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ABSTRACT

Data traffic on mobile networks is increasing every year, especially video content.

However, spectrum is scarce and expensive and operators need to optimize its use. In

scenarios where the same content is transmitted at the same time to many devices in

the same geographical area, the preferred solution to reduce bandwidth consumption is

broadcast transmission.

Unicast transmission beneĄts from link adaptation techniques. However, the same

content is transmitted as many times as the number of users demanding the same service.

Conversely, a single broadcast transmission can cover a large number of users. Nevertheless,

the bitrate in broadcast is Ąxed considering the users with the worst channel quality.

Multicast-Broadcast Single-Frequency-Network (MBSFN) is a broadcast technique in

which a group of synchronized cells transmit the same waveform. On the other hand,

with Single-Cell Point-To-Multipoint (SC-PTM) each cell performs broadcast transmission

independently. The problem is to determine when is it better to use unicast, MBSFN or

SC-PTM.

In our work, we compare the performance of unicast, MBSFN and SC-PTM through

system level simulations and analytical models. We consider base stations located according

to Poisson distributions, the use of beamforming in unicast and different broadcast

conĄgurations. The core contribution of this thesis is an analytical method to calculate

the number of users demanding the same content from which MBSFN or SC-PTM become

more efficient than unicast. We prove that a switching mechanism based on this user

threshold reduces bandwidth utilization and energy consumption. This method is based

on stochastic geometry results for wireless networks.

Keywords

Unicast, Broadcast, MBMS, MBSFN, SC-PTM, MooD, beamforming, stochastic geom-

etry, coverage, energy consumption, MCC, group communications.
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RÉSUMÉ DE LA THÈSE EN FRANÇAIS

La vidéo est un facteur important de la charge des réseaux cellulaires en raison de la

popularité croissante des services de streaming et de télévision linéaire. En 2022, on estime

que le traĄc vidéo représente 69% du traĄc de données mobiles et devrait passer à 79%

en 2027 avec lŠadoption des technologies de réalité virtuelle/augmentée. Ces chiffres sont

dŠautant plus impressionnants que le traĄc de données sur les réseaux mobiles a augmenté

de 40 % entre le premier trimestre de 2021 et le premier trimestre de 2022, et que cette

tendance devrait se poursuivre dans les années à venir. En outre, le nombre dŠappareils

mobiles capables dŠafficher des services gourmands en bande passante tels que la vidéo

ultra-haute déĄnition (UHD) et la vidéo à 360 degrés devrait augmenter. Ces services

disruptifs seront soutenus par la 4G et la 5G. En fait, la part de la 5G dans le traĄc de

données mobiles devrait atteindre 60 % en 2027, contre 10 % en 2021.

La demande sans cesse croissante de contenu multimédia de haute qualité dans les

réseaux cellulaires exige la mise en œuvre de techniques de gestion efficace des ressources

radio, car le spectre est limité et coûteux. AĄn de fournir une bonne qualité de service, les

opérateurs cherchent des alternatives pour réduire lŠutilisation des ressources radio lorsque

plusieurs utilisateurs demandent le même contenu vidéo dans une zone géographique donnée.

La transmission par diffusion est la solution privilégiée pour les scénarios dans lesquels

le même contenu est transmis à de nombreux utilisateurs en même temps. LorsquŠune

vidéo est très populaire, le contenu peut être poussé par la transmission de diffusion et

ensuite stocké dans le cache du récepteur, même avant la demande de lŠutilisateur. Cela

permet de décharger le réseau et de maintenir une bonne qualité de service. Parmi les cas

dŠutilisation, citons la télévision mobile, le streaming vidéo dŠévénements populaires et les

communications de groupe dans des scénarios de mission critique.

Dans les situations dŠurgence, les premiers intervenants doivent communiquer de manière

rapide et Ąable, cŠest ce quŠon appelle les communications essentielles à la mission (MCC).

Les MCC dépendent de réseaux de radio mobile professionnelle (PMR) sécurisés et Ąables.

Les réseaux PMR utilisaient autrefois des formes dŠonde et des méthodes de multiplexage

spéciĄques, différentes des technologies cellulaires commerciales. Cependant, les réseaux

PMR fonctionnent aujourdŠhui sur les bandes LTE (Long Term Evolution) et devraient
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fonctionner avec la 5G. En particulier, la solution pour la transmission de diffusion dans

LTE, Multimedia Broadcast Multicast Service (MBMS), est la technologie privilégiée pour

la transmission des services de communication de groupe. Les communications de groupe

sont destinées à distribuer le même contenu à plusieurs utilisateurs en même temps et de

manière contrôlée, garantissant lŠefficacité des opérations.

Cette thèse sŠest déroulée dans le cadre dŠune Convention Industrielle de Formation

par la Recherche (CIFRE). Une convention CIFRE est Ąnancée en partie par le ministère

français de lŠenseignement supérieur et de la recherche et implique un établissement

dŠenseignement supérieur, une entreprise et le doctorant. Pour cette thèse, IMT Atlantique

et Enensys Technologies ont formé la convention CIFRE. La société Enensys est basée à

Rennes, France. Elle fournit des solutions pour optimiser, sécuriser et monétiser lŠensemble

de la chaîne des médias, sur tous les types de réseaux de diffusion : satellite, terrestre,

haut débit et mobile. Depuis sa création en 2004, le groupe réalise de 80 à 90 % de son

chiffre dŠaffaires à lŠexport. CŠest une entreprise portée par lŠinnovation, Enensys possède

un portefeuille de 60 brevets internationaux. Enensys dispose dŠune solution de bout en

bout pour la diffusion sur les réseaux 4G et 5G. Il sŠagit de la solution MBMS la plus

avancée du marché, avec les plus grands déploiements commerciaux.

Contribution des Travaux

Les contributions de notre travail de thèse sont les suivantes :

Ů Nous comparons les performances en termes du rapport signal sur interférence plus

bruit (SINR) des techniques de transmission Unicast et Multicast Broadcast Single

Frequency Network (MBSFN) par le biais de simulations au niveau du système. Nous

considérons la formation de faisceau (beamforming) pour lŠunicast et différentes

conĄgurations de zone MBSFN. Notamment une grande zone MBSFN (à lŠéchelle

nationale) et des zones MBSFN avec un nombre limité de stations de base. Le modèle

de propagation et le modèle dŠantenne sont tirés de la littérature.

Ů Nous proposons un modèle pour calculer le nombre dŠutilisateurs par cellule dans la

zone MBSFN, appelé seuil dŠutilisateur, pour passer de lŠunicast au MBSFN aĄn de

réduire lŠutilisation des ressources radio. Le modèle tient compte de la distribution

de probabilité du SINR lors de lŠutilisation de la diffusion individuelle et du MBSFN.

La distribution du SINR dépend du nombre dŠantennes utilisées pour la formation

de faisceau, du nombre de stations de base (BS) dans la zone MBSFN, de la densité
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des stations de base (nombre moyen de stations de base par kilomètre carré), entre

autres paramètres du système.

Ů Nous proposons une méthode pour calculer analytiquement le seuil dŠutilisateur aĄn

de réduire lŠutilisation des ressources radio. Nous calculons le seuil dŠutilisateur pour

passer de lŠunicast au MBSFN et le seuil dŠutilisateur pour passer de lŠunicast au

Single-cell Point-to-Multipoint (SC-PTM). La méthode est basée sur une équation

permettant de calculer la distribution du SINR pour un utilisateur situé en tout

point dŠune zone MBSFN.

Ů Nous adaptons les modèles de consommation dŠénergie pour lŠunicast de la littérature

aĄn de comparer la consommation dŠénergie en MBSFN, SC-PTM et unicast. Nous

analysons séparément le côté UE et le côté BS. En outre, nous proposons un modèle

analytique pour calculer le seuil dŠutilisateur pour passer de lŠunicast à MBSFN ou

SC-PTM aĄn de réduire la consommation dŠénergie de lŠUE et de la station de base.

Ů Nous avons effectué des simulations au niveau du système aĄn dŠidentiĄer les scénarios

de mission critique dans lesquels la transmission par diffusion (MBSFN et SC-PTM)

est plus efficace que la transmission unicast du point de vue de lŠutilisation des

ressources.

Révision technique de la transmission en diffusion dans

les réseaux cellulaires

Notre analyse est basée sur le modèle de référence proposé par le 3GPP dans [3].

Le modèle de propagation est basé sur Okumura-Hata-Cost231 avec effet de masque et

évanouissement. De plus, ce travail prend en compte les antennes omnidirectionnelles, les

antennes tri-sectorielles et les antennes directrices utilisant le beamforming.

Le 3GPP a développé une spéciĄcation dŠinterface point-à-multipoint (PTM) pour

les réseaux cellulaires appelée MBMS. Dans lŠinterface radio, MBMS peut utiliser deux

techniques de transmission différentes : MBSFN ou SC-PTM. Dans MBSFN, plusieurs

cellules transmettent le même signal, la même forme dŠonde, de manière synchrone aux

utilisateurs intéressés, tandis que SC-PTM fait référence à la transmission en diffusion dans

une seule cellule. Les transmissions MBSFN et SC-PTM visent à couvrir les utilisateurs

présentant les pires conditions de canal dans la zone de diffusion, cŠest-à-dire les utilisateurs

ayant le rapport signal sur interférences plus bruit (SINR) le plus faible.
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Figure 1 Ű Architecture MBMS [19]

LŠarchitecture MBMS présentée dans la Figure 1 a été déĄnie par le 3GPP dans la

release 9.

Le BM-SC (Broadcast Multicast Service Center), situé dans le coeur de réseau, est

le point dŠentrée du contenu et il est responsable de lŠauthentiĄcation/autorisation à la

fois du fournisseur de contenu et de lŠutilisateur, de la facturation de lŠutilisateur, de

la conĄguration du Ćux de données global à travers le coeur de réseau et du codage au

niveau de lŠapplication. Le MBMS gateway est un nœud logique qui distribue les données

MBMS du BM-SC aux stations de base en utilisant le multicast IP. De plus, lŠentité

de coordination multi-cellules/multidiffusion (MCE) est un nœud logique dans le réseau

dŠaccès radio (RAN) chargé de lŠallocation des ressources radio pour la transmission

multidiffusion multi-cellules en utilisant la technique MBSFN.

MBSFN est une technique de transmission simultanée consistant en plusieurs cellules

qui transmettent des formes dŠonde identiques en même temps. LŠUE combine les signaux

arrivant qui sont perçus comme une seule transmission souffrant de la propagation par

trajets multiples, tout comme dans les transmissions Unicast.

La zone de proximité réseau où toutes les cellules peuvent être synchronisées et effectuer

des transmissions MBSFN est appelée la zone de synchronisation MBSFN. Elles sont

capables de prendre en charge une ou plusieurs zones MBSFN. Une zone MBSFN est un

groupe de cellules coordonnées pour transmettre la même forme dŠonde simultanément.

CŠest généralement une zone compacte sans aucun trou comme présenté dans la Figure 2.

Le SC-PTM a été introduit dans la release 13 du 3GPP pour prendre en charge les

services MBMS dans une seule cellule. Il utilise la même architecture présentée précédem-

ment, mais le réseau peut décider dynamiquement quelles cellules transmettent en mode

SC-PTM, tandis que dans le MBSFN, la zone MBSFN est statique. Puisque le Unicast

et le SC-PTM sont basés sur le même canal physique et ont la même structure de trame

radio, les ressources radio peuvent être partagées de manière Ćexible entre le unicast et le

SC-PTM dans la même sous-trame.
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nous lŠappelons densité des BS. Le modèle PPP sŠest avéré produire des résultats plus

proches des performances des déploiements réels de réseaux cellulaires par rapport au

modèle hexagonal typique.
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Figure 3 Ű Zone MBSFN avec 100 BS dans une superĄcie où les BS sont placées en
suivant un PPP de densité λBS = 0.25 BS/km2.

Nous calculons la fonction de répartition cumulative (CDF) du SINR perçu par un

utilisateur lors de la réception en mode UC et en mode MBSFN à lŠaide de la méthode de

Monte Carlo. Nous considérons une surface très large pour localiser les BS et analysons

chaque mode de transmission séparément. En mode MBSFN, nous considérons des BS

distribuées selon le PPP comme dans la Figure 3, mais avec tous les BS appartenant à la

zone MBSFN. Nous considérons un UE situé au centre de la surface simulée, à lŠorigine

du plan. Nous considérons également des stations de base tri-sectorielles pour les modes

UC et MBSFN, et le beamforming uniquement pour le mode UC. À chaque itération, un

nouveau PPP pour lŠemplacement des BS est généré et le SINR pour un UE en modes UC

et MBSFN est calculé.

La Figure 4 montre la CDF du SINR pour un récepteur en mode UC, incluant le
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beamforming avec un nombre différent dŠantennes par secteur (M), et en mode MBSFN

en considérant une grande zone MBSFN de 1600 km2. Comme prévu, la technique du

beamforming augmente le SINR en mode UC, plus le nombre dŠantennes par secteur

(M) est élevé, plus le SINR est élevé, grâce à lŠaugmentation de la puissance du signal.

Cependant, le mode MBSFN offre un SINR plus élevé que tous les cas UC en raison de la

réduction des interférences. Remarquez dans la Figure 4 que la densité des BS nŠa pas un

effet signiĄcatif lors de la transmission en mode UC. La puissance dŠinterférence augmente

lorsque la densité des BS augmente, atténuant lŠeffet de lŠaugmentation de la puissance

du signal. En revanche, lors de la transmission en mode MBSFN, plus la densité des BS

est élevée, plus le SINR est élevé. Un plus grand nombre de BS dans la zone MBSFN

augmente la puissance du signal tout en maintenant une faible interférence.

Figure 4 Ű CDF du SINR perçu par un utilisateur en mode Unicast (UC), incluant le
beamforming avec différents nombres dŠantennes (M), et en mode MBSFN, en considérant
tous les BS comme faisant partie de la zone MBSFN, pour différentes valeurs de densité
des BS.
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Seuil Utilisateur

Nous déĄnissons le seuil utilisateur (UT ) comme le nombre dŠutilisateurs par cellule

dans la zone MBSFN à partir duquel le mode unicast consomme plus de ressources que le

mode MBSFN.

La Figure 5 présente le seuil utilisateur (UT ) en fonction du nombre de cellules dans

la zone MBSFN (NSFN) pour différentes conĄgurations Unicast. Remarquez que même

lorsque une zone MBSFN est formée par seulement 2 stations de base (6 cellules) et que

les transmissions UC sont effectuées à lŠaide du beamforming avec 8 antennes par secteur,

MBSFN est plus efficace que lŠunicast lorsquŠil y a au moins 8 utilisateurs par cellule

demandant le même contenu.
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Figure 5 Ű Seuil de lŠutilisateur (UT) par rapport au nombre de cellules dans la zone
MBSFN (NSFN) pour différentes conĄgurations UC et différentes valeurs de densité de BS,
λBS.
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Analyse de l’utilisation des ressources et de la conso-

mation d’énergie pour MBMS

Dans cette thèse on présente des expressions analytiques permettant de calculer la

distribution du SINR pour les utilisateurs recevant en mode Unicast, MBSFN et SC-

PTM. Les expressions analytiques sont développées en utilisant des outils de géométrie

stochastique. Nous intégrons ces expressions avec le modèle de seuil utilisateur et proposons

une méthode de calcul analytique. Nous présentons également un modèle de consommation

dŠénergie pour le MBMS. Nous développons des expressions analytiques pour calculer la

consommation dŠénergie des stations de base (BS) et des équipements utilisateur (UE)

lors de la réception en unicast, MBSFN et SC-PTM. À lŠaide de ces expressions, nous

calculons le seuil utilisateur pour passer de lŠunicast à la diffusion (BC) aĄn de réduire la

consommation dŠénergie.

