circular cell s of radius R with a BS, denoted also s and positioned at its
center, transmitting with a power level P. The received power by a user located at distance
x from s is Px−2b /a, where 2b is the path loss exponent and a is the propagation constant.
We assume that BS s allocates PRBs to its users at every TTI (e.g., 1 ms). Each PRB has a
bandwidth denoted by W (e.g., W =180kHz for scalable OFDM with subcarriers spacing
of 15kHz).
Active users in the cell compete to have access to the available dimensioned PRBs.
Their number is denoted by M. The BS allocates a given number n of PRBs to a given user
depending on: i) the class of services he belongs to (i.e.,the transmission rate he requires)
and ii) his position in the cell (i.e., the perceived radio conditions). Without loss of generality, we assume that there is just one class of services with a required transmission rate
denoted by C∗ .
A user located at distance x from s decodes the signal only if the metric “Signal to
−2b
Interference plus Noise Ratio (SINR)” Θ (x) = PxI+σ 2/a is above a threshold Θ ∗ = Θ (R),
where I is the received co-channel interference and σ 2 is the thermal noise power. For
performance analysis purpose, SINR Θ (x) is often mapped to the user throughput by a
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link level curve. For simplicity of calculation, we use hereafter the upper bound of the
well known Shannon’s formula for MIMO system T x×Rx, with T x and Rx are respectively
the number of transmit and receive antennas. Hence, the throughput of a user located at
distance x from s is
C(x) = ϑ W log2 (1 + Θ (x)) ,

(6.2)

with ϑ = min(T x, Rx).
Then, the number of PRBs required by a user located at distance x from s is
n(x) = ⌈

C∗
⌉ ≤ N,
C(x)

(6.3)

where N = min(Nmax , ⌈C∗ /(ϑ W log2 (1 + Θ ∗ ))⌉), Nmax is the maximum number of PRBs
that a BS can allocate to a user (ﬁxed by the operator) and ⌈.⌉ stands for the Ceiling function.
It is obvious from (6.3) that users are fairly scheduled because a user with bad radio
conditions (with low value of C(x)) gets higher number of PRBs to achieve its transmission rate C∗ .
Let dn be the distance from s that veriﬁes, for all x ∈ (dn−1 , dn ], n(x) = n with
n=

C∗
C(dn )

(6.4)

is an integer and


0 if n = 0,

 h
i −1
C∗
2b
a(I+σ 2 )
dn =
nϑ W − 1)
(2
otherwise,
P



From (6.4), the cell s area can be divided into rings with radius dn such that for 1 ⩽ n ⩽
N, 0 ⩽ dn−1 < dn ⩽ R. The area between the ring of radius dn and the ring of radius dn−1
characterizes the region of the cell where users require n PRBs to achieve the transmission
rate C∗ . Given that dn depends on the propagation parameter, it is worth to mention that
there is a difference between dn values for outdoor and indoor environments. Thus to avoid
confusion, we denote in the remainder, for indoor environment, the ring radius by d˜n and
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the propagation parameter by ã. Finally, we deﬁne the cell throughput by the sum over all
transmission rates of users:
τ = uC∗ ,
(6.5)
with u is recalled the average number of users inside s and expressed by (6.1).
On the other hand, inter-cell interference is one of the main factors that compromise
cellular network performance. The analysis of this factor level go through the SINR evaluation that depends on the geometry of the network as well as the distribution of users’
locations. The analytical random models that can be found in literature, such as Homogeneous PPP, assume that BSs are randomly distributed according to a spatial point process.
Thus it becomes hard to estimate the interference level in each user location and only its
distribution is determined; see for instance [9].
Besides, interference level estimation is of utmost importance in link adaptation procedure. In practical systems, the SINR is mapped to an indicator called Channel Quality Indicator (CQI) (e.g., 15 CQI indexes for LTE). This indicator is used by the BSs to determine
the Modulation and Coding Schemes (MCS) and hence the transmission rate. Actually,
the level of interference varies from one location to another in the same cell. Practically
cell edge users experience high interference level compared to users that are close to the
BS in the cell middle or cell center. for this purpose, in the remainder of this analysis, we
consider three range of CQI indexes with a constant interference level for each range. The
ﬁrst range (i.e., low CQI indexes) stands for bad channel quality with high interference
level, the second range (i.e., medium CQI indexes) stands for low interference level and
the last range (i.e., high CQI indexes) refers to good channel quality with a negligible interference level.
Furthermore, when interference level is non negligible, we use the notion of interference margin (IM) or Noise Rise in link budget. IM is deﬁned as the increase in the thermal
noise level caused by other-cell interference. IM can be expressed in the linear scale as
I +σ2
(6.6)
σ2
In the remainder of this study, we evaluate interference level by using three margins
for each region of the studied cell. We consider three regions in s coverage area: the cell
center that stands for the disk having a radius of R3 , the cell middle that represents the
region between the disk B(0, R3 ) and the disk B(0, 2R
3 ). Finally, the cell edge refers to the
2R
region of the cell where the distance to s is above 3 .
IM =