En mode de transmission MBSFN, le schéma de modulation et de codage (MCS), et

donc le débit de données, sont Ąxes. Les valeurs sont basées sur les utilisateurs du groupe

de diffusion ayant le SINR le plus faible et lŠobjectif de couverture. Par conséquent, il est

important de trouver une expression permettant de calculer la probabilité de couverture

en mode MBSFN pour un UE situé nŠimporte où dans la zone MBSFN. Cela permet

dŠétendre lŠanalyse des performances, notamment pour prendre en compte le cas dŠun

utilisateur à la frontière de la zone MBSFN.

Nous considérons que la zone MBSFN est formée par les stations de base situées à une

distance r ≤ Rs de lŠorigine. LŠUE peut être situé à une distance ξRs de lŠorigine, telle

que 0 ≤ ξ ≤ 1 , comme illustré dans la Figure 6. LŠexpression analytique permettant de

calculer la distribution du SINR en mode MBSFN est obtenu à partir de ce modèle.

Le seuil utilisateur pour passer du mode unicast au mode MBSFN en fonction de ξ est

présenté dans la Figure 7. Ces résultats ont été obtenus avec les expressions analytiques

développées dans la thèse. Nous considérons deux valeurs de densité de stations de base,

λBS = 4 BS/km2 et λBS = 12 BS/km2. La première observation est que, pour une même

valeur de Rs, le seuil utilisateur est plus bas pour une densité de stations de base plus

élevée. Cela est dû au fait que le SINR fourni par une transmission MBSFN augmente avec

une densité de stations de base plus élevée. En revanche, la probabilité de couverture en

unicast ne dépend pas de la densité des stations de base. Par conséquent, pour lŠensemble

des paramètres considérés dans cette étude, la valeur du seuil utilisateur dépend de la

conĄguration du réseau MBSFN. Nous observons que la valeur du seuil utilisateur reste
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Figure 6 Ű Modèle étendu pour la distribution du SINR en mode MBSFN.

presque constante pour Rs = 2.5 km dans lŠintervalle 0 < ξ < 0.5, en particulier pour la

densité de stations de base plus élevée. Une zone MBSFN plus grande nŠaméliorerait pas

radicalement les performances du MBSFN. En revanche, si lŠon considère une petite zone

MBSFN ou ξ > 0.5, le seuil utilisateur change radicalement.

La Figure 8 présente le rapport entre la consommation dŠénergie des stations de base en

mode unicast (EBSUC
) et en mode MBSFN (EBSSFN

). Nous considérons une zone MBSFN

de 19,6 km2 (Rs = 2.5 km) et une zone de service de 9,8 km2 (ξ = 0.7071). Avec la

transmission MBSFN, les stations de base consomment moins dŠénergie quŠen mode unicast

lorsque la densité dŠutilisateurs est supérieure à 3.8 UE/km2 pour λBS = 12 BS/km2. Pour

des densités de stations de base plus faibles, jusquŠà 1,2 BS/km2, la valeur de λUE qui

rend
EBSUC

EBSSFN

= 1 diminue. Cependant, si λBS < 1.2 BS/km2, il est nécessaire dŠavoir plus
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Figure 7 Ű Seuil utilisateur pour passer du mode unicast au mode MBSFN en fonction
de ξ, en tenant compte de différentes valeurs de Rs et λBS.

dŠutilisateurs pour que le MBSFN soit plus efficace. Dans ce scénario, λBS = 1.2 BS/km2

minimise la consommation dŠénergie des stations de base en mode MBSFN pour toutes les

densités dŠutilisateurs. De plus, on observe que le rapport dŠénergie des stations de base

augmente avec la densité dŠutilisateurs, par exemple, avec λBS = 4 BS/km2 et λUE = 10

UE/km2, les stations de base consomment 5 fois plus dŠénergie en mode unicast quŠen

mode MBSFN.

Comparaison de MBSFN, SC-PTM et Unicast pour

les communications critiques de mission

Les services de communications critiques de mission (MCC) sont actuellement fournis

via des réseaux dédiés de radiocommunication professionnelle mobile (PMR) sécurisés et

Ąables. Ces services comprennent la voix, la transmission de données et la diffusion de

19



Figure 8 Ű Rapport entre la consommation dŠénergie des stations de base en mode unicast
et en mode MBSFN pour différentes valeurs de λBS et λUE, en considérant Rs = 2.5 km
et ξ = 0.7071 km.

vidéos. En cas dŠurgence, un accès rapide au streaming vidéo peut améliorer la perception

de la situation et faciliter les opérations de sauvetage. Ainsi, aĄn dŠaméliorer les capacités

des réseaux PMR et de bénéĄcier des avantages de la mutualisation, des technologies

cellulaires standard basées sur les réseaux cellulaires de quatrième génération (4G) et

de cinquième génération (5G) ont été adoptées pour les MCC. En particulier, le service

de diffusion multimédia multicast (MBMS) est adapté à la transmission de services de

communication de groupe. Dans ce chapitre, nous comparons le mode MBSFN, le mode

Single-Cell Point-to-Multipoint SC-PTM et le mode Unicast dans des scénarios critiques

de mission du point de vue de lŠutilisation des ressources radio.
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Conclusions

Dans cette thèse, nous fournissons tout dŠabord une comparaison entre unicast et

MBSFN. Nous considérons des stations de base équipées dŠantennes tri-sectorielles réparties

selon une distribution de Poisson. Nous avons montré que lorsquŠune zone MBSFN couvre

une très grande surface, la diffusion MBSFN surpasse la transmission unicast en termes

de SINR, même si lŠunicast utilise la formation de faisceau avec jusquŠà huit antennes

par secteur. À lŠinverse, si la zone MBSFN comporte un nombre limité de cellules, le

SINR est plus faible. Le scénario le plus difficile pour le MBSFN est une zone MBSFN de

seulement deux stations de base par rapport à une diffusion unique utilisant la formation

de faisceaux avec huit antennes par secteur. Dans ce cas, le seuil dŠutilisateurs à partir

duquel le MBSFN devient plus efficace que lŠunicast est de huit équipements utilisateurs

(UE) par cellule.

Nous cherchons ensuite à fournir un moyen plus rapide de calculer le seuil de rentabilité

de MBSFN, compte tenu de la dynamique de la localisation des utilisateurs. Nous avons

développé une équation permettant de calculer la distribution du SINR pour un UE situé

à nŠimporte quel endroit de la zone MBSFN. En utilisant cette équation et la formule pour

la probabilité de couverture en monodiffusion, nous proposons une méthode analytique

pour calculer le seuil de rentabilité en nombre dŠutilisateurs pour passer de lŠunicast à

MBSFN ou SC-PTM. Le paramètre clé de cette méthode est lŠemplacement de lŠutilisateur

le plus proche de la limite de la zone MBSFN. Si ce paramètre est mis à jour en temps

réel, la valeur du seuil de lŠutilisateur peut être ajustée dynamiquement.

Ensuite, nous avons développé un modèle analytique pour calculer la consommation

dŠénergie de lŠUE et de la station de base (BS) lors de lŠutilisation de MBSFN et SC-PTM

en nous basant sur les modèles de monodiffusion de la littérature. De plus, nous avons

développé des équations pour calculer le seuil dŠutilisateur à partir duquel MBSFN et

SC-PTM réduisent la consommation dŠénergie de lŠUE ou de la BS par rapport à lŠunicast.

Nous avons prouvé que le seuil en nombre dŠutilisateurs pour réduire la consommation

dŠénergie de la station de base est le même que le seuil pour réduire lŠutilisation des

ressources radio, à la fois en mode SC-PTM et MBSFN. Nous avons également prouvé

que le seuil de lŠutilisateur pour réduire la consommation dŠénergie de lŠUE est inférieur

au seuil de lŠutilisateur pour réduire la consommation dŠénergie de la station de base, en

particulier pour le MBSFN.

LŠun des cas dŠutilisation les plus importants des MBMS est la communication de groupe
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dans des scénarios de mission critique (MC). Nous considérons un modèle dans lequel les

cellules dans la zone MBSFN peuvent décider de ne pas participer à la transmission MBSFN

si elles ne comptent aucun UE intéressé par le Ćux diffusé. De plus, nous considérons le

cas où les utilisateurs MC sont en veille sur des cellules en dehors de la zone MBSFN

et doivent décider de rester en unicast ou de passer en veuille sur une cellule MBSFN.

Les UE sont localisés suivant une distribution de Poisson, ainsi que la BS. Nos résultats

montrent que pour augmenter le SINR dans la zone MBSFN lorsque la densité dŠUE est

élevée, il faut augmenter la densité de BS. Inversement, si la densité dŠUE est faible, un

SINR plus élevé est obtenu en réduisant la densité de BS. DŠautre part, le rapport SINR

dans le système SC-PTM diminue avec la densité dŠUE et augmente avec la densité de BS.

En outre, les résultats en termes de efficacité spectrale et de seuil dŠutilisateur ont montré

que le paramètre dominant est la densité dŠUE. Si la densité dŠUE est élevée, MBSFN est

plus efficace que SC-PTM. Au contraire, le SC-PTM est plus efficace que le MBSFN pour

les faibles densités dŠUE.
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Chapter 1

INTRODUCTION

1.1 Context of the Thesis Work

Video is an important factor of the load in cellular networks due to the growing

popularity of streaming and linear services. In 2022, video traffic is estimated to account

for 69 percent of mobile data traffic and expected to increase to 79 percent in 2027

with the adoption of virtual/augmented reality technologies [23]. This is more impressive

considering that mobile network data traffic grew 40 percent between the Ąrst quarter

(Q1) of 2021 and Q1 2022 and the tendency is expected to continue in the years to come

[23]. Additionally, the number of mobile devices capable of displaying bandwidth-hungry

services such as Ultra High DeĄnition (UHD) video and 360-degree video is expected to

increase [42]. This disruptive services will be supported by Fourth-Generation cellular

networks (4G) and Fifth-Generation cellular networks (5G). In fact, 5GŠs share of mobile

data traffic is forecast to be 60 percent in 2027 versus 10 percent in 2021 [23].

This ever increasing demand for high quality multimedia content in cellular networks

requires the implementation of techniques for efficient radio resource management since

spectrum is limited and expensive. In order to provide a good quality of service, operators

are searching for alternatives to reduce the radio resource utilization when several users are

demanding the same video content on a given geographical area. Broadcast transmission is

the preferred solution for scenarios in which the same content is transmitted to many users

at the same time. When a video is very popular, contents could be pushed via broadcast

transmission and then stored in the cache of the receiver, even prior to user demand [24].

Thus, offloading the network and maintaining good service quality. Some use cases are

mobile TV and video streaming of popular events.

In emergency situations, Ąrst responders communicate in a timely and reliable manner,

this is called Mission Critical Communications (MCC). MCC depend on secure and reliable

Professional Mobile Radio (PMR) networks. PMR networks used to work using speciĄc

waveforms and multiplexing methods different from commercial cellular technologies.
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However, nowadays PMR networks work on LTE bands and are expected to work with

5G. In particular, the solution for broadcast transmission in LTE, MBMS, is the preferred

technology for the transmission of group communication services. Group communications

are intended to distribute the same content to multiple users at the same time in a controlled

manner. During an emergency, rescue and security teams use group communications for

coordination of actions. Thus, group communications are key to ensure efficient operations.

This thesis takes place in the framework of an Industrial Agreement for Training

Through Research (Convention Industrielle de Formation par la Recherche (CIFRE)). A

CIFRE agreement is partially Ąnanced by the french ministry of higher education and

research and involves a higher education institution, a company and the PhD candidate.

For this thesis, IMT Atlantique [14] and Enensys Technologies [49] formed the CIFRE

agreement. Enensys is based in Rennes, France. The company has solutions to optimize,

secure and monetize the entire media chain, on all types of broadcast networks: satellite,

terrestrial, broadband and mobile. Since its creation in 2004, the group realizes from 80 to

90 percent of its revenues in export. It is a company driven by innovation, Enensys has a

portfolio of 60 international patents. Enensys has an end-to-end solution for broadcast over

4G and 5G networks. It includes a server (MediaCast Mobile) in charge of LTE Broadcast

provisioning and a middleware (CubeAgent Mobile) to manage broadcast content reception

in the end device. It is an advanced MBMS solution on the market, with very large MBMS

commercial deployments.

1.2 Contribution of the Thesis Work

The most common transmission technique in cellular networks is unicast transmission.

The base station makes an independent transmission for each user. This enables the use

of link adaptation techniques that adjust the bitrate according to the channel quality of

each UE. The better the channel quality, the higher the bitrate. However, the same data

is transmitted as many times as the number of users demanding the same service.

On the other hand, with the broadcast transmission technique, the base station or

group of base stations make a single transmission to a potentially inĄnite number of users

located in the same geographical area. The bitrate is the same for all the UE and it is

determined based on the users with the worst channel quality among the UE interested in

the same content.

There exist two different broadcast techniques. In the Ąrst one, a group of cells are
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synchronized and transmit the same waveform at the same time. It is called MBSFN.

The second one consist on broadcast transmission in one cell, SC-PTM. There exist many

commonalities between unicast and SC-PTM, the same data and control channels are used,

neighboring cells generate interference and the length of the guard interval used to reduce

inter-symbol interference (Cyclic PreĄx (CP)) is the same. Conversely, MBSFN uses its

own data and control channels, occupies the entire bandwidth in the subframes allocated

for broadcast transmission, uses a longer CP to enable larger Inter-Side Distance (ISD)

between the cells in the MBSFN area and reduces interference specially at cell borders

because neighboring cells provide useful signal power.

There exist a standardized method to enable the switching between unicast and

broadcast called MBMS operation on Demand (MooD). This method is based on the

consumption report procedure in which the UE signal their interest in the content. However,

there is not an standardized method to determine the number of users from which broadcast

transmission outperforms unicast. This user threshold is usually Ąxed manually by the

network operator. The problem is that the exact value of the user threshold depends on

may system parameters. Some of them are Ąxed during deployment as the ISD, the size

of the MBSFN area or the antenna conĄguration. Other parameters change constantly,

particularly, the users location. Therefore, the value of user threshold is different depending

on the scenario and it may change in real time according to the users location.

In this thesis we compare the performance of unicast, SC-PTM and MBSFN in different

scenarios in terms of SINR, spectral efficiency and energy consumption. We consider

deployments with base stations located according to a PPP. This enables the use of

stochastic geometry theorems and results for wireless networks available in the literature.

The contributions of our thesis work can be accounted as:

Ů We compare the performance in terms of SINR of Unicast and Multicast Broadcast

Single Frequency Network (MBSFN) transmission techniques through system level

simulations. We consider beamforming for unicast and different MBSFN area con-

Ągurations. Notably a large MBSFN area (nation wide) and MBSFN areas with a

limited number of base stations. The propagation model and antenna model are

taken from literature.

Ů We propose a model to calculate the number of users per cell in the MBSFN area,

called User Threshold, to switch from unicast to MBSFN in order to reduce radio

resource utilization. The model considers the probability distribution of the SINR
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when using unicast and MBSFN. The SINR distribution depends on the number of

antennas used for beamforming, the number of BS in the MBSFN area, the base

station density (average number of base stations per square kilometer), among other

system parameters.

Ů We propose a method to calculate analytically the user threshold to reduce radio

resource utilization. We calculate the user threshold to switch from unicast to

MBSFN and the user threshold to switch from unicast to SC-PTM. The method is

based on an equation to calculate the SINR distribution for a user located at any

point inside an MBSFN area.

Ů We adapt power consumption models for unicast from the literature to compare the

energy consumption in MBSFN, SC-PTM and unicast. We analyze separately the

UE side and the BS side. Furthermore, we propose an analytical model to calculate

the user threshold to switch from unicast to MBSFN or SC-PTM in order to reduce

UE and Base Station energy consumption.

Ů We performed system level simulations to identify the Mission Critical Scenarios

in which broadcast transmission (MBSFN and SC-PTM) are more efficient than

unicast from a resource utilization perspective.

1.3 Organization of the Thesis Report

The thesis report is organized into six chapters, which include:

Ů In Chapter 2 we present a synopsis of the characteristic of broadcast transmission

in cellular networks. We summarize the standardization efforts done by the Third

Generation Partnership Project (3GPP) for MBMS up to Release 17. We describe

each broadcast transmission technique (MBSFN and SC-PTM) highlighting their

differences and commonalities. We also describe the the standardized mechanism for

the switching between unicast and broadcast, MBMS operation on Demand (MooD).

Ů In Chapter 3 we compare unicast and MBSFN in terms of radio resource utilization.

We use Monte Carlo simulations to calculate the SINR distribution for users receiv-

ing in unicast and MBSFN under different system conĄgurations. Particularly, we

consider the use of the beamforming technique in unicast mode and MBSFN areas
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with different sizes. Then, we propose a model to calculate the user threshold for the

switching between unicast and MBSFN.

Ů In Chapter 4 we developed an extension for the equation to calculate the SINR

distribution of a user located in the center of an MBSFN area. This extension enables

the calculation of the SINR distribution of a user located at any place inside the

MBSFN area, particularly the borders. We also propose energy consumption models

for SC-PTM and MBSFN based on unicast models from the literature. The energy

consumption is analyzed separately for the UE and the Base Stations. Then, we

use the equation to propose an analytical method, aided by numerical calculations,

to obtain the user threshold to switch from unicast to MBSFN or from unicast to

SC-PTM in order to reduce radio resource utilization and energy consumption.

Ů In Chapter 5 we compare unicast, MBSFN and SC-PTM in terms of SINR and

Spectral Efficiency, when used for group communication in Mission Critical Scenarios.

In Mission Critical scenarios we have more exigent coverage requirements and we

aim to cover a surface with a Ąxed size called the mission critical area. We use Monte

Carlo simulations with Base Stations and UE following PPP distributions. We deĄne

the user threshold as the number of users per square kilometer from which broadcast

modes become more efficient than unicast.

Ů In Chapter 6 we present the conclusion of this thesis work. We summarize the

contributions of each part of this work, propose our conclusive remarks and identify

the prospective work directions.
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Chapter 2

TECHNICAL REVIEW OF BROADCAST

TRANSMISSION IN CELLULAR

NETWORKS

This chapter presents an overview of the technical aspects of broadcast transmission in

cellular networks. The objective is to describe what has been done in terms of technological

advancements and standardisation efforts to enable broadcast transmission in 4G LTE

and 5G. The 3GPP has worked on the specifications for MBMS since Release 9 in 2009.

Since then, several enhancements have been provided for MBMS implementation in LTE

in Releases 10-14 and 5G in Releases 16-17. We make a review of these specifications and

highlight which are the open issues that are addressed in our work.

In Section 2.1 and Section 2.2 we describe the propagation models and antenna models

considered in our work for the simulation of unicast and broadcast networks. Then, in

Section 2.3 we present an overview of the standardisation efforts done by the 3GPP for

broadcast transmission in cellular networks called MBMS. MBMS can use two broadcast

transmission techniques, MBSFN and SC-PTM. Afterwards, we explain how MBSFN and

SC-PTM work in LTE systems in Section 2.4 and Section 2.5 respectively. Additionally,

in Section 2.6 we describe how the mechanism to switch from unicast to MBMS, MooD,

works. An important part of the chapter, Section 2.7, is dedicated to the specifications

for media distribution in 5G. Particularly, we describe the architectures proposed for

5G Media Streaming (5GMS), LTE-based 5G Broadcast and 5G Multicast Broadcast

Services (5G MBS). Finally, in Section 2.8 we summarize this review and highlight the

commonalities between broadcast transmission in 4G and 5G.
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2.1 Propagation Model

Our analysis is based on the reference model proposed by the 3GPP in [3]. The

propagation model is based on Okumura-Hata-Cost231 with shadowing and fading.

2.1.1 Path Loss

Path loss refers to the attenuation of an electromagnetic wave as it propagates through

space. Considering the Macro cell propagation model in Urban area, the path loss in dB

can be calculated as [3]

PL = 40(1 − 4 × 10−3hBS) log10 r − 18 log10 hBS + 21 log10 fc + 80, (2.1)

where

Ů fc is the carrier frequency in MHz

Ů r is the distance between UE and BS in kilometers.

Ů hBS is the base station antenna height in metres, measured from the average rooftop

level.

Considering hBS of 15 metres, the path loss is given by

PLdB
= 58.83 + 37.6 log10(r) + 21 log10(fc). (2.2)

Furthermore, when considering fc in GHz

PLdB
= 121.78 + 37.6 log10(r) + 21 log10(fc). (2.3)

For simplicity, we express the path loss in linear scale. We rewrite (2.3) as a function

of the path loss exponent, α, and the path loss factor, k, considering the distance r in

meters, such that

PL = 10
PLdB

10 =
rα

k
, (2.4)

where

α = 3.76 (2.5)
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k = 0.1265 × fc
−2.1 (2.6)

Considering this model, the received signal power Prx for a user located at a distance r

from the BS is calculated as

Prx = Ptxkr
−α, (2.7)

where Ptx is the base station transmission power.

2.1.2 Fading

Fading refers to the attenuation of a signal due to multipath propagation. We model

fading as an exponential random variable, h, with average µ = 1 as in [11]. Therefore, the

received signal power considering path loss and fading is calculated as

Prx = Ptxkr
−αh, (2.8)

where h ∼ exp(1).

2.1.3 Shadowing

Shadowing is the effect of received signal power Ćuctuations due to obstructions

(buildings, mountains, etc.) between the transmitter and receiver. Shadowing is usually

modeled as a Log-Normal random variable y = exp(χ), where χ follows a Normal distri-

bution χ ∼ N(0, σχ2). This variable is expressed in linear scale but shadowing is usually

characterized in terms of the standard deviation of ydB

ydB = 10 log10(exp(χ)) =
10

ln 10
χ, (2.9)

therefore, σydB
= 10

ln 10
σχ.

To take into account that obstacles close to the receiver are common obstacles for all

BS, we consider a correlation between the shadowing for the same receiver and different

BS [34]. Then, the Log-Normal variable is composed of two independent coefficients

exp(χ) = exp(χc) exp(χi), (2.10)
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The signal received by a UE is weak and noisy and is ampliĄed. The power ampliĄer in

the receive chain ampliĄes the signal and inevitably the noise. Additionally, the ampliĄer

itself adds noise. The noise Ągure, γ, is given by

γ = 10 log10(F ), (2.14)

where F is the noise factor. It is the ratio of the Signal to Noise Ratio (SNR) at the

input of the ampliĄer and the SNR at the output, such that

F =
SNRi

SNRo

. (2.15)

The lower the noise Ągure, the lower the noise added by the ampliĄer.

2.2 Base Station Antenna Model

This section provides the models we use for the antennas at the base stations. This

work considers omnidirectional antennas, tri-sector antennas and directive antennas using

beamforming.

2.2.1 Omnidirectional Antennas

Omnidirectional antennas radiate equal power in all directions in a plane. The three

dimensional radiation patter of an omnidirectional antenna is doughnut-shaped. We denote

the gain of the antenna as g.

2.2.2 Tri-sector Antennas

Telecommunication operators use Tri-sector Antennas to deploy three cells using only

one base station site. Furthermore, since the antenna in each sector radiates in a certain

direction, interference is reduced with respect to omnidirectional antennas.

In this work, we consider that each sector has a 120◦-width. The antenna pattern in

decibel (dB) for each sector in the direction θ measured from the antenna boresight, can

be calculated as stated in [3]

GdB(θ) = GA − min







12

(

θ

θ3dB

2

, GFB







, (2.16)
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where GA is the antenna gain in the boresight direction in dB, θ3dB is the 3 dB beam

width, GFB is the antenna front to back ratio and −180◦ ≤ θ ≤ 180◦. In this study it

is assumed that the antenna boresight angles for the three sectors are 30◦, 150◦ and

270◦ counterclockwise for all BSs. We represent the magnitude of the electromagnetic

Ąeld,
√

G(θ), of a tri-sector antenna in Figure 2.2
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Figure 2.2 Ű Radiation pattern of tri-sector antenna

2.2.3 Beamforming

Beamforming is a technology in which several antennas work together to create a

beam pointed in a speciĄc direction. Beamforming increases the power radiated in a

speciĄc direction and reduces the power radiated in other directions. We consider tri-

sectored BSs in which each sector has a linear array of M antennas capable of performing

beamforming. The transmission power is divided among the M antennas. For each antenna

the transmission power is PT x

M
. In each sector, the array is placed on the axis perpendicular

to the boresight. The direction towards which the beam is pointed is characterized by
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the steering angle, ϕ, which is measured from the antenna boresight, see Figure 2.3. The

expression to calculate the array pattern for one sector in the direction θ can be derived

from [33, 38, 51] as

A(θ, ϕ) =











sin2(M π
2

(sin(ϕ)−sin(θ)))

M sin2( π
2

(sin(ϕ)−sin(θ)))
G(θ) θ ̸= ϕ

MG(θ) θ = ϕ
, (2.17)

where G(θ) is the radiation pattern of each elementary antenna (2.16) and −60◦ ≤
ϕ ≤ 60◦.
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Figure 2.3 Ű Radiation pattern of tri-sectored BS capable of performing beamforming

We represent the array gain for three sectors in Figure 2.3. In each sector the beam is

steered in a different direction. Notice that the maximum gain is obtained when ϕ = 0,

i.e. when the beam is steered in the boresight direction. Observe as well that when ϕ ≠ 0

the highest gain is obtained in a direction different from the steering direction, e.g., when

ϕ = 30◦ the highest gain is obtained in θ ≈ 25◦. This is because each antenna is not

omnidirectional.
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2.3 Overview of Broadcast transmission in Cellular

Networks

The Third Generation Partnership Project (3GPP) developed a Point-to-Multipoint

(PTM) interface speciĄcation for cellular networks called MBMS. In the radio interface

MBMS can use two different transmission techniques: MBSFN or SC-PTM. In MBSFN

multiple cells transmit the same signal, same waveform, synchronously to the interested

users while SC-PTM refers to broadcast transmission in one cell. MBSFN and SC-PTM

transmission are aimed to cover the users with the worst channel conditions in the broadcast

area, i.e. users with lowest SINR. More detail about MBSFN and SC-PTM is given in

Section 2.4 and Section 2.5 respectively.

2.3.1 MBMS Standardization

The 3GPP has standardized BC solutions since Release 6 with the MBMS interface

speciĄcation for 3G. It was conceived as a pre-planned and static mobile TV service based

on SFN transmission [28]. MBMS was not signiĄcantly enhanced in Release 7, and Release

8 focuses on the requirements for the new 4G LTE technology. In Release 9, eMBMS

appears as the LTE version of MBMS. Radio resources are time multiplexed between UC

and eMBMS allowing maximum 6 subframes per frame for eMBMS. Additionally, new

physical, transport, and logic channels are deĄned together with three new logical entities

in the core network architecture, see Subsection 2.3.2 for further detail.

Release 10 states that MBMS download delivery method, normally used for Ąle trans-

mission, should support the delivery of Dynamic Adaptive Streaming over HTTP (DASH)

content. DASH is an adaptive bitrate streaming technique that enables high quality

streaming of multimedia content delivered from Hypertext Transfer Protocol (HTTP)

web servers. Furthermore, this release mentions a UE counting procedure in the Radio

Access Network (RAN). Based on the number of interested UEs, the network can decide to

enable or disable MBSFN transmission [53, Chapter 11]. Release 11 speciĄes mechanisms

for MBSFN to provide service continuity in multi-frequency deployments [1]. In 2015,

Release 12 introduced MooD which allows automatic MBMS activation and deactivation

based on consumption reports. Consumption Reports are sent by the UEs directly to

the Broadcast-Multicast Service-Center (BM-SC), i.e. they are transparent to the RAN.

Consumption reporting replaced the RAN level UE counting procedure. Release 12 also
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speciĄes eMBMS support for Group Communication in Mission Critical scenarios.

The option to perform BC transmission in only one cell was presented in Release

13 as SC-PTM [19, Chapter 19]. SC-PTM beneĄts from a Ćexible and dynamic radio

resource allocation for BC transmissions, allowing BC and UC transmission in the same

subframe and a reduced end-to-end latency. Later, Release 14 introduced Further evolved

MBMS (FeMBMS). It includes a receive-only mode to allow devices without operator

subscription to receive BC content. Other enhancements are a 100% carrier allocation

for MBMS transmission and a 200 µs CP to support large inter-site distances [28]. The

Ąfth generation of cellular networks (5G) arrives in Release 15 which mainly focuses

in UC transmissions. Then, in Release 16, a further study item evaluates the ability of

FeMBMS to support an SFN of cells with a coverage radius of up to 100 km (implying

even longer CP) and mobile reception with speeds up to 250 km/h [27]. Finally, Release 17

is expected to include standalone BC enhancements, for instance, introducing the support

of 6/7/8 MHz carrier bandwidths. Multicast operations for 5G with simultaneous/dynamic

switching between BC and UC transmissions are also included [46].

We see that BC transmission in cellular networks has been a subject of interest in 3GPP

for many years. However, there are still open issues specially concerning the radio resource

utilization efficiency of BC transmissions. For instance, there is not an standardized method

to calculate the number of users to switch from UC to MBMS.

2.3.2 MBMS Architecture in LTE

The 3GPP deĄned a PTM interface speciĄcation for cellular networks called MBMS.

In the radio interface MBMS uses the MBSFN transmission technique. The MBMS

architecture presented in Figure 2.4 was deĄned by the 3GPP in Release 9.

Figure 2.4 Ű LTE eMBMS Architecture [19]
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Broadcast Multicast Service Center

The BM-SC, located in the core network, is the entry point for content and it is

responsible for authentication/authorization of both the content provider and the user,

charging the user, conĄguration of the overall data Ćow through the core network and

application level coding. The data Ćow is ciphered by the BM-SC. Hence the Ćow is

ciphered on the whole transmission chain, from the BM-SC till the UE.

Service announcement is one of the primary duties of BM-SC. The BM-SC generates a

session start message when it is ready to send data. The message comprises the Quality of

Service (QoS) parameters [13].

MBMS Gateway

The MBMS gateway is a logical node that distributes the MBMS data from the BM-SC

to base stations using IP multicast. It has three major responsibilities: broadcasting the

packets to all BS (more generally to the RAN), managing session start/stop and charging

information collection for each terminal having an active session [13].

Multi-cell/Multicast Coordination Entity

The Multi-cell/Multicast Coordination Entity (MCE) is a logical node in the RAN

responsible for the allocation of radio resources to multi-cell MBMS transmission using

the MBSFN technique [28]. It takes decisions about establishing the radio bearer of a new

MBMS Service as per the availability of radio resources. It also decides some radio details

like the Modulation and Coding Scheme (MCS). There is no direct UE to MCE signaling

but MCE is involved in the control signaling of an MBMS session. Each BS is served by a

single MCE but an MCE can control one or more cells.