112

CHAPTER 6. OFDM BASED 5G-NR DIMENSIONING APPROACH

6.3 Presentation of the dimensioning approach
Dimensioning process consists in evaluating the required radio resources that allow to
carry a forecast data trafﬁc given a target QoS. The QoS can be measured by the congestion
probability metric or even by a target average user throughput. The present approach
assesses the congestion probability as a function of many key parameters, in particular the
number of PRBs M and the cell throughput τ . To characterize this congestion probability,
we need to evaluate the total requested PRBs by all users. In the remainder, we will
state some analytical results regarding the explicit expression of the congestion probability
under the system model presented in the previous sections.

6.3.1 Qualiﬁcation of the total number of requested PRBs
Outdoor users are distributed on each road L j according to a linear PPP of intensity δ .
Now, if we consider a disk B(0,dn ) of radius dn , the number of users in the portion of L j
that lies inside B(0,dn ) is aqPoisson random variable (this comes from the deﬁnition of the
linear PPP) with mean 2δ dn2 − r2j (Pythagoras’ theorem). Hence, conditionally on ϕ , the
mean number of users αn (Y ) inside B(0,dn ) is the sum over all roads L j that intersect with
B(0,dn ) and it can be expressed by
q
αn (Y ) = 2δ ∑ 1(dn >r j ) dn2 − r2j .
Y

(6.7)

j=1

Moreover, the number of users in the portion of L j that lies between two rings B(0,dn )
and B(0,dn−1
Poisson random variable with parameter (i.e, the mean number of
q ) is also aq
2 − r 2 ). Finally, the mean number of users µ (Y ) in all roads
2
2
users) 2δ ( dn − r j − dn−1
n
j
that lie between the rings B(0,dn ) and B(0,dn−1 ) can be expressed by

µn (Y ) = αn (Y ) − αn−1 (Y ).

(6.8)

Similarly, the mean number of indoor users, that are distributed according to a spatial
PPP of intensity κ , can be expressed by
2
µ̃n = κπ (d˜n2 − d˜n−1
).

(6.9)

To qualify the number of requested PRBs by outdoor and indoor users, we consider
two independent Poisson random variables denoted respectively by Xn and X̃n with parameters µn (Y ) and µ̃n . Xn and X̃n represent the number of users (outdoor and indoor) that
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request n PRBs with 1 ≤ n ≤ N.
Finally, we can deﬁne the total number of requested PRBs in the cell as the sum of
demanded PRBs by outdoor and indoor users in each ring. It can be expressed as

Γ = F + F˜ ,

(6.10)

N
˜
˜
where F = ∑N
n=1 nXn and F = ∑n=1 nXn are the total demanded PRBs by outdoor and
indoor users respectively.

The random variable Γ is the sum of weighted Poisson random variables and it is called
compound Poisson sum. The evaluation of its distribution requires extensive numerical
simulation. It is important to mention that the parameter µn of Xn depends on Y , which
is a Poisson random variable. Hence all calculations should be done conditionally on ϕ .
The following proposition gives the explicit expression of the ﬁrst-order moment (i.e., the
mathematical expectation) of Γ .
Proposition 1. Let Γ be a compound Poisson sum as in (6.10). Let ϕ be a PLP with Y is
the Poisson random variable that represents the number of lines that lie inside s coverage
area. The ﬁrst-order moment of Γ is given by
E(Γ ) =

3
N
4δ ω N dn3 − dn−1
2
n
+
),
κπ
∑
∑ n(d˜n2 − d˜n−1
3R n=1
R
n=1

(6.11)

with ω = 2πλ R is the mathematical expectation of Y .
Proof. Let Γ be deﬁned as in (6.10). Xn and X̃n are two Poisson random variables with
parameters µn (Y ) and µ̃n . The random variable Xn is dependent on the PLP ϕ i.e., depends
on Y . Hence, the mathematical expectation of Γ can be written as
E(Γ ) = Eϕ (Γ |ϕ )
=

N

N

n=1

n=1

∑ nEϕ (µn(Y )) + ∑ nµ̃n

(6.12)