2.4 Multicast-Broadcast Single-Frequency-Network

MBSFN is a simulcast transmission technique consisting of multiple cells transmitting

identical waveforms at the same time. The UE combine the arriving signals which are seen

as a single transmissions suffering from multipath propagation, as in UC transmissions,

see Figure 2.5.

MBSFN provides several beneĄts:
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2.6. MBMS operation on Demand (MooD)

A more detailed description of the MooD working mode, particularly for the delivery

of DASH content, is presented in Figure 2.14. This solution is proposed in the framework

of the 5G-Xcast project [10] in which Enensys-Expway participated [50].

1. a) In the UE, the Application (APP) requests the content to the Middleware (MW)

(knwon as MBMS client in 3GPP standards [4]). b) The MW acts as a proxy server.

c) Initially the content is delivered over Unicast directly from the content source.

2. The MW sends Consumption Reports to the Consumption Report server in the

BM-SC. They are sent as data in the user plane using the Evolved Packet Core (EPC)

unicast path (Packet Data Network Gateway (PGW), SGW), and not as control

information.

3. The Analytics server in the Broadcast Provisioning Manager (BPM) pulls the

Consumption Report or the Consumption Report Server pushes the content to the

Analytics server.

4. The Analytics server decides to deliver popular content over Multicast if the number

of users demanding the same content in the serving area is higher than a threshold

Ąxed by the BPM administrator.

5. The BPM updates the manifest (Media Presentation Description (MPD) for DASH

content), in order to add multicast and unicast proĄles (UniĄed MPD).

6. The manifest update is sent to the content provider.

7. The BPM instructs the BM-SC to send the content over MBMS.

8. The BM-SC retrieves the uniĄed MPD.

9. The BM-SC retrieves the video segments.

10. The BM-SC performs Service Announcement and delivers content to UE.

2.6.1 MBMS Consumption Reporting

The decision to switch from unicast to MBMS is taken based on the consumption reports

sent by the UE to the BM-SC. The BM-SC sends Service Announcements to advertise

MBMS services. A service announcement contains several metadata fragments including the

User Service Description (USD). The USD contains a reference to an Associated Delivery

Procedure Description (ADPD) which contains the Consumption Report conĄguration.

The consumption report conĄguration contains:
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Ů samplePercentage: only a subset of UE are required to send consumption reporting,

the attribute samplePercentage allows deĄning the proportion of UE that shall send

reports.

Ů randomTimePeriod: refers to the time window length over which a MBMS client

shall calculate a random time for the initiation of the consumption report procedure.

This is used to avoid many UE sending consumption reports at the same time.

Ů offsetTime: the time that a MBMS client shall wait after sending a consump-

tion report before computing a random time within the time window given by

randomTimePeriod.

Ů reportInterval: the server may ask the UE to send ongoing consumption reports

at a given time interval. randomTimePeriod ń reportInterval.

Ů reportClientId: speciĄes if the UE have to send its unique identiĄer.

Ů serviceURI: the Uniform Resource IdentiĄer (URI) of the server where the UE

must send the Consumption Report Request.

Ů location: indicates to report Cell-ID or Service Area IdentiĄer (SAI).

On the other hand, the MBMS client in the UE send the Consumpton Report Request

message to the BM-SC using HTTP POST request. The message contains the following

mandatory parameters:

Ů serviceId: Same that in the USD

Ů consumptionType: declares the consumption report as belonging to one of the

following types:

1. Start of consumption of the on the MBMS bearer.

2. Transition of UE consumption of the service from unicast to MBMS bearer.

3. Stop of consumption of the Service on the MBMS bearer.

4. Transition of UE consumption of the Service from MBMS bearer to unicast.

5. Ongoing consumption of the Service over MBMS upon the expiration of the

Šreport intervalŠ timer.

6. Location change while consuming the MBMS User Service on the MBMS bearer.

7. Start of consumption of the Service on unicast.

8. Stop of consumption of the Service on unicast.
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9. Ongoing consumption of the Service on unicast, upon the expiration of the

Šreport intervalŠ timer.

10. Location change while consuming the Service on unicast.

The Consumption Report Request can contain the following optional parameters:

Ů clientId: identiĄes the reporting UE. Sent if the attribute reportClientId was present

in the consumption report conĄguration.

Ů reportTime: identiĄes the time when the report is generated by the UE.

Ů location: represents the UEŠs location or the list of MBMS SAI.

2.7 5G Media Distribution

Video delivery accounts for more than half of the worldŠs mobile data traffic [41].

Thus, the distribution of media content is one of the priorities of the 5G standardization

organizations.

2.7.1 5G Architecture

The 5G brings an ensemble of new technologies, architectures and protocols that

support new use cases that were not possible with the former 4G LTE technology. A key

technology for 5G is Network Functions Virtualization (NFV). NFV separates the Network

Functions (NF) from hardware. NF run in a virtualized environment and offer services to

other Network Functions (NF) and consumers.

The 5G reference architecture is presented in Figure 2.15. Control plane NF com-

municate with each other using NF services. An NF service consist of operations based

on either a request-response or a subscribe-notify model [28]. Hereafter we mention the

functionalities supported by some of the 5G NFs.

Ů Access and Mobility Management Function (AMF): the AMF supports

registration management, connection management, mobility management, access

authentication and authorization, and security context management [21].

Ů User Plane Function (UPF): supports packet routing and forwarding, packet

inspection, QoS handling, among others [21].

Ů Session Management Function (SMF): supports session management (session

establishment, modiĄcation, release), UE IP address allocation and management,
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2.7.4 5G Multicast Broadcast Services

With 5G Multicast Broadcast Services (5G MBS) in Release 17, the 3GPP adds

broadcast and multicast capabilities to the 5G New Radio (NR) system, and 5G Media

Streaming (5GMS). There are some important differences between 5G MBS and LTE

MBMS:

Ů Only SC-PTM supported in NR RAN which means no support for MBSFN. MBSFN

is only used in LTE-based 5G broadcast.

Ů Support of Multicast Services with autonomous RAN based switching between

Point-to-Point (PTP) and PTM transmission modes. In LTE MooD, the switching

is managed by the BM-SC.

Furthermore, 5G MBS aims to reuse physical channels and signals, without new

numerologies to facilitate its deployment. The 5G system architecture leverages the unicast

5G system architecture wherever possible.

The 5G MBS architecture is presented in Figure 2.18. Four new functions are added

to support broadcast and multicast services and some 5G functions are enhanced with

new functionalities. In the user plane we have:

Ů Multicast Broadcast Service Transport Function (MBSTF): Provides

generic packet transport functionalities available to any IP multicast enabled appli-

cation, such as framing, multiple Ćows, packet encoding and multicast/broadcast

delivery of input Ąles as objects or object Ćows [43].

Ů Multicast-Broadcast User-Plane-Function (MB-UPF): Provides user plane

transport functionality for 5G MBS data via shared tunnel or unicast delivery.

In the control plane we have:

Ů Multicast Broadcast Service Function (MBSF): Provides control plane func-

tionality to conĄgure 5G MBS sessions, including determination of transport param-

eters, selection of MB-SMF, etc.

Ů Multicast-Broadcast Session-Management-Function (MB-SMF): Provides

session management and control of 5G MBS transport, including QoS, UE join/leave

procedures, RAN and MB-UPF conĄguration of MBS data tunneling [43].

Additionally, some 5G Core functions are enhanced:
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2.8. Summary

Streaming (5GMS) systems for which 3GPP has standardized an architecture following

the principles of the 5G core network, notably the separation between user plane and

control plane. In Release 16 5GMS considered only unicast transmission but in Release 17

an architecture for LTE-based 5G broadcast is provided. This architecture enables the

transmission of 5GMS services in downlink over MBMS. However, the interaction between

the BM-SC and the UE remains as in LTE. Afterwards, we present the 3GPP architecture

that adds broadcast and multicast capabilities in 5G systems without using MBMS, it

is the 5G Multicast Broadcast Services (5G MBS) architecture. 5G MBS considers the

SC-PTM transmission technique and MBSFN is restricted to the cells connected to the

same Distributed Unit (DU). From these standardisation efforts we see that in 5G the

MBSFN technique continues working over LTE RAN. Furthermore, in the radio interface,

5G SC-PTM or 5G MBS is similar to LTE SC-PTM since it was already compatible with

unicast. One important difference, is that the decision to switch from unicast to SC-PTM

is taken by the RAN and not by the BM-SC as in LTE MBMS.

In the following chapter we present a detailed comparison between unicast and MBSFN

in terms of interference, SINR and coverage. Furthermore, we provide a model to calculate

the number of users per cell from which MBSFN becomes more efficient that unicast in

terms of radio resource utilization.
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Chapter 3

MBSFN VERSUS UNICAST IN CELLULAR

SYSTEMS

This chapter presents a performance comparison between UC and MBSFN transmission

in cellular networks from a resource utilization perspective. We introduce a model to calculate

the SINR distribution for a UE receiving in UC and MBSFN mode. We use this model to

compare both transmission modes in terms of useful signal power and interference. Then,

we calculate the minimum number of users per cell downloading the same data from which

a MBSFN transmission is more efficient than multiple UC transmissions.

In Section 2.3 we introduce the BC transmission mode in cellular networks and present a

review of its standardization from the 3GPP Release 6 to the future Release 17. Additionally,

a state-of-the-art on the comparison between UC and BC is presented. Then, in Section 3.2,

we present the models to calculate the SINR distribution for a user receiving in MBSFN

mode and UC mode considering beamforming in UC and BC areas of different sizes.

Afterwards, in Section 3.3 we propose a model to compare the radio utilization efficiency

of UC and MBSFN mode. More precisely we calculate the user threshold, the number of

users per cell in the MBSFN area from which the MBSFN mode becomes more efficient

than the UC mode. Finally, in Section 3.4 we summarize our study underlining the most

important contributions.

3.1 State-of-the-art on the comparison between Uni-

cast and MBSFN

MBSFN transmission consists in a group of cells, called MBSFN area, that transmit the

same signal to a group of users in the BC area. Since it is a single transmission, the bitrate

is the same for all users, see Section 2.4 for more detail. The MCS of the transmission is

set aiming to cover the user with the lowest SINR, therefore, MBSFN transmissions do
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not beneĄt from link adaptation. On the other hand, UC transmissions beneĄt from link

adaptation and the possibility of using the beamforming technique but the same data is

transmitted as many times as the number of users demanding the same service.

The problem is to identify at which point it becomes more efficient to transmit in

MBSFN mode rather than in UC mode from a resource utilization perspective. A user

with a very low SINR can degrade the performance of MBSFN transmissions. On the other

hand, transmitting the same content several times in the same region is inefficient. The

difficulty lies in the various irregularities in cellular systems, such as different BS densities,

number of users demanding the same service, userŠs location, size of the MBSFN area,

antennas capabilities, propagation effects, etc. Nevertheless, some authors have addressed

this problem.

In [16], authors propose a method to identify when it is convenient to change from

UC to multicast transmission in a single cell scenario. They deĄne an SINR threshold

which is set by the user with the best instantaneous channel with respect to the average

channel. If the minimum SINR among multicast users is higher than the SINR threshold,

then multicast transmission is executed. In [22], authors prove the beneĄts of multicast

over UC when the average channel quality is high and there is a large number of users

in the cell. They also proved that multicast performs better when the channel has low

dynamicity, a low standard deviation of the SINR. However, both of these works consider

BC transmission only in one cell. Models to calculate the SINR distribution for a receiver

in MBSFN mode are presented in [44] and [47]. In [44] authors consider a regular hexagonal

lattice and the effect of path-loss, fading and shadowing. On the other hand, authors in [47]

consider Poisson distributed BS and use stochastic geometry to derive an approximation

of the coverage probability in an large MBSFN network, but they consider omnidirectional

antennas and do not consider shadowing.

3.2 SINR in Unicast and MBSFN

In this section, we derive the expressions for the SINR perceived by a UE in MBSFN

mode and UC mode. Then, we compare both transmission modes in terms of signal power,

interference power and SINR.
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3.2.1 Base Station Location Model

To take into account the irregularity of operational networks, we consider base stations

located according to a PPP with intensity λBS as shown in Figure 3.1. The intensity λBS

is the average number of BSs per square kilometer, therefore, in the remainder of this

document we call it BS density. The PPP model has proven to yield results closer to the

performance of real cellular network deployments compared to the typical hexagonal model

[11].
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Figure 3.1 Ű MBSFN area of 100 BS on a surface where BS are located following a PPP
with density λBS = 0.25 BS/km2.

3.2.2 SINR in Unicast mode

Hereafter we present how to calculate the SINR perceived by a UE in UC mode.

We consider PPP-distributed BSs and in Figure 3.1 but with all BSs transmitting in

unicast mode. In UC mode, only the serving cell provides useful signal power (PUC) and
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neighboring cells generate interference (IUC). The SINR for a receiver in UC mode can be

calculated as

SUC =
PUC

PN + IUC

, (3.1)

where PN is the noise power, see Section 2.1, and PUC and IUC are the useful signal

power and interference power respectively. PUC is calculated as

PUC = Ptxkr
−α
s hse

χceχsΩ(θs, ϕs), (3.2)

where the sub-index s stands for serving cell and Ω(θi, ϕi) is the antenna gain of the

BS in the direction θi when the beam is steering in the direction ϕi, if beamforming is

used. We consider three cases according to the antenna deployment in the base station:

1. BS with omnidirectional antennas. In this case Ω(θi, ϕi) = g, refer to Subsection 2.2.1.

2. BS with tri-sector antennas. We use Ω(θi, ϕi) = G(θi), refer to Subsection 2.2.2. Take

into account that only one cell generates useful signal power. It is, from the serving

base station one sector provides useful signal power (serving cell) and the other two

sectors generate interference as well as all sectors from other base stations.

3. Tri-sector BS with cells capable of performing the beamforming technique. Here

we use Ω(θi, ϕi) = A(θi, ϕi), refer to Subsection 2.2.3. We assume that the beam of

the serving cell is steered towards the UE, it is θs = ϕs. Then, according to (2.17),

Ω(θs, ϕs) = A(θs, ϕs) = MG(θs).

The interference power, IUC, is calculated as follows

IUC = Ptxke
χc

∑

i∈ψ/i ̸=s

r−α
i hie

χiΩ(θi, ϕi), (3.3)

where ψ represents the set of cells and the sub-index i denotes cell i. If base stations

are tri-sectored, Ω(θi, ϕi) = G(θi) and, if beamforming is used, Ω(θi, ϕi) = A(θi, ϕi). Notice

that PUC and IUC have the factor Ptxke
χc in common, therefore we can rewrite (3.1) as

follows

SUC =
P̂UC

PN

Ptxkeχc
+ ÎUC

, (3.4)

where
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towards the user and θ11 = ϕ1 = 0◦. Similarly, the serving cell for UE2 is Cell 3 thus,

θ32 = ϕ3 = 30◦. Notice that Cell 2 generates interference power for UE1 and UE2, and

it depends on the steering angle ϕ2 which is arbitrarily set to 45◦. Therefore, we need a

model to set the steering angle of interfering beams.

We need to calculate the probability distribution of ϕ under the assumption that beams

from interfering sectors serve other users. To do so, we run several Monte Carlo simulations

in which we place a user in the center of the plane and point the beams of the closest

sectors towards it, θs = ϕs. Then, we calculate the received signal power from each beam

and select the one that provides the highest as the serving cell. In Figure 3.4 we present

the empirical PDF of the angle between the boresight of the serving sector and the UE,

θs. Then, we estimate a probability model that follows this distribution. It is a normal

distribution with zero mean and a standard deviation of 0.665 truncated in [−π/3, π/3].

The PDF of θs, f(θs), for −π/3 < θs < π/3, is given by

f(θs) =
1

0.665
× ϕ( θs

0.665
)

Φ( π/3
0.665

) − Φ(−π/3
0.665

)
, (3.7)

where

ϕ(x) =
1

√

(2π)
exp(−1

2
x2), (3.8)

is the PDF of the standard normal distribution and

Φ(x) =
1

√

(2π)

∫ x

−∞
e− t2

2 dt, (3.9)

is the CDF.

We veriĄed that the data follows this distribution with a Kolmogorov-Smirnov test.

This test is used to determine if a sample (an empirical set of data) comes from a population

with a speciĄc distribution. If the test yields a probability value (p-value) higher than

0.05 then the sample follows the distribution with a reliability of 95%. In our case, we

obtained a p-value of 0.428. Thus, we use this distribution to set the steering angle of all

the interfering cells in our simulations.
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Figure 3.4 Ű PDF of the steering angle of the serving BS (θs)
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(1 + TCP
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+ rs−ri

c Tu
)2 c TCP < ri − rs ≤ c Tf

0 ri − rs > c Tf

, (3.10)

where Tu is the useful symbol time and Tf = TCP + Tu is the total OFDM symbol time.

Using (3.10) we account for the fact that BS located far from the UE do not contribute to

the useful signal power even if they belong to the MBSFN area.

SINR calculation in MBSFN mode

The SINR for a receiver in MBSFN mode can be calculated as

SSFN =
PSFN

PN + ISFN

, (3.11)

where PSFN and ISFN are the useful signal power and interference power respectively.
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PSFN is calculated as

PSFN = Ptxke
χc

∑

i∈ψSFN

δir
−α
i hie

χiΩ(θi, ϕi), (3.12)

where ψSFN represents the set of cells belonging to the MBSFN area.

ISFN = Ptxke
χc





∑

i∈ψSFN

(1 − δi)r−α
i hie

χiΩ(θi, ϕi) +
∑

i/∈ψSFN

r−α
i hie

χiΩ(θi, ϕi)



 . (3.13)

Notice that PSFN and ISFN have the factor Ptxke
χc in common, therefore we can rewrite

(3.11) as follows

SSFN =
P̂SFN

PN

Ptxkeχc
+ ÎSFN

, (3.14)

where P̂SFN and ÎSFN are PSFN and ISFN divided by Ptxke
χc , respectively.

3.2.4 SINR Probability Distribution

When a UE perceives a low SINR, a high bandwidth is needed to satisfy a certain

capacity requirement. However, the network cannot allocate all resources to a single user.

Thus, generally, users with a bad link quality are left out of service. The probability of a

receiver being out of service is called the Outage Probability (po) and is deĄned as

po = P[S ≤ s], (3.15)

where S is a random variable (RV) representing the SINR and s is a Ąxed SINR value.

The outage probability is the Cumulative Distribution Function (CDF) of the SINR.

Conversely, the probability of a receiver being covered is called the Coverage Probability

(pc) and it is deĄned as

pc = P[S > s], (3.16)

which is the Complementary Cumulative Distribution Function (CCDF) of the SINR.

Therefore, po = 1 − pc.
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3.2.5 SINR comparison - Unicast versus MBSFN

We calculate the CDF of the SINR perceived by a user when receiving in UC mode and

MBSFN mode using the Monte Carlo method. We consider a very large surface to locate

the BSs and analyze each transmission mode separately. In MBSFN mode, we consider

PPP-distributed BSs as in Figure 3.1 but with all BSs belonging to the MBSFN area. In

theory, when considering a very large (inĄnite) cellular network with PPP distributed

BSs, the placement of the UEs is not important because the distribution of the distances

between the UE and the BS does not change. Therefore, we consider a UE located in the

center of the simulated surface, the origin of the plane. We also consider tri-sector base

stations for UC and MBSFN, and beamforming only for UC mode. In each iteration a new

PPP for the BS location is generated and the SINR for a UE in UC and MBSFN modes

are calculated based on (3.4) and (3.14). To be compliant with 3GPP standards, most of

the simulation parameters were taken from [3, Table C.6] and are given in Table 3.1.

parameter value

Area of the surface 1600 km2

System Bandwidth (W ) 5 MHz

Carrier Frequency (fc) 2000 MHz

UE Noise Figure (γ) 9 dB

BS Transmission Power (Ptx) 43 dBm

Useful OFDM Symbol Time (Tu) 66.7 µs

Cyclic PreĄx Length (TCP) 16.67 µs

Trisectored antenna gain (GA) 15 dBi

Antenna frontback ratio (GFB) 20 dBi

3 dB beam width (θ3dB) 65◦

Shadowing Standard Deviation (σdB) 10 dB

Shadowing Correlation Coefficient (ρ) 0.5

Noise Power (PN) −98 dBm

Path Loss Exponent (α) 3.76

Path Loss Factor (k)1 0.0295

Target coverage probability (pcT
) 95 %

1 For distance in meters.

Table 3.1 Ű Simulation parameters
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Figure 3.5 presents the average useful signal power the UE perceives in each transmission

mode. We evaluate 2 different BS densities, λBS1
= 0.25 BS/km2 and λBS2

= 2 BS/km2.

In UC mode we consider four cases: tri-sector base stations without beamforming, and

beamforming with 2, 4 and 8 antennas per sector. We see that the difference between UC

without beamforming and MBSFN is small. This means that most of the useful signal

power in MBSFN mode comes from the serving cell. However, when beamforming is used,

the useful signal power level in UC increases with the number of antennas per sector. Using

M = 2 the average signal power in UC is already higher than in MBSFN. Furthermore,

we see that both transmission modes provides a higher signal power with the higher BS

density. However, the gap between beamforming with 8 antennas and MBSFN is reduced.
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Figure 3.5 Ű Average Signal power for UC mode, including beamforming with different
number of antennas M , and BC mode, considering all BSs as part of the SFN area, for
different values of BS density λBS.

In terms of interference, it is clear that in MBSFN the interference is drastically reduced

when compared to UC, see Figure 3.6. This was expected since all cells in the MBSFN

area transmit the same signal. On the other hand, under the assumptions and context of
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our work, the reduction of interference due to beamforming in UC mode is small. Take

into account that we consider the same transmission power for all BSs.
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Figure 3.6 Ű Average Interference power for UC mode, including beamforming with different
number of antennas M , and BC mode, considering all BS as part of the MBSFN area, for
different values of BS density λBS.

Figure 3.7 shows the SINR CDF for a receiver in UC mode, including beamforming

with a different number of antennas per sector (M), and MBSFN mode when considering

a large MBSFN area, 1600 km2. As expected, the beamforming technique increases the

SINR in UC mode, the higher the number of antennas per sector (M), the higher the SINR,

thanks to the increased signal power, as seen in Figure 3.5. However, the MBSFN mode

provides a higher SINR that all UC cases due to the reduced interference power as seen in

Figure 3.6. Notice in Figure 3.7 that the BS density does not have a signiĄcant effect when

transmitting in UC mode. As seen in Figure 3.6 the interference power increases when

increasing the BS density attenuating the effect of the increase in signal power. In contrast,

when transmitting in MBSFN mode, the higher the BS density the higher the SINR. A

higher number of BS in the MBSFN area increases the signal power while maintaining a
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3.2. SINR in Unicast and MBSFN

low interference.

Figure 3.7 Ű Cumulative Distribution Function of the SINR perceived by a UE in UC
mode, including beamforming with different number of antennas M , and MBSFN mode,
considering all BS as part of the MBSFN area, for different values of BS density λBS.

3.2.6 SINR with fixed size MBSFN areas

The assumption that all the BS in the simulated surface belong to the MBSFN area is

valid if we consider an MBSFN area in the scale of a Nation wide deployment. However,

MBSFN areas can have different sizes depending on the coverage objective or application.

Figure 3.8 shows the CDF of the SINR in MBSFN mode when the MBSFN area is formed

by the NBS BSs closer to the origin of the plane, as in Figure 3.1. BSs outside the MBSFN

area generate interference. Two different BS densities are considered λBS1
= 0.25 BS/km2

and λBS2
= 2 BS/km2. In this case, we limit the maximum value of NBS based on the

maximum geographical size of the MBSFN area. It is set to half the size of the total

simulated surface, i.e. 800 km2. This is NBS = 200 BS and NBS = 1600 BS for λBS1
and
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λBS2
respectively. Keep in mind that each BS represents three cells. As expected, the SINR

increases with the number of BSs in the MBSFN area. Notice that for the same value of

NBS, the BS density doesnŠt have an important effect on the SINR. However, if NBS is

Ąxed, with a reduced BS density the MBSFN area covers a larger geographical area. On

the other hand, if the objective is to increase the SINR in a surface with a Ąxed size, i.e.

800 km2, the operator should deploy more BS as part of the MBSFN area, thus, increase

the BS density. As seen in Figure 3.8, an MBSFN area with NBS = 1600 BS provides a

higher SINR than an MBSFN area with NBS = 200 BS.
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Figure 3.8 Ű Cumulative Distribution Function of the SINR for a UE in MBSFN mode
considering MBSFN areas with a Ąxed number of BS (NBS) for different values of BS
density λBS.

3.3 Radio Resource Utilization

Hereafter we present the resource utilization model we use to compare the efficiency of

UC and MBSFN transmission modes. Consider a certain service with a capacity requirement
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(C) in bits per second (bps). According to ShannonŠs theorem, the capacity of a system

(C) can be calculated as C = W log2(1 + S), where W represents the system bandwidth

and S the SINR. Then, the bandwidth required to transmit a service with a capacity

requirement C, can be calculated as

W = C
1

log2(1 + S)
. (3.17)

3.3.1 Resource utilization in Unicast mode

The UC transmission mode uses link adaptation. Thus, to calculate the average

bandwidth used per UC user (WUC), we take the expected value of (3.17). It is usual

in mobile networks to Ąx a target coverage probability (pcT
) to determine an acceptable

percentage of users that can be let out of service such that pcT
= P[S > sm], where sm is

the minimum SINR to cover. Therefore, WUC is calculated as

WUC = C E



1
log2(1 + SUC)

∣

∣

∣

∣

∣

SUC > SmUC

]

= CΓUC, (3.18)

where SUC is a RV representing the SINR for a UE receiving in UC mode, SmUC
is the

minimum SINR to cover in UC mode to get the target coverage probability and ΓUC is

the ratio between bandwidth and capacity in UC mode.

3.3.2 Resource utilization in MBSFN mode

MBSFN transmissions do not beneĄt from link adaptation. Thus, transmissions are

done aiming to cover the users with the lowest SINR in the UC group. The average

bandwidth used per cell in MBSFN mode (WSFN) is given by

WSFN = C
1

log2(1 + smSFN
)

= CΓSFN, (3.19)

where smSFN
is the target SINR of the MBSFN transmission which is Ąxed based on the

coverage requirement, and ΓSFN is the ratio between bandwidth and capacity in MBSFN

mode.
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3.3.3 User Threshold

Consider an MBSFN area formed by NSFN cells and NU users demanding the same

content. Notice that NSFN = 3NBS in tri-sector BS deployments. In such scenario, the UC

transmission mode consumes more resources than the MBSFN transmission mode if

NUWUC > NSFNWSFN. (3.20)

We deĄne the User Threshold (UT) as the number of users per cell in the MBSFN area

from which the UC mode consumes more resources than the MBSFN mode. It can be

calculated by solving (3.20) for NU and dividing by NSFN as follows

NU >
WSFNNSFN

WUCNSFN

>
CΓSFN

CΓUC

>
ΓSFN

ΓUC

,

(3.21)

therefore,

UT =
ΓSFN

ΓUC

. (3.22)

Figure 3.9 presents the User threshold (UT) versus the number of cells in the MBSFN

area (NSFN) for different UC conĄgurations. Notice that even when an MBSFN area

is formed by only 2 base stations (6 cells) and UC transmissions are performed using

beamforming with 8 antennas per sector, MBSFN outperforms UC when there are at least

8 users per cell demanding the same content.

3.4 Summary

In this chapter we analyze and compare the performance of UC transmission and

MBSFN transmission from a resource utilization perspective. We started with a review

of the deĄnition of MBMS and MBSFN transmission in cellular networks. Then, we

epitomize the evolution of MBMS in 3GPP standards from its beginnings in Release 6 to

the enhancements expected in Release 17. Afterwards, a state of the art on the comparison

92



3.4. Summary

6 9 1215 30 60 150 300 600 4800

Number of cells in the MBSFN Area, N
SFN

0

1

2

3

4

5

6

7

8
U

s
e

r 
T

h
re

s
h

o
ld

, 
U

T

BS
1

BS
2

M=2, 
BS

1

M=2, 
BS

2

M=4, 
BS

1

M=4, 
BS

2

M=8, 
BS

1

M=8, 
BS

2

BS
1

 = 0.25 BS/km
2

BS
2

 = 2 BS/km
2
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different UC conĄgurations and different values of BS density λBS.

between UC and MBSFN is presented. One of the major contributions of this chapter is the

development of models to calculate the SINR in UC mode and MBSFN mode considering

Poisson distributed base stations, tri-sector antennas, MBSFN areas with different number

of base stations and beamforming in UC mode.

We observe that the main advantage of MBSFN over UC is the reduction of interfer-

ence power. When considering large MBSFN areas, the useful signal power in UC with

beamforming can surpass that of MBSFN, but the interference power is always much

higher in UC than in MBSFN. This leads to MBSFN to provide a higher SINR than UC,

specially in dense base station deployments. However, if the MBSFN area is formed by

a small number of cells, the SINR in UC with beamforming can surpass the SINR in

MBSFN mode.

An important part of the chapter presents the model we use to compare the radio

resource utilization in UC mode and MBSFN mode based on ShannonŠs theorem. We

propose a method to calculate the number of users per cell in the MBSFN area from which
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the MBSFN mode is more efficient than the UC mode. Results show that even when an

MBSFN area is formed by only 2 base stations and UC transmissions are performed using

beamforming with 8 antennas per sector, MBSFN outperforms UC when there are at least

8 users per cell demanding the same content.

In this chapter we use an approach that is common when studying PPP distributed

BS deployments in cellular networks, we study the case of a user located in the origin

of the plane. This assumption is well established for UC studies and very large MBSFN

areas. However, in the case of a small MBSFN area it is interesting to consider the case of

users located close to the borders of the MBSFN area since they are expected to have the

lowest SINR. In Chapter 4 we study this scenario and propose an analytical method to

calculate the SINR distribution of users located at any place inside the MBSFN area.
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Chapter 4

A TRACTABLE APPROACH TO RESOURCE

UTILIZATION AND ENERGY

CONSUMPTION IN MBMS

This chapter presents analytical expressions to calculate the SINR distribution for users

receiving in UC, MBSFN and SC-PTM transmission modes. The analytical expressions

are developed using tools from stochastic geometry. We integrate these expressions with the

user threshold model from Chapter 3 and propose a method to calculate it analytically. We

also present an energy consumption model for MBMS. We develop analytical expressions

to calculate the energy consumption of the BSs and UE when receiving in unicast, MBSFN

and SC-PTM. Using these expressions we calculate the user threshold to switch from unicast

to BC in order to reduce energy consumption.