To evaluate equation (6.12), we need to calculate ﬁrst the mathematical expectation of
µn (Y ). Let ω = 2πλ R be the mathematical expectation of the Poisson random variable Y .
Eϕ (µn (Y )) can be expressed as
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q
h
i
ω k e−ω k
2
2
Eϕ (µn (Y )) = 2δ ∑
∑ Er j 1(dn>r j ) dn − r j −
k! j=1
k=1
q
h
i
2 − r2 .
Er j 1(dn−1 >r j ) dn−1
j
+∞

(6.13)

{r j } follow a uniform distribution in the cell coverage area. Thus
Z q
q
i
h
2 dn
2
2
Er j 1(dn >r j ) dn − r j = 2
dn2 − r2 rdr.
R 0

(6.14)

Finally, by using a change of variable x = r2 and the expression of µ̃n , we get the result
of proposition 1, which completes the proof.

6.3.2 Congestion probability and dimensioning approach
The congestion probability, denoted by Π , is deﬁned as the probability that the number of
total requested PRBs in the cell is greater than the available PRBs ﬁxed by the operator. In
other words, it measures the probability of failing to achieve an output number of PRBs M
required to guarantee a predeﬁned quality of services:

Π (M, τ ) = P(Γ ≥ M).

(6.15)

The following proposition gives the explicit expression of the congestion probability
for a given process of users.
Proposition 2. Let Λ be a random variable such that Λ = ∑N
n=1 nVn , with Vn are Poisson
random variables of intensity wn . The probability that Λ exceeds a threshold M is
N
1
P(Λ ≥ M) = 1 − e− ∑n=1 wn ×
π
Z π
sin( M2θ )
M−1
− qn (θ ))d θ ,
e pn (θ )
cos(
2
0
sin( θ2 )

where
pn (θ ) =

N

∑ wn cos(nθ ) and qn(θ ) =

n=1
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N

∑ wn sin(nθ ).

n=1

(6.16)
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Proof. To prove proposition 2, we ﬁrstly calculate the moment generating function (i.e.,
Z-Transform) f (z) of the discrete random variable Λ .
f (z) = E(zΛ ) =

+∞

∑ zk P(Λ = k)

k=0
N +∞

=∏

∑ znk P(Vn = k).

(6.17)

n=1 k=0

Since Vn is a Poisson random variable with parameter wn , (6.17) is simpliﬁed to
f (z) = e− ∑n=1 wn e∑n=1 z
N

N

nw

n

,

(6.18)

It is obvious that f is analytic on C and in particular inside the unit circle ω . Cauchy’s
integral formula gives then the coefﬁcients of the expansion of f in the neighborhood of
z = 0:
Z
1
f (z)
P(Λ = k) =
dz.
(6.19)
2π i ω zk+1
In (6.19), replacing f by its expression (6.18) and parameterizing z by eiθ lead to
1 − ∑N wn
P(Λ = k) =
e n=1
2π

Z 2π ∑Nn=1 wn einθ
e

eikθ

0

dθ .

(6.20)

Since the congestion probability is deﬁned by the CCDF (Complementary Cumulative
Distribution Function) of Λ , then
P(Λ ≥ M) = 1 −

M−1

∑ P(Λ = k)

k=0
N
1
= 1 − e− ∑n=1 wn
2π

Z 2π

N

inθ

e∑n=1 wn e

0

M−1

∑ e−ikθ d θ .

(6.21)

k=0

The sum inside the right hand integral of (6.21) can be easy calculated to get the explicit
expression of (6.16) after some simpliﬁcations.
This formula is valid for every process of user distribution including spatial PPP which
represents here the distribution of indoor users. The congestion probability P(F˜ ≥ M) in
2
this case can be explicitly determined by taking wn = µ̃n and using ∑N
n=1 µ˜n = κπ R in
(6.16).
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Similarly, for outdoor users process which is a Cox point process, conditionally on the
PLP ϕ , by taking wn = µn (Y ) and using ∑N
n=1 µn (Y ) = αN (Y ), proposition 2 remains valid.
The explicit expression of the congestion probability P(F ≥ M) in this case is calculated
by averaging over the PLP.
Moreover, from the superposition theorem of Poisson process, the congestion probability, considering the combination of outdoor and indoor users, can be calculated by
applying proposition 2 to the random variable Γ = ∑N
n=1 nVn , with Vn = Xn + X̃n is a Poisson random variable with parameter wn = µn (Y ) + µ̃n .
The congestion probability expressions above can be developed even further by introducing a mathematical tool from combinatorial analysis called the exponential Bell
polynomials [84] and [85]. This tool is widely used for the evaluation of integrals and
alternating sums.
In the following part, we introduce some key results and properties regarding Bell
Polynomials.
Key background on the exponential Bell Polynomials
The exponential complete Bell polynomials B p are deﬁned by
B p (x1 , x2 , ...., x p ) =

p!
x1
x2
( )k1 ( )k2 ....
2!
k1 +2k2 +...=p k1 !k2 !.... 1!

∑

and verify the following formula given by the generating function
+∞

tj

e∑ j=1 x j j! =

+∞

tp
∑ B p(x1, x2, ...x p).
p=0 p!

Also, if we consider the following matrix A p = (ai, j )1≤i, j≤p deﬁned by

p−i
a
=
if i ≤ j,

i,
j
j−i x j−i+1






ai,i−1 = −1
if i ≥ 2





a =0
if i ≥ j + 2,

 i, j
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such that



x1
−1

0

Ap = 
0
 .
 ..

p−1
1 x2
x1

0

p−1
2 x3
p−2
1 x2

−1
0
..
.

x1
−1
..
.

0

0

p−1
3 x4
p−2
2 x3
p−3
1 x2

x1
...
...


. . . xp
. . . x p−1 

. . . x p−2 

. . . x p−3 

.. 
...
. 
−1 x1

then the complete exponential Bell Polynomial B p (x1 , ....x p ) can be deﬁne as the determinant of this matrix.
B p (x1 , .., x p ) = det(A p ).

(6.23)

For instance, the ﬁrst few Bell Polynomials are given by
B0 = 1
B1 (x1 ) = x1
B2 (x1 , x2 ) = x12 + x2
B3 (x1 , x2 , x3 ) = x13 + 3x1 x2 + x3
B4 (x1 , x2 , x3 , x4 ) = x14 + 6x12 x2 + 4x1 x3 + 3x22 + x4
..
.

Also, the Complete Bell polynomials satisfy the binomial type relation:
 
p
B p (x1 + y1 , .., x p + y p ) = ∑
B p−i (x1 , .., x p−i )Bi (y1 , .., yi ).
i=0 i
p

(6.24)

The following proposition gives the expression of the congestion probability as a function of the exponential complete Bell Polynomials.
Proposition 3. Let Λ be a random variable such that Λ = ∑N
n=1 nVn , with Vn are Poisson
random variables of intensity wn . Let x j be deﬁned as

w j j! if 1 ≤ j ≤ N,



xj =
0
otherwise.
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The probability that Λ exceeds a threshold M can be expressed as a function of the
exponential complete Bell polynomials by
P(Λ ≥ M) = 1 − H

M−1

∑

k=0

with H

Bk (x1 , ..., xk )
k!

(6.25)

N
= e− ∑n=1 wn .

Proof. By using the deﬁnition of x j , the Z-Transform of Λ given by equation (6.18) becomes
+∞

f (z) = He∑ j=0 z

j xj
j!

,

(6.26)

with H = e− ∑n=1 wn .
The second exponential term in (6.26) can be evaluated by using the generating function of the complete Bell Polynomials given in equation (6.22), it follows that
N

+∞

zp
f (z) = H ∑ B p (x1 , ..., x p )
p=0 p!

(6.27)

On the other hand, by using the deﬁnition of Z-Transform of Λ and the Taylor expansion of f (z) in 0, we get
H
B p (x1 , ..., x p ).
p!
Finally, from the deﬁnition of the CCDF, we obtain
P(Λ = p) =

P(Λ ≥ M) = 1 −

(6.28)

M−1

∑ P(Λ = k),

(6.29)

k=0

which completes the proof..
Now, to derive the expression of the congestion probability, we can apply proposition 3
to the random variable Γ deﬁned in (6.10) as the superposition of two independent discrete
random variables F and F˜ . Γ can be written as

Γ=

N

∑ nVn,

(6.30)

n=1

with Vn = Xn + X̃n is a Poisson random variable of parameter wn = µn (Y ) + µ̃n . Hence,
by using proposition 3, the congestion probability conditionally on ϕ (PLP) can be expressed as
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P(Γ ≥ M|ϕ ) = 1 − H

M−1

∑

k=0

Bk (x1 , ..., xk )
,
k!

(6.31)

where x j = (µ j (Y ) + µ̃ j )/ j! and H = e(−αN (Y )−κπ R ) .
2

Once again, the ﬁnal expression of the congestion probability is calculated by averaging over the PLP ϕ as

Π (M, τ ) = Eϕ [P(Γ ≥ M|ϕ )].

(6.32)

Once we have the expression of the congestion probability, we set a target value Π ∗
and then, the required number of PRBs M is written as a function of τ through the implicit
equation Π (M, τ ) = Π ∗ . The output M of the implicit function constitutes the result of the
dimensioning process.