In Section 4.1 we present a short overview of the analysis of UC and BC transmission

modes using stochastic geometry. We emphasize the related work that set the basis or our

study. Then, in Section 4.2 we develop an expression to calculate the SINR Complementary

Cumulative Distribution Function (CCDF) (probability of coverage) for a user receiving in

MBSFN mode located at any place inside the MBSFN area. We confirm the correctness

of this expression by comparing its results with the ones obtained through Monte Carlo

simulations. Afterwards, in Section 4.3 we propose analytical methods to calculate the

user threshold to reduce radio resource utilization by switching from unicast to MBSFN or

SC-PTM.

The second part of this chapter is centered on energy consumption. In Section 4.4

we present analytical models to calculate the energy consumption in unicast, MBSFN ,

and SC-PTM transmission modes from the BS and UE sides. We use power consumption

models from the literature and the analytical expressions for the SINR distribution for each

transmission mode. We compare the energy consumption in unicast and MBMS and show

that MBMS allows to reduce BS and UE energy consumption in various scenarios. Then,
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in Section 4.5 we compute the user threshold to reduce BS and UE energy consumption

analytically. We prove that the user threshold to reduce BS energy consumption is the same

than the user threshold to reduce radio resource utilization. However, the user threshold to

reduce UE energy consumption is lower.

4.1 Stochastic Geometry and Cellular Networks

Stochastic geometry refers to the study of random spatial patterns, the most important

one being the Poisson Point Process (PPP). A point process is a countable random

collection of points that reside in some measure space, usually the Euclidean space R
d. In

this thesis, the location of the base stations over the two-dimensional plane is modeled as

a point process, thus, the PPP takes place in the Euclidean space R
2.

In cellular network analysis, modeling the location of Base Stations (BS) as a PPP

enables stochastic geometry concepts and theorems to be used. This approach allows

the development of mathematical expressions to estimate performance indicators as the

probability of coverage or the data rate [11][45]. Furthermore, the results obtained when

considering a PPP distribution for the BS are pessimistic compared to actual cellular

network deployments [11]. This allows to guarantee a minimum performance level.

Researchers have developed expressions to calculate the probability of coverage of a

user when receiving in unicast and MBSFN transmission modes using stochastic geometry.

4.1.1 Probability of coverage in unicast

Andrews, Baccelli, and Ganti developed in [11] an expression to calculate the probability

of coverage (SINR CCDF) of a user in unicast mode. They consider omnidirectional BSs

located according to a PPP of density λBS, as in Figure 3.1 but with all BSs transmitting

in unicast mode. The path loss model is based on Okumura-Hata-Cost231 with fading.

The path loss exponent is denoted as α and the path loss factor as k. Rayleigh fading

is modeled as an exponential Random Variable (RV) h with unit rate and shadowing is

not considered. Under these assumptions, the probability of coverage in unicast (pcUC
),

which is the probability that the SINR is above the threshold s as presented in (3.16), is

calculated as

pcUC
(s) = πλBS

∫ ∞

0
e

−πλBSv(1+ρ(s,α))−s
pN

Ptxk
vα/2

dv, (4.1)
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where

ρ(s, α) = s2/α
∫ ∞

s−2/α

1
1 + uα/2

du, (4.2)

where Ptx denotes the BS transmission power and s is the SINR threshold.

Figure 4.1 presents the CDF in unicast mode considering different BS densities and

path loss exponents, α. We compare the CDF obtained using (4.1) with the one obtained

through Monte Carlo simulations and the curves match perfectly. Notice that for the same

value of α we get the same CDF for different λBS values. This is because with a higher

BS density the received signal power increases but also does the interference. With the

transmission power considered, the noise is much lower than the interference. Therefore,

for these α values and the considered noise power, the SINR CDF in unicast mode is

practically the same as the Signal to Interference Ratio (SIR) CDF and thus it does not

depend on the BS density.
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Figure 4.1 Ű CDF of the SINR for a UE in unicast mode considering different values of α
and λBS. Curves obtained via the analytical expression (4.1) and Monte Carlo simulations.
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4.1.2 Probability of coverage in MBSFN

Most recently, Sahu, Chaurasia, and Gupta found an expression to calculate the

probability of coverage for a user receiving in MBSFN mode [45]. The propagation model

is the same than in [11]. They consider PPP-distributed BS located in a circular surface

of radius R and a UE located at the origin of the plane. The model assumes that all the

BS belong to the MBSFN area but only those located at a distance shorter or equal to Rs

provide useful signal power. BSs at a distance larger than Rs generate interference because

their signals are delayed. Rs is called the connectivity radius. See Figure 4.2. Under these

assumptions, the probability of coverage (pcSFN
), which the probability than the SINR is

higher than a threshold s, is calculated as
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Figure 4.2 Ű Model considered by Sahu, Chaurasia, and Gupta.
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pcSFN
(s) =

1
2

+
1
π

∫ ∞

0

1
t

Im
[

e
−jts

pN

Ptxk e−2πλBSt
2/α(M(t,s)+jN(t,s))/(2α)



dt, (4.3)

where

M(t, s) = s2/α



B
( 1
α
,− 1

α
+ 1;

1
1 + t2s2R−2α

)

− B

(

1
α
,− 1

α
+ 1;

1
1 + t2s2R−2α

s







− B

(

1
α
,− 1

α
+ 1;

1
1 + t2R−2α

s



,

(4.4)

N(t, s) = s2/α



B
( 1
α

+
1
2
,− 1

α
+

1
2

;
1

1 + t2s2R−2α

)

− B

(

1
α

+
1
2
,− 1

α
+

1
2

;
1

1 + t2s2R−2α
s





+

B

(

1
α

+
1
2
,− 1

α
+

1
2

;
1

1 + t2R−2α
s



(4.5)

and B(x, y; z) is the incomplete Beta function which is deĄned as

B(x, y; z) =
∫ z

0
ux−1(1 − u)y−1 du. (4.6)

This expression considers a user at the center of the MBSFN area, as in Figure 4.2.

This is an ideal case in MBSFN since the BSs surrounding the user provide useful signal

power but, in reality, we can Ąnd UEs located at the border of the MBSFN area. In that

case, the interference, generated by the BSs located at a distance r > Rs from the origin,

increases and the SINR for the user is lower.

4.2 Location dependent SINR distribution in MBSFN

In MBSFN transmission mode, the MCS, and therefore the data rate, are Ąxed. The

values are based on the users in the broadcast group with the lowest SINR and the coverage

target. Therefore, it is important to Ąnd an expression to calculate the probability of
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coverage in MBSFN mode for a UE located anywhere in the MBSFN area. This allows to

extend the performance analysis, notably to consider the case of a user at the border of

the MBSFN area.
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Figure 4.3 Ű Extended Model for the SINR distribution in MBSFN mode.

We consider that the MBSFN area is formed by the BSs located at a distance r ≤ Rs

from the origin. The UE can be located at any distance ξRs from the origin, such that

0 ≤ ξ ≤ 1 as shown in Figure 4.3. The model in [45] considers only the case ξ = 0. However,

the assumption that the signals from all the BSs inside the MBSFN area are useful for a

user at the border (ξ = 1) is valid for values of Rs < 2.5 km when using the Orthogonal

Frequency-Division Multiplexing (OFDM) extended CP. This is because c× TCP = 5 km,

where c denotes the speed of electromagnetic waves and TCP = 16.67 µs the CP length.

This length of Rs is useful for scenarios with a coverage area smaller than 20 km2.
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LP,ξ(sL) = exp

(

−λ
∫ Rs

0

∫ 2π

0

sLr

sL + ((ξRs)2 + r2 − 2ξRsr cos(θ))
α
2

dθdr



. (4.12)

Similarly, the Laplace transform for I can be calculated as

LI,ξ(sL) = exp

(

−λ
∫ R

Rs

∫ 2π

0

sLr

sL + ((ξRs)2 + r2 − 2ξRsr cos(θ))
α
2

dθdr



, (4.13)

the only difference being the integration limits for r since interfering BS are at a distance

r such that Rs < r < R. By replacing (4.12) and (4.13) in (4.7) with the respective value

of sL, we obtain the probability of coverage for a UE located at a distance ξRs from the

origin in MBSFN mode. There is not a close form expression for the integrals in (4.12)

and (4.13). Therefore, they are calculated numerically.

4.2.1 Confirmation of the analytical expression

parameter value

Radius of the simulation area 10 km

System Bandwidth (W ) 10 MHz

Carrier Frequency (fc) 700 MHz

BS Transmission Power (Ptx) 46 dBm

Noise Power (PN) −95 dBm

Path Loss Exponent (α) 3.76

Path Loss Factor (k)1 0.267

Target coverage probability (pcT
) 95 %

1 For distance in meters.

Table 4.1 Ű Simulation parameters for Analytical Model.

A comparison between the outage probability (SINR CDF) obtained using the analytical

expression in (4.7) and Monte Carlo simulations is presented in Figure 4.6. Simulation

parameters are presented in Table 4.1. The Ąrst observation from these results is that the

analytical and simulation curves match almost exactly. The 95% conĄdence intervals were

calculated but they are not presented since they are small. This conĄrms the analytical
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Figure 4.6 Ű CDF for a user receiving in MBSFN mode considering different values of ξ,
Rs and λBS = 12 BS/km2. Curves obtained via the Analytical expression in (4.7) and
Monte Carlo simulations.

expression in (4.7). Now, the most pessimistic scenario for MBSFN is ξ = 1 because the

interference generated by the cells outside the MBSFN area is high for a user at the border.

Actually, it is possible that the BS providing the highest signal power is not in the MBSFN

area. On the other hand, ξ = 0 is the most optimistic scenario since the user is in the

middle of the MBSFN area. It is the model considered in [45]. We can observe that for an

outage probability of 0.05 and Rs = 2.5 km, the SINR difference between the optimistic

(ξ = 0) and pessimistic (ξ = 1) scenarios is 36 dB. A good compromise is to take the

median value. Assuming that in a real deployment the UEs are uniformly distributed in

the entire broadcast surface or radius Rs, half of the users are in the inner circle of radius

Rs/
√

2. The SINR difference between the optimistic approach and the median approach

for Rs = 2.5 km is 6 dB. Furthermore, we consider two radius of MBSFN area, Rs = 0.6

km and Rs = 2.5 km. Notice that for the same ξ value, the outage probability decreases

when increasing Rs. This is because more cells participate in the MBSFN transmission
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and therefore the SINR increases. However, this difference is smaller when ξ = 1 since the

interference from cells outside the broadcast area increases drastically in both cases.

4.3 Tractable Calculation of the User Threshold

We deĄned the user threshold as the number of users per cell from which broadcast

transmission becomes more efficient than unicast.

4.3.1 Unicast to SC-PTM

SC-PTM transmission is more efficient than unicast in terms of resource utilization if

NUWUC > NSCWSC, (4.14)

where NU is the number of users demanding the broadcast service, WUC is the average

bandwidth used by each user calculated using (3.18), NSC is the number of cells that

transmit in SC-PTM mode and WSC, the bandwidth used by each cell in SC-PTM mode,

is calculated as

WSC = C



1
log2(1 + SmSC

)

]

= CΓSC, (4.15)

where SmSC
is the minimum SINR to cover in the cell and can be calculated using (4.1)

and the target coverage probability. Therefore, we can calculate the User Threshold for

SC-PTM as

UTSC
=

ΓSC

ΓUC

. (4.16)

As seen in (4.15), ΓSC can be obtained using (4.1) and the coverage target.

In Subsection 3.3.3, ΓUC is calculated through Monte Carlo simulations using (3.18).

In this chapter, instead of Monte Carlo simulations we calculate ΓUC using the law of the

unconscious statistician: the expected value of a measurable function g of a RV X, given

that X has a PDF f(x), is given by:

E [g(X)] =
∫ ∞

−∞
g(x)f(x) dx. (4.17)

The PDF of X, f(x), can be obtained from its CDF, F (x), as f(x) = d
dx
F (x). In our
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case X = S and F (S) can be calculated using (4.1) since F (S) = 1−pcUC
(S) . Furthermore,

the function g(S) = 1
log2(1+S)

, therefore

ΓUC =
∫ SMUC

SmUC

g(S)

(

d

dS
F (S)



dS, (4.18)

where SMUC
is the maximum SINR value expected in unicast mode. (4.18) has the

form of a Riemann integral. Then, since F (S) is continuously differentiable, (4.18) can be

transformed into a Riemann-Stieltjes integral such that

ΓUC =
∫ SMUC

SmUC

g(S) dF (S). (4.19)

Solving the RiemannŰStieltjes integral in (4.19) by parts, we can calculate ΓUC as

ΓUC = g(SMUC
)F (SMUC

) − g(SmUC
)F (SmUC

) −
∫ SMUC

SmUC

F (S) dg(S), (4.20)

where

dg(S) =
− ln(2)

(1 + S)(ln(S + 1))2
dS, (4.21)

and the value of SmUC
can be calculated numerically using (4.1) and the coverage

target.

Figure 4.7 presents the ratio between bandwidth and bitrate in unicast mode (ΓUC)

vs the path-loss exponent (α). In the case of Monte Carlo results, we present the 95%

conĄdence interval for ΓUC, obtained for each α value. Notice that the curve for the

analytical calculation of ΓUC is slightly below Monte Carlo results. This is because the

expression in (4.1) considers an inĄnite surface and we consider R = 10 km. However, this

conĄrms the analytical expression in (4.20).

The user threshold to switch from unicast to SC-PTM vs the path-loss exponent (α)

for two different values of λBS is presented in Figure 4.8. In SC-PTM mode, the user

threshold does not depend on λBS, Rs or ξ. The number of UE per cell to switch from

unicast to SC-PTM is between 8.61 and 8.85 in all cases. Therefore, if 9 UE/cell demand

the same multimedia content, SC-PTM is more efficient than unicast.
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Figure 4.7 Ű ΓUC vs path-loss exponent α. Analytical calculation vs Monte Carlo simulation.

4.3.2 Unicast to MBSFN

In Subsection 3.3.3 we present a model to calculate the number of users per cell in

the MBSFN area to switch from unicast to MBSFN in order to reduce radio resource

utilization as follows

UTSFN
=

ΓSFN

ΓUC

. (4.22)

In Subsection 3.3.3, ΓUC and ΓSFN are calculated through Monte Carlo simulations

using (3.18) and (3.19) respectively. In this chapter, instead of Monte Carlo simulations

we get ΓSFN using (4.7), (4.11) and (4.13). We calculate numerically the value of SINR

threshold (s) at which the coverage probability (pcSFN
) is equal to the target, typically 95%

[2] [44]. The obtained SINR value is SmSFN
. On the other hand ΓUC is calculated using

(4.20). Therefore, the user threshold to switch from unicast to MBSFN is obtained by

replacing (4.20) and the value of ΓSFN in (4.22).

The user threshold to switch from unicast to MBSFN vs ξ is presented in Figure 4.9.
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Figure 4.8 Ű User threshold to switch from unicast to SC-PTM mode vs α considering
different λBS values. Curves are obtained via the analytical expression in (4.16).

These results were obtained using the analytical expressions in (4.1), (4.7) and (4.20).

The coverage target is 95% and we set SMUC
= 30 dB. We consider two values for the BS

density, λBS = 4 BS/km2 and λBS = 12 BS/km2. The Ąrst observation is that for the same

Rs value the user threshold is lower for the higher BS density. This is because the SINR

provided by a MBSFN transmission increases with higher BS densities [45][56]. On the

other hand, the probability of coverage in unicast does not depend on the BS density [11].