6.4 Numerical results
For numerical purpose, we consider a cell of radius R = 0.7km with a transmit power level
P = 60dBm (corresponds to 43dBm from the transmitter power ampliﬁer and 17dBi for
the antenna gain of the transmitter) and operating with TDD mode having bandwidth of
20MHz. The downlink thermal noise power including the receiver noise ﬁgure is calculated for 20MHz and set to σ 2 = −93dBm. For outdoor environment, the propagation
parameter is a = 130dB and for deep indoor environment we take ã = 166dB. The path
loss exponent is considered to be 2b = 3.5. We assume also that we have 8Tx antennas
in the BS and 2Rx antennas in users’ terminals. So, the number of possible transmission
layers is at most 2. The SINR threshold is set to Θ ∗ = −10dB.
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Figure 6.3 – Congestion probability theoretical vs simulation for two values of τ
In Fig. 6.3, we simulate the described model in MATLAB for two values of cell
throughput τ = 14Mbps and τ = 30Mbps. We notice that the explicit expression of the
congestion probability ﬁts the empirical one obtained by using Monte-Carlo simulations.
Moreover, it is obvious that an increase in cell throughput τ generates an increase in the
congestion probability because τ is related to the number of users in the cell and depends
on 3 intensities: outdoor users’ intensity δ , roads’ intensity λ and indoor users’ intensity
κ . When those intensities increase, the number of required PRBs by users in the cell coverage area increases, thus the system experiences a high congestion. An other important
factor that can impact system performance is the path loss exponent. The variations of this
parameter has tremendous effect on the congestion probability: when 2b goes up, radio
conditions become worse and consequently the number of demanded PRBs to guarantee
the required QoS increases.
To see how users’ random distribution impacts performance, we plot in Fig. 6.4
the congestion probability ﬁrst, considering only outdoor users in a random system of
roads according to Cox process with roads intensity λ = 9km/km2 and users intensity
δ = 6users/km, and we compare it with the congestion probability of a spatial PPP outdoor users model with an equivalent intensity of λ δ = 54users/km2 . We observe that the
number of requested PRBs by users is always higher, for every target value of the congestion probability, when users are modeled by Cox process driven by PLP. In other words,
even if the mean number of users in the cell is the same, the random tessellations of roads
i.e., the geometry of the area covered by the cell has a signiﬁcant impact on performance.
Also, one can notice that if we consider a Cox model with high roads’ intensity, users
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appear to be distributed every where in the cell as in spatial PPP model with high users’
intensity. In this case, Cox process driven by PLP can be approximated by a spatial PPP.

1
100% outdoor, Cox model

0.9

100% outdoor, PPP model

0.8

100% indoor, PPP model

Congestion probability

50% indoor, 50% outdoor

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

50

100

150

200

250

300

350

Number of requested PRBs

Figure 6.4 – Comparison between different user distributions
Also in Fig. 6.4, we compare the congestion probability of indoor users modeled according to a spatial PPP and the one of outdoor users modeled according to a spatial PPP
having the same intensity. We notice that indoor users required more PRBs than outdoor
users and this comes from the difference between outdoor and indoor environment. Actually, signal propagation in indoor environment suffers from high attenuation and delay
factors because of the presence of obstacles such as buildings and walls. Hence, indoor
users always experience high path loss and bad performance in terms of SINR, which
means that they need always more PRBs than outdoor users to achieve a required transmission rate.
During resource dimensioning process, the operator starts by deﬁning a target congestion probability that can be tolerated for a given service. For different trafﬁc forecasts, the
number of PRBs is set to ensure that the congestion probability never exceeds its target
value. Fig. 6.5 shows the number of required PRBs that the operator should make it available, when the expected cell throughput is known, for two target values of the congestion
probability (Π ∗ = 1% and Π ∗ = 5%) and for two roads’ intensity values (λ = 2km/km2
and λ = 10km/km2 ) with a ﬁxed transmission rate of 500kbps. We can observe that for
each forecast cell throughput value, the threshold number of resources required in the cell
decreases when road intensity increases. For instance, when λ increases from 2km/km2 to
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10km/km2 (i.e., from 9 expected roads to 44), the number of dimensioned PRBs decreases
by 32, for the same cell throughput value τ = 25Mbps. Also, for a given value of τ , we
can notice from (6.5) that the user intensity on roads δ is inversely proportional to roads’
intensity λ . Thus for ﬁxed τ , if λ increases, δ decreases and consequently the number of
required PRBs decreases.
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Figure 6.5 – Required PRB M as a function of cell Throughput τ , for ﬁxed transmission
rate C∗ = 500kbps.

Moreover, in Fig. 6.6 we compare dimensioning results of three models: Outdoor
users according to Cox process driven by PLP, outdoor users according to a spatial PPP
model and indoor users with spatial PPP model (having the same intensities). We notice
that the number of dimensioned PRBs for outdoor users is always higher when users are
modeled according to Cox process driven by PLP than spatial PPP model. Also, we can
see that indoor users need more PRBs than outdoor users (when the both are modeled by
the spatial PPP) which is in agreement with the previous results. Besides, we have mentioned previously that when λ is very high, the distribution of users becomes similar to the
one of a spatial PPP. Thus, with a spatial PPP model, one can have small values of dimensioned PRBs, which is considered optimistic compared to the real geometry of the area
covered by a cell in dense urban environment where more PRBs are required to guarantee
the desired quality of services.
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Figure 6.6 – Dimensioned PRBs comparison: outdoor users with Cox model, outdoor
users with spatial PPP and indoor users with spatial PPP, for a ﬁxed transmission rate
C∗ = 500kbps
To see interference impact on the dimensioning process, we consider three regions of
the cell: cell center with a radius of R/3, cell middle represented by the ring between R/3
and 2R/3 and cell edge identiﬁed by a distance from the BS that exceeds 2R/3. Each
region of the cell experiences a given level of interference evaluated in terms of IM (Interference Margin or Noise Rise). Cell edge users always experience high interference
level and IM is set to be 15dB. In cell middle we consider an interference margin of 8dB,
whereas in the cell center where users perceive good radio conditions, the interference
margin is set to be IM = 1dB.
Fig. 6.7 shows the congestion probability in a noise-limited scenario (Interference
level is neglected) and its comparison with the one where interference is considered as we
have described above. We consider a scenario with 50% of outdoor users modeled according to Cox process driven by the PLP and 50% of indoor users modeled according to a
spatial PPP, with an average cell throughput of 30Mbps and a ﬁxed transmission rate of
500kbps. As expected, interference has a tremendous impact on the number of required
PRBs. For instance, when the target congestion probability is set to 5%, the number of
required PRBs increases by almost 80 because of the presence of interference. Similarly
in Fig. 6.8, we plot dimensioning curves i.e., the threshold number of PRBs in the cell
as a function of the forecast average cell throughput, for a noise-limited environment and
an environment with interference. As we can see, the number of PRBs that the operator
should make it available is higher when interference impact is considered. For instance,
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for a forecast average cell throughput of 26Mbps and a target QoS Π ∗ = 5%, the number
of dimensioned PRBs increases by almost 50 PRBs when the three interference margins
are considered.
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Figure 6.7 – Interference impact (τ = 30Mbps).

Besides, interference level varies from one location to another in the same cell. Practically cell edge users experience high interference level compared to users that are close
to the BS in the cell middle or cell center. Fig. 6.9 shows a comparison between radio
resource dimensioning results for the three regions of the cell: cell center, cell middle
and cell edge. As we can observe, the high demand on PRBs comes especially from cell
edge users that perceive bad radio conditions because of their far distance from the BS and
the presence of interference. Hence, for a predicted average cell throughput, the number
of dimensioned PRBs should be set always by considering a probable presence of trafﬁc
hotspots at cell edges.
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Figure 6.8 – Interference impact on dimensioned PRBs M.

Dimensioning phase is very important because it gives the operators a vision on how
they should manage the available spectrum. If the dimensioned number of resources exceeds the available one, the operator can for instance:
• aggregate fragmented spectrum resources into a single wider band in order to increase the available PRBs,
• activate capacity improvement features like carrier aggregation or dual connectivity
between 5G and legacy 4G networks in order to delay investment on the acquisition
of new spectrum bands,
• change the TDD (Time Division Duplexing), conﬁguration to relieve the congested
link,
• or even buy new spectrum bands.