Therefore, for the set of parameters considered in this study, the value of the user threshold

depends on the MBSFN network conĄguration. Furthermore, a high user threshold means

that many users are needed for MBSFN to be more efficient than unicast. Thus, when

deploying a MBSFN network it is better to keep a low user threshold. In Figure 4.9 we

observe that the value of user threshold remains almost constant for Rs = 2.5 km in the

interval 0 < ξ < 0.5, particularly for the higher BS density. As consequence, the expression

(4.3) provided in [45] could be used if the radius of the MBSFN area is large and twice the

radius of the target service area. A bigger MBSFN area would not drastically improve
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Figure 4.9 Ű User threshold to switch from unicast to MBSFN mode vs ξ considering
different Rs and λBS values. Curves are obtained via the Analytical expression in (4.7).

MBSFN performance. On the other hand, if a small MBSFN area is considered or ξ > 0.5

or a higher precision in the user threshold calculation is required, (4.7) should be used.

Furthermore, deployments in which users are located at a distance larger than 0.9Rs from

the origin should be avoided since the user threshold increases drastically in this region

and the MBSFN mode may never be activated. Finally, observe that SC-PTM is a better

solution when the MBSFN area is small, the BS density is low and users are located close

to the border of the MBSFN area.

In Figure 4.10 we present the user threshold vs the radius of the MBSFN area (Rs) for

different values of ξ and λ. We appreciate that the value of ξ has a more important impact

on the user threshold than the BS density. Observe that the user threshold is higher when

λBS = 12 BS/km2 and ξ = 0.9 than when λBS = 4 BS/km2 and ξ = 0.7071. This means

that it is better to have an MBSFN area signiĄcantly larger than the service area with

a low BS density than an MBSFN area with a similar size than the service area with a

high BS density. However, for the same value of ξ, MBSFN does beneĄt from a higher BS
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Figure 4.10 Ű User threshold to switch from unicast to MBSFN mode vs Rs considering
different ξ and λBS values. Curves are obtained via the Analytical expression in (4.7).

density.

4.4 Energy Consumption in Unicast and MBMS

Energy consumption is a great concern in many Ąelds of study due to the economic

and environmental cost of energy production. SpeciĄcally, mobile networks account for

1-2% of the world energy consumption [39]. Thus, one of the main requirements for the

Ąfth generation (5G) of cellular networks is a 90% reduction in network energy usage [30].

Broadcast transmission is a promising solution to reduce energy consumption in scenarios

where many users demand the same content as sportive events or group communications in

mission critical scenarios. However, few works study the energy consumption of broadcast

transmission compared to unicast transmission.

Energy consumption depends on many system parameters: bitrate, transmission time,

transmission power, bandwidth, transmission mode, network deployment, among others.
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Providing a model that considers all these parameters is not an easy task. Authors in

[52], proposed a scheduling algorithm to reduce UE energy consumption when receiving in

MBSFN mode. They showed that MBSFN helps to reduce energy consumption on the UE

compared to unicast. However, a model for SC-PTM and a BS energy consumption model

are not provided.

This section studies BS and UE energy consumption in scenarios where many users

demand the same content and broadcast transmission might be used. We present analytical

models to calculate the energy consumption in unicast, MBSFN, and SC-PTM transmission

modes.

4.4.1 Power Consumption Model

This section presents the UE and BS power consumption models used to calculate

energy consumption.

User Equipment Model

In this study we consider the LTE UE power consumption model presented in [31].

According to this model the power consumed by a UE in Downlink (DL) is calculated as

PUE = Pcon + PRx + PRxRF(URx) + PRxBB(CRx), (4.23)

where Pcon is the average power consumption in Radio Resource ConĄguration (RRC)

connected mode and PRx is the base power the UE signal-processing-chain consumes when

active. The power consumed by the Radio Frequency (RF) parts, PRxRF, is a function of

the DL power level in dBm, URx, and it is given by

PRxRF(URx) = p0RF
+ p1RF

URx, (4.24)

where p0RF
and p1RF

are constant values provided in [31] and presented in Table 4.2.

Take into account that a high DL power level in the receiver (URx) means that the gain of

the ampliĄers in the RF receive chain can be reduced and they may be powered off, to

reduce power consumption. Therefore, the constant p1RF
is negative. The constant p0RF

is

also negative but that is due to an adjustment of the model to avoid considering Pcon and

PRx twice when replacing (4.24) in (4.23) [31].

The power consumed by the Baseband (BB) parts, PRxBB, is a function of the DL
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bitrate in Mbit/s, CRx, and it is calculated as

PRxBB(CRx) = p0BB
+ p1BB

CRx, (4.25)

where p0BB
and p1BB

are constant values provided in [31] and presented in Table 4.2.

Here, the power consumption increases with the bitrate. This is because the decoding

complexity for the BB components, and thus the power consumption, scale linearly with

the bitrate. Therefore, the constant p1BB
is positive. The constant p0BB

is negative for

similar reasons than for p0RF
.

The values for Pcon, PRx are constant and provided in [31] and presented in Table 4.2.

Therefore, the UE power consumption depends on the DL power level (URx) and the DL

bitrate (CRx). In this study we use a Ąxed value for URx, thus the UE consumed power

can be expressed as

PUE = K + p1BB
CRx, (4.26)

where K = Pcon + PRx + PRxRF(URx) + p0BB
.

Base Station Model

The BS power consumption is studied using the model presented in [15]. The model

considers an LTE system with 10 MHz bandwidth and a BS maximum transmit power of

43 dBm. A BS antenna is served by a transceiver (TRX) that comprises: a power ampliĄer,

an RF small-signal TRX module, a BB engine, a DC-DC power supply, an active cooling

system and an AC-DC unit for connection to the electrical grid. Considering all these

components, authors of [15] estimate the power consumption per TRX chain for LTE

Macro BS (PBS).

4.4.2 Energy Consumption Model

Consider a service area in which the users are located following a PPP of density λUE.

This service area is a disk smaller than the MBSFN area and centered on it, see Figure 4.4.

In MBSFN mode, the minimum SINR to cover (SmSFN
) sets the transmission bitrate. This

minimum SINR is usually perceived by users close to the border of the MBSFN area since

they receive a high interference power. Therefore, we Ąx the radius of the service area as

ξRs and calculate the probability of coverage for a user at the border in order to determine
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the bitrate of the MBSFN transmission.

The UE power consumption depends on the transmission bitrate and the total energy

consumption depends on the transmission time. Hereafter we present how to calculate

these values and use them to obtain the energy consumption in unicast, MBSFN and

SC-PTM.

Energy Consumption in Unicast

The average downlink bitrate in unicast mode is calculated as

CUC = W E [log2(1 + S)♣S ≥ SmUC
] . (4.27)

The expected value in (4.27) can be calculated as in (4.20) by using g(S) = log2(1 + S)

and, thus,

dg(S) =
1

S ln(2) + ln(2)
dS. (4.28)

In unicast, the average transmission time [s/bit] is calculated as

tUC = E



1
W log2(1 + S)

∣

∣

∣

∣

∣

S ≥ SmUC

]

=
ΓUC

W
, (4.29)

Notice that E

[

1
X

]

̸= 1
E[X]

and thus tUC ̸= 1
CUC

. Now, the energy consumption for all

the BS is calculated as

EBSUC
= NBSUC

PBSDTxtUC
NU

NBSUC

= PBSDTxtUCNU, (4.30)

where NBSUC
is the total number of BS that transmit in unicast mode, PBS is the BS

power consumption, DTx is the amount of data to be transmitted and NU = λUEπ(ξRs)2

is the average number of users in the service area. Since BS in unicast do not transmit if

there arenŠt any users camped on them, NBSUC
= min ¶NU, λBSπ(ξRs)2♢. The factor NU

NBSUC

accounts for the fact that radio resources are shared in unicast. The more users per cell,

the longer the time to transmit a certain data to all of them. Notice that EBSUC
does not

depend on the BS density.
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The energy consumption of all the UE is calculated as

EUEUC
= NUDTxtUC

NU

NBSUC

(

K + p1BB
CUC

NBSUC

NU

)

= NU
2DTxtUCK

NBSUC

+NUDTxtUCp1BB
CUC.

(4.31)

Take into account that the UE power model considers the bitrate in Mbit/s. Further-

more, the average bitrate in unicast is multiplied by
NBSUC

NU

because the capacity of each

cell is divided equally among the users of the cell.

Energy Consumption in MBSFN

The DL bitrate in MBSFN is calculated as

CSFN = W [log2(1 + SmSFN
)] , (4.32)

and the average transmission time is tSFN = 1
CSFN

= ΓSFN

W
. Then, the energy consumption

for all the BS is calculated as

EBSSFN
= NBSSFN

PBSDTxtSFN, (4.33)

where NBSSFN
= λBSπRs

2, is the number of BS in the MBSFN area. Notice that EBSSFN

does not depend on the UE density. On the other hand, the energy consumption for all

the UEs is calculated as

EUESFN
= NUDTxtSFN(K + p1BB

CSFN). (4.34)

Figure 4.11 presents the ratio between the BS energy consumption in unicast mode

(EBSUC
) and MBSFN mode (EBSSFN

). Simulation parameter are presented in Table 4.1 and

Table 4.2. We consider an MBSFN area of 19.6 km2 (Rs = 2.5 km) and a service area of

9.8 km2 (ξ = 0.7071). With MBSFN transmission the BSs consume less energy than in

unicast mode when the user density is higher than 3.8 UE/km2 for λBS = 12 BS/km2. For

lower BS densities, until 1.2 BS/km2, the value of λUE that makes
EBSUC

EBSSFN

= 1 decreases.

However, if λBS < 1.2 BS/km2 more users are necessary for MBSFN to be more efficient.

In this scenario, λBS = 1.2 BS/km2 minimizes the BS energy consumption in MBSFN

mode for all UE densities. Additionally, observe that the BS energy ratio increases with

the user density, e.g., with λBS = 4 BS/km2 and λUE = 10 UE/km2 the BSs consume 5
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parameter value

BS power consumption (PBS) 225 W

UE RX power consumption (URx) −40 dBm

Pcon 1.53 W

PRx 0.42 W

p0RF
−60.7 × 10−3 W

p1RF
−1.11 × 10−3 W/dBm

p0BB
−26.6 × 10−3 W

p1BB
2.89 × 10−3 Ws/Mbit

Table 4.2 Ű Simulation parameters for Energy Consumption Simulation

times more energy in unicast mode than in MBSFN mode.

The ratio between UE energy consumption in unicast mode (EUEUC
) and MBSFN

mode (EUESFN
) is presented in Figure 4.12. Only when λBS < 0.8 BS/km2 and λUE < 3.4

UE/km2 the UE energy consumption is lower in unicast than in MBSFN. Apart from

that, we see that in most cases the UEs energy consumption is lower when receiving in

MBSFN than in unicast. This is because the UEs perceive a higher SINR in MBSFN

mode due to a reduced interference and therefore, they receive at a higher bitrate and

transmission is faster. In Fig. Figure 4.12 we appreciate one surface when λUE ≥ λBS and

other when λUE < λBS, this is due to the deĄnition of NBSUC
. If in average there is one

or less users per BS, the UE energy consumption in unicast is constant for a given λBS,

however if there is more than one user per BS, the UE energy consumption increases due

to the resource sharing in unicast. Similarly with the BS energy consumption, λBS = 1.2

BS/km2 minimizes UE energy consumption in MBSFN mode for all UE densities and

the UE energy consumption ratio increases with λUE when λUE ≥ λBS. As an example,

if λBS = 4 BS/km2 and λUE = 10 UE/km2 the UEs consume 10 times more energy in

unicast mode than in MBSFN mode.

Energy Consumption in SC-PTM

The downlink bitrate in SC-PTM is calculated as

CSC = W [log2(1 + SmSC
)] , (4.35)
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Figure 4.11 Ű Ratio between the BS Energy Consumption in unicast and MBSFN modes
for different λBS and λUE values, considering Rs = 2.5 km and ξ = 0.7071.

and the average transmission time is tSC = 1
CSC

= ΓSC

W
. Notice that SmSC

= SmUC
. Then,

the energy consumption for all the BS is calculated as

EBSSC
= NBSSC

PBSDTxtSC, (4.36)

where NBSSC
= NBSUC

, is the number of BS that transmit in SC-PTM mode. On the

other hand, the energy consumption for all the UE is calculated as

EUESC
= NUDTxtSC(K + p1BB

CSC). (4.37)

Figure 4.13 presents the ratio between the BS energy consumption in unicast mode

(EBSUC
) and SC-PTM mode (EBSSC

). First notice that the axis for λBS and λUE are inverted

with respect to Figure 4.11 and Figure 4.12. We see that in most cases BSs consume more

energy in SC-PTM mode than in unicast mode. However, the BSs consume less energy

when transmitting in SC-PTM mode when λBS is low. This is because in unicast the BS

116



4.5. User Threshold to Reduce Energy Consumption

Figure 4.12 Ű Ratio between the User Equipment Energy Consumption in unicast and
MBSFN modes for different λBS and λUE values, considering Rs = 2.5 km and ξ = 0.7071.

energy consumption does not depend on the BS density, the more BS the lower the number

of user in each BS and therefore, the transmission is faster. However, in SC-PTM mode,

BSs energy consumption increases linearly with the BS density. On the other hand, the

BS energy consumption in unicast increases with λUE while EBSSC
does not depend on

the UE density. This is why the energy ratio increases with λUE. If we consider λBS = 2

BS/km2, SC-PTM helps to reduce BS energy consumption only if λUE > 17.6 UE/km2.

4.5 User Threshold to Reduce Energy Consumption

This section provides an analytical model to calculate the number of users per cell to

switch from UC to BC (MBSFN or SC-PTM) to reduce BS and UE energy consumption.
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Figure 4.13 Ű Ratio between the Base Station Consumption in unicast and SC-PTM modes
for different λBS and λUE values.

4.5.1 Unicast to MBSFN

Base Stations Side

The comparison of BS energy consumption between unicast and MBSFN is as follows

PBSDTxtUCNU > NBSSFN
PBSDTxtSFN. (4.38)

The user threshold, in number of user per cell in the MBSFN area, is the value of Nu

that makes (4.38) an equality divided by NBSSFN
, thus

USFNBS
=
tSFN

tUC

=
ΓSFN

ΓUC

, (4.39)

which is the same value of user threshold when aiming to optimize radio resource

utilization.
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User Equipment Side

On the other hand, considering UE power consumption the comparison is as follows

EUEUC
> EUESFN

(4.40)

By combining (4.31) and (4.34), we get

aNu
2 − bNu ≥ 0, (4.41)

where

a =
DTxtUCK

NBSUC

, (4.42)

and

b = DTx(−tUCp1BB
CUC + tSFN(K + p1BB

CSFN)). (4.43)

Since Nu ≥ 0, inequation (4.41) is veriĄed if Nu ≥ b/a. Thus, the user threshold in UE

per MBSFN area cell for which the energy consumption on the UE side is reduced when

transmitting in MBSFN mode is given by

USFNUE
=

NBSUC

NBSSFN

[

tSFN

tUC

− p1BB

K

(

CUC − 1
tUC

)

. (4.44)

As stated before, NBSUC
= min ¶Nu, λBSπ(ξRs)2♢ therefore, USFNUE

has two deĄnitions

depending on the values of λUE and λBS because

NBSUC

NBSSFN

=











ξ2 λUE ≥ λBS
λUE

λBS
ξ2 λUE < λBS

(4.45)

Since
NBSUC

NBSSFN

≤ 1, K is always positive and CUC > 1
tUC

, because E [X] > 1
E[ 1

X
]
, thus,

we prove that USFNUE
< USFNBS

. This means that switching from unicast to MBSFN

considering the user threshold in (4.22) and (4.39), helps to reduce radio resource utilization

and energy consumption on the BS side and the UE side.