6.5

Conclusion

In this chapter, we have presented a resource dimensioning model for OFDM based systems that can be applied also for scalable OFDM based 5G NR interface. We have considered two spatial random distributions in order to distinguish between outdoor users
distributed along a random system of roads in a typical cell coverage area (Cox Point Process driven by PLP) and indoor users distributed in buildings according to the widely used
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spatial PPP. The comparison between the two spatial distributions showed that results are
more optimistic when spatial PPP is used. Also, we have shown that the geometry of the
area covered by a cell can impact the results. Moreover, we have derived an analytical
model to qualify the number of required PRBs in a typical cell with two explicit formulas
of the congestion probability. Moreover, we have established an implicit relationship between the required resources and the forecast trafﬁc given a target congestion probability.
This relationship translates the dimensioning problem that an operator can perform to look
for the amount of necessary spectrum resources to satisfy a predeﬁned QoS. Finally, a
comparison between an interfered environment and a noise-limited one has been provided.
Besides, we have shown that the high requirement in terms of radio resources comes from
cell edge users that perceive bad radio conditions.
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Chapter 7
Conclusions and perspectives
7.1 Conclusions
In this dissertation, D-TDD interference problematic in macro-cell and small-cell networks
has been discussed. We have chosen a regular hexagonal network to model the macrocells’ layer and a spatial PPP to model the distribution of small-cells. We have derived the
explicit expressions of ISR covering different interference scenarios in a D-TDD based
network. This metric is very important from an engineering point of view since it gives
an estimation of the average perceived interference in each location of the studied cell and
can be used in link budget tools. Also, we have derived the explicit formulas of the coverage probability for both macro-cells and small cells. Results have shown that D-TDD
results in a gain during the DL cycle of cells since reducing the number of DL transmitting
cells minimizes in turn the perceived interference. However, the UL transmission undergoes a huge degradation in performance because of the strong interference coming from
DL transmitting BSs. Small-cells performance are better than macro-cells since they are
well isolated from each others and can be isolated from the macro-cell layer by using an
interference coordination technique such as FeICIC. In spite of that, small-cells still suffer
from DL to UL interference. Therefore, implementing an interference mitigation scheme,
when D-TDD feature is activated, for the UL transmission is a must for both macro-cell
and small-cell networks.
To this intend, we have proposed a 3D beamforming scheme where antenna horizontal
and radiation patterns depend on the spatial distribution of users’ locations and dedicated
to reduce DL interference in macro-cell networks. With this scheme, we have shown that
ISR is an almost sure convergent series which is an important results since the almost sure
convergence implies convergence in probability and thus implies convergence in distribu129
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tion. Moreover, combining the 3D beamforming and D-TDD leads to an enhancement
of the coverage probability in both DL and UL transmission directions which makes DTDD feasible for macro-cell deployments. Additionally we have shown that using FPC
mechanisms, with small power control factors, during the UL transmission enhances performance especially when 3D beamforming is used for DL transmitting BSs. For D-TDD
based small-cells network, we have proposed a cell-clustering scheme based on the hexagonal tessellation. Results have shown that this scheme reduces DL to UL interference and
enhances the UL performance in terms of ISR.
On the other hand, we have assessed in the third part of this dissertation the problematic of OFDM radio resource dimensioning. We have considered two spatial models for
users in a typical cell coverage area. The ﬁrst one is the spatial PPP which is convenient
to model the spatial distribution of indoor users, usually located inside buildings. The second one is Cox process driven by PLP to model the random distribution of roads in the
cell coverage area and the distribution of users located on this random system of roads.
This model can be adequate to outdoor users often located along roads. We have evaluated
the congestion probability, considered as a relevant metric for the QoS, by using a mathematical tool from the combinatorial analysis which is Bell polynomials. Furthermore,
the proposed dimensioning approach remains valid for the scalable OFDM that will be a
key feature of 5G networks and can be used with other spatial processes that describes the
spatial distribution of users. Results have shown that the network geometry has impact on
dimensioning results. We have reached the conclusion that dimensioning results are optimistic with spatial PPP comparing to Cox process driven by PLP. Also, we have shown
that the the high requirement in terms of radio resources comes from cell edge users that
usually perceive bad radio conditions because of the high received interference and their
distance from the serving BS.

7.2

Perspectives

Although the proposed 3D beamforming scheme deals efﬁciently with DL to UL and DL to
DL interference in D-TDD based macro-cell networks, the problem of UL to DL interference still exists and has an impact on performance during the DL cycle of cells. Actually,
this interference is difﬁcult to deal with because the sources of interference are mobiles
that move around randomly. The ﬁrst extension of this work could include a study of
a 3D beamforming scheme dedicated to reduce the impact of UL interference. The second extension could focus on beam coordination between BSs and mobiles. Coordination
between BSs appears to be possible by using a long term CSI measurements since BSs
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have ﬁxed locations and interference between them can be static. However, coordination
between users is difﬁcult to perform because of their randomness and requires more investigations. The third extension could focus on studying the imperfection of beam steering
to indoor users. Actually, indoor users suffer from a strong signal attenuation because
of buildings’ penetration. This bad propagation environment can impact the precision of
beam steering which is based on users’ localization. Finally, regarding OFDM radio resource dimensioning, more attention could be focused on other random models to describe
the spatial distribution of users and the random tessellation of roads’ systems.
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Titre: Analyse des Performances et Dimensionnement des Réseaux Mobiles 5G basés sur le TDD avec Différent Modèles
Géométriques.
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Résumé : La nouvelle génération des réseaux mobiles La première partie de cette thèse est consacrée à l’analyse
5G-NR est en cours de standardisation à travers des
améliorations apportées à son prédécesseur 4G/4G+. 5GNR va introduire un nouveau niveau de flexibilité,
scalabilité et efficacité afin de satisfaire plusieurs classes
de services. Le mode de duplexage TDD est le plus
favorable pour 5G-NR grâce aux avantages qu’il
représente par rapport au mode FDD en termes de
capacité, flexibilité et convenance de déploiement avec les
autres technologies attendues dans le cadre de la 5G
comme FD-MIMO. Une variante du TDD, connue sous le
nom du dynamique TDD (D-TDD), attire de plus en plus
l’attention. D-TDD est désigné pour l’adaptation des
configurations des sous-trames DL et UL en se basant sur
une estimation instantanée du trafic. Cependant,
l’utilisation de ce mode nécessite l’implémentation des
mécanismes capable de réduire deux types d’interférence
additionnelles : l’interférence générée par les stations de
bases qui impacte le signal UL des utilisateurs et
l’interférence générée par les mobiles en UL qui interfère
avec le signal DL des stations de base.

des performances du mode D-TDD en termes d’ISR et de
probabilité de couverture dans 2 types de déploiement :
macro-cells et small-cells. Ensuite, nous proposons deux
techniques de mitigation des interférences dont la première
est destinée aux macro-cells et basée sur le 3D
beamforming. La 2ème est le cell clustering statique
appliquée au small-cells afin de réduire l’impact de
l’interférence DL to UL. Dans la 2ème partie de cette thèse,
nous étudions la problématique du dimensionnement de
l’OFDMA scalable qui sera une technologie de base pour
la 5G-NR. Etant donné que le dimensionnement des
ressources radio est une tâche primordiale dans l’ingénierie
radio, nous proposons un modèle analytique qui permet la
réalisation de cette tâche en considérant un scheduling
proportional fair. Nous distinguons entre 2 types
d’utilisateurs : utilisateurs indoor qui sont modélisés par un
PPP spatial et utilisateurs outdoor qui sont modélisés selon
un processus de Cox conduit par un PLP. L’objectif c’est
d’étudier l’impact de la géométrie de la zone de couverture
d’une cellule et la distribution aléatoire des utilisateurs sur
les performances.

Title: TDD Based 5G Networks Performance Analysis and Radio Resource Dimensioning with Different
Network Geometry Models.

Keywords : D-TDD, Coverage Probability, ISR, OFDMA, PLP, Dimensioning.
Abstract : A new generation of cellular networks, coverage probability formulas, considering adequate
known as 5G new radio (NR), has been standardized
through improvements in the current 4G/4G+ concepts
and features in order to bring a new level of flexibility,
scalability and efficiency. Time division duplex (TDD) is
expected to be one of the key features of 5G NR since it
offers more advantages than frequency division duplex
(FDD) mode in terms of capacity, flexibility and
implementation adequacy with other features, such as full
dimension multiple input multiple output antenna (FDMIMO) technology. A variant operational mode of TDD,
known as D-TDD, is in the scope. It is designed to deal
with uplink (UL) and downlink (DL) traffic asymmetry
since it is based on instantaneous traffic estimation and
offers more flexibility in resource assignment. However,
the use of D-TDD requires new interference mitigation
schemes capable to handle two additional types of
interference called cross link interference (CLI) and
stands for DL to UL and UL to DL interference. The first
part of this thesis is devoted to the problem of

interference modeling in D-TDD based macro-cell
and small-cell deployments. We provide a complete
analytical approach to derive relevant metrics, such
as interference-to-signal-ratio (ISR) and the
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geometry models for each type of deployment. Then, we
propose an interference mitigation scheme based on 3D
beamforming for macro-cells and a cell-clustering scheme
for small-cells. Additionally, we investigate another
problematic which is Orthogonal Frequency Division
Multiplex (OFDM) radio resource dimensioning. Since
5G NR takes in consideration a wide array of emerging
use cases and also the possibility of having future
requirements, the third Generation Partnership Project
(3GPP) comes up with a variant of OFDM known as
scalable OFDM and having different sub carriers' spacing.
This feature appears to be an ideal choice for 5G NR since
it offers a high spectral efficiency, robustness to selective
fading channels, convenience with diverse spectrum
bands and compatibility with other features. Therefore,
dimensioning OFDM is a major task to accomplish in the
context of NR. To this purpose, we provide an analytical
model to dimension OFDM based systems with a
proportional fair resources' allocation policy. We model
indoor users by a spatial PPP and outdoor users according
to a Cox process driven by PLP. Different analytical and
numerical results are provided to justify the accuracy of
this model.