119



Chapter 4 – A Tractable Approach to MBMS

4.5.2 Unicast to SC-PTM

Base Stations Side

Following a similar procedure than for MBSFN, we obtain the number of users per cell

from which the BS energy consumption in SC-PTM is lower than in unicast, as follows

USCBS
=
tSC

tUC

=
ΓSC

ΓUC

, (4.46)

which is the same user threshold to reduce radio resource utilization.

User Equipment Side

Furthermore, the number of users per cell from which the UE energy consumption is

lower in SC-PTM than in unicast is calculated as

USCUE
=
tSC

tUC

− p1BB

K

(

CUC − 1
tUC

)

. (4.47)

This proves that USCUE
< USCBS

. However, the difference between USCBS
and USCUE

is

negligible because p1BB
is of the order of 10−3.

The user thresholds to switch from unicast to MBSFN or SC-PTM in order to reduce

energy consumption in the BSs or UE are presented in Figure 4.14. We consider λBS = 4

BS/km2 and MBSFN areas ranging from 3.1 km2 (Rs = 1 km) up to 19.6 km2 (Rs = 2.5

km). The service areas have half the size (ξ = 0.7071) and 80% the size (ξ = 0.9) of the

MBSFN area. First, notice that USCBS
and USCUE

are equal to 8.7 UE/cell. These values do

not depend on λUE or λBS. On the other hand, the user thresholds for MBSFN decrease

with the MBSFN area size. The bigger the MBSFN area, the higher the SINR and therefore

the lower the energy consumption in MBSFN. We see as well that the size of the Service

area has an important impact on the user threshold, e.g., if Rs = 1 km, USFNBS
increases

from 1.27 UE/cell to 8.5 UE/cell when increasing ξ from 0.7071 to 0.9. This is due to the

higher interference perceived by the users at the border of the service area. Now, when

λUE ≥ λBS, the difference between USFNBS
and USFNUE

is lower than 2 UE/cell in all cases.

However, if λUE ≥ λBS, USFNUE
can be signiĄcantly lower than USFNBS

. For example, if

Rs = 1 km, USFNUE
= 3.44 UE/cell while USFNBS

= 8.5 UE/cell.
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Figure 4.14 Ű User Threshold to switch from unicast to MBSFN or SC-PTM in order to
reduce Energy Consumption on the Base Stations or User Equipment for different service
area and MBSFN area conĄgurations and user densities.

4.6 Summary

This chapter presents an analytical expression to calculate the probability of coverage

for a user located at any point between the origin of the plane and the border of the

MBSFN area when receiving in MBSFN mode. Furthermore, we use this expression and

the formula for the probability of coverage in unicast mode, to develop an expression to

calculate the user threshold to switch from unicast to MBSFN mode or SC-PTM mode in

order to reduce radio resource utilization.

Our approach can be used to make an accurate estimation of the user threshold. Either

in real time by obtaining the location of the user further away from the origin (closer to

the border of the MBSFN area) or beforehand by knowing the radius of the service area,

where the users are expected to be. In both cases, the distance should be smaller than the

radius of the MBSFN area (Rs).

121



Chapter 4 – A Tractable Approach to MBMS

We also present an analytical model to calculate the energy consumption in the BS and

UE when transmitting using UC, SC-PTM and MBSFN mode. Furthermore, we developed

expressions to calculate the number of users per cell from which SC-PTM or MBSFN

reduce BS or UE energy consumption with respect to unicast.

We proved that the user threshold to reduce BS energy consumption are the same

as the user threshold to reduce radio resource utilization, in both SC-PTM and MBSFN

mode. We also proved that the user threshold to reduce UE energy consumption is lower

than the user threshold to reduce BS energy consumption, in particular for MBSFN. The

results show that MBSFN is a better solution than SC-PTM to reduce energy consumption

in most cases.

Analytical expressions allow fast computation of system metrics, like SINR or user

threshold, compared to Monte Carlo simulations. However, some simpliĄcations are done

with respect to real deployments. For instance, in this chapter we consider BS with

omnidirectional antennas, we do not consider reserved cells in the MBSFN area or the

possibility of some users remaining in unicast mode even after MBSFN activation. These

aspects are contemplated for MBMS but are difficult to consider using analytical methods.

Therefore, the following chapter uses Monte Carlo simulations to analyze a more realistic

MBMS deployment scenario, particularly focused on MCC.
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Chapter 5

COMPARISON OF MBSFN, SC-PTM

AND UNICAST FOR MISSION CRITICAL

COMMUNICATION

MCC Services are currently provided through secure and reliable PMR dedicated net-

works. These services include voice, data and video delivery. During an emergency, timely

access to video streaming can increase situational awareness and enhance life-saving op-

erations. Therefore, to improve the capabilities of PMR networks and benefit from the

advantages of mutualization, standard cellular technologies based on 4G and 5G were

adopted for MCC. In particular, the MBMS is suitable for the transmission of group

communication services. In this chapter, we compare MBSFN, SC-PTM and UC in MC

scenarios from a resource use perspective.

In Section 5.1 we present the definition of MCC and review the standardization history

with special attention to the use of MBMS for group communications. Then, Section 5.2

details the system model we propose for the study of MBMS in MC scenarios. Addition-

ally, the equations used to calculate the SINR perceived by the MC users are presented.

Afterwards, in Section 5.3 we developed the radio resource utilization model, principally

focused on the calculation of the System Spectral Efficiency (SSE) in each transmission

mode. Monte Carlo simulation results for the SSE are presented and discussed. Section 5.4

is centered on the calculation of the user threshold which in this chapter is defined as

the number of users per square kilometer from which MBMS becomes more efficient than

UC. Finally, the main conclusions and more important contributions are highlighted in

Section 5.5.
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5.1 Mission Critical Communications

MCC refer to the timely and reliable exchange of information between Ąrst responders

in emergency situations where human life and other values for society are at risk [26].

Emergencies can take place in different scenarios. They can affect a small area (e.g. a

building on Ąre or a bank robbery) or an entire city (e.g., an earthquake or a tsunami).

Furthermore, the number of MC Agents changes according to the severity and scale of

the emergency. According to [37], over 1000 officers including companies of specialist riot

teams and 1400 stewards were deployed in the surroundings of the Stade de France during

a football game between France and Turkey in 2020. In emergency conditions, people of

rescue or security teams should share information in real time. Group Communications,

intended to distribute the same content to multiple users in a controlled manner, are thus

of prime importance to ensure efficient operations.

MCC depend on secure PMR networks. PMR networks are used by private actors

(companies, local authorities, police forces, Ąremen) to deploy dedicated, reliable and

secure networks in given areas (cities, port areas, airports, industrial complexes, stadiums,

campuses) operating in multicast, broadcast or unicast mode. The Ąrst PMR technologies,

Terrestrial Trunked Radio (TETRA), Terrestrial Trunked Radio Police (TETRAPOL)

and Association of Public-Safety Communications Officials (APCO) Project 25 (P25),

used speciĄc waveforms and multiplexing methods. They offered mainly voice services but

they had a limited possibility to support data services. Moreover, they work on narrow

channels (25 kHz for TETRA, 6.25 or 12.5 kHz for APCO-P25 and 10 or 12.5 kHz for

TETRAPOL) in the Ultra High Frequency (UHF) band (around 400MHz). In parallel,

public networks and devices advanced rapidly with the deployment of Third-Generation

cellular networks (3G), 4G LTE and nowadays 5G. 4G and 5G networks and terminals offer

bit rates and functionalities superior to those of PMR. Because of this, the working group

PMR Tetra and Critical Communication Association (TCCA) partnered with the 3GPP

to achieve in Release 13 the deĄnition of high-bitrate PMR services working on LTE bands.

These services include Mission Critical Push-to-Talk (MCPTT), Device-to-Device (D2D)

communication and group communication. Afterwards, in Release 14 two new MC services

were speciĄed: MC Video and MC Data (including messaging services and Ąle distribution).

These three MC services (MCPTT, MCVideo and MCData) currently work in LTE bands

and respond to the requirements of private communications. These MC services are not

as exigent in terms of latency as Ultra-Reliable Low-Latency Communication (URLLC)
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services but they can be bandwidth consuming. Therefore, MBMS was adopted to support

PMR Group Communication. Today, there exist two BC technologies used in mobile

networks: MBSFN and SC-PTM.

5.1.1 MBMS for Mission Critical Communications

The 3GPP presents in [29] a comparison between SC-PTM and MBSFN for public

safety. They conclude that SC-PTM is more efficient that MBSFN when UE are only located

in some cells of the MBSFN area. This is because they consider a static MBSFN area in

which all cells participate in the MBSFN transmission even if they do not have UE camped

on them, while in SC-PTM only the cells with users are activated. They also observed

that SC-PTM is more efficient than single cell MBSFN in terms of Spectral Efficiency.

This is because MBSFN only supports single antenna port transmission and extended

CP while SC-PTM supports Transmit Diversity and uses the normal CP. Additionally,

their simulations use a regular hexagonal model with an inter-site distance of 1732m (a

BS density of ∼0.4 BS/km2), which is low compared to actual deployments in big cities.

At last, they consider at most 20 UEs per cell, which is low for MC Scenarios in massive

events. The work in [18] compares MBSFN, SC-PTM and UC in terms of radio quality,

system spectral efficiency and cell coverage. Their study considers 4 UE/cell in most

simulations and a BS density of ∼0.31 BS/km2 with omnidirectional antennas. Under this

assumptions they conclude that SC-PTM outperforms both UC and MBSFN in terms of

SSE. In our study we prove that this affirmation do not always hold true, specially for

MC scenarios with high user densities and BS densities.

5.2 System Model for MBMS transmission in Mission

Critical scenarios

In this section we describe the system model we consider in our work. The propagation

model is based on Okumura-Hata-Cost231 with shadowing and fading following the 3GPP

reference model [3]. Tri-sector base stations are considered with adapted antennas, as

in Chapter 3. To take into account the irregularity of operational networks, we consider

BSs located following a PPP of density λBS. It is assumed that all cells use the same

transmission power and carrier frequency.

There exist different types of MBSFN area cells. Guard cells do not transmit any signal
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while a broadcast transmission is taking place in order to reduce interference. Normally

they are located at the border of the MBSFN area. There are also Additional cells which

are MBSFN area cells that do transmit useful signal power but there are not any interested

UE are camped on them. In this study we do not consider guard cells or additional

transmitting cells in MBSFN mode. The Ąndings from [29], [18] and our own simulations

proved that the SINR gain of using guard cells or additional cells does not compensate

the additional use of radio resources. On the other hand, an MBSFN area Reserved cell is

deĄned as a cell that belongs to the MBSFN area but that does not transmit the broadcast

content, instead it transmit for other services and therefore, generate interference.

In UC and SC-PTM modes each UE receives the content from its serving cell, i.e., the

cell from which the UE perceives the highest SINR. All the other cells generate interference.

On the other hand, in MBSFN mode the UE receives the signals from all the cells belonging

to the MBSFN area except for the MBSFN Area Reserved Cells. In our study, we consider

that a cell in the MBSFN area becomes a reserved cell if there are not any UE interested

in the BC content camped on it. Additionally, we consider that reserved cells transmit for

other services and therefore, generate interference [7].

We denote the cells from the MBSFN area that contribute to the MBSFN transmission

as NSFNon. The number of interfering reserved cells is denoted by NSFNint. Therefore the

total number of cells in the MBSFN area is NSFN = NSFNon +NSFNint. Furthermore, we

deĄne the area where the MC users (e.g., Ąremen) are located as the MC Area (AMC).

In our study, this area is a disk and users are assumed to be uniformly distributed in

the disk, see Figure 5.1. The MBSFN area (ASFN) is also a disk which is assumed to be

equal or bigger than the MC area. The ratio between the size of both areas is δMC which

is calculated as δMC = AMC/ASFN. Therefore, 0 < δMC < 1 since ASFN ≥ AMC.

5.2.1 SINR Probability Distribution

The SINR in unicast mode is calculated as in Subsection 3.2.2. Since SC-PTM mode

refers to broadcast transmission in one cell, the SINR in SC-PTM mode is calculated the

same way that the SINR in unicast mode. In the case of MBSFN, the SINR is calculated

similarly to Subsection 3.2.3, but instead of considering all the BS in the MBSFN area, we

consider only the active BS, NSFNon. Thus, the useful signal power in MBSFN is calculated

as
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Figure 5.1 Ű MBSFN capable BS in the MBSFN Area and MC users in the Mission Critical
Area considering λBS = 4 BS/km2 and λUE = 100 UE/km2.

PSFN = Ptxke
χc

∑

i∈NSFNon

δir
−α
i hie

χiG(θi), (5.1)

and the interference power is obtained as

ISFN = Ptxke
χc





∑

i∈NSFNon

(1 − δi)r−α
i hie

χiG(θi) +
∑

i/∈NSFNon

r−α
i hie

χiG(θi)



 . (5.2)
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5.2.2 Simulation Results for the SINR Distribution in MC Sce-

narios

Since this study is centered on MCC, we Ąx an exigent coverage requirement of 99% (4%

higher than in [29]). Considering this model, we calculate the CDF of the SINR perceived

by the UE in unicast mode and the CDF of the Ąrst percentile SINR (99% coverage) in

SC-PTM and MBSFN modes. To do so, we use the Monte Carlo method. For a given set

of system parameters (λBS, λUE, ASFN, AMC) we run several iterations and calculate the

SINR perceived by the group of UE in each mode based on the equations presented in

Section 3.2. To be compliant with 3GPP standards, most of the simulation parameters

were taken from [3, Table C.1] and are given in Table 5.1. Simulation parameters not

mentioned in Table 5.1 are presented in Table 3.1.

parameter value

Total simulation area 100 km2

System Bandwidth (W ) 20 MHz

Carrier Frequency (fc) 700 MHz

BS Transmission Power (Ptx) 46 dBm

Noise Power (PN) −98 dBm

Path Loss Factor (k)1 0.2630
1 For distance in meters.

Table 5.1 Ű Simulation parameters for MCC

Figure 5.2 and Figure 5.3 presents the CDF of the Ąrst percentile SINR in MBSFN

(SmSFN) for different λBS and λUE values and the CDF of the SINR in unicast mode, SUC.

In the former we set ASFN = 8 km2 and in the latter ASFN = 4 km2. Notice that the

effect of the UE density changes depending on the BS density. When λBS = 4 BS/km2,

increasing the UE density results in a higher SINR. A gain of 3.35 dB is obtained when

ASFN = 8 km2, see Figure 5.2. This is because the more users in the MC area the higher

number of active cells in the MBSFN area (NSFNon), see Figure 5.5. On the contrary, when

λBS = 1 BS/km2, increasing the UE density results in a lower SINR. In this case, NSFNon

does not increase signiĄcantly because the cells cover a larger surface and the new users

are camped on the already active cells. Furthermore, the probability of having users at

the border of the MBSFN area increases. In other words, to increase the SINR in MBSFN
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Figure 5.2 Ű CDF of the Ąrst percentile SINR in MBSFN mode (SmSFN) and CDF of the
SINR in UC (SUC) considering AMC = 4 km2 and ASFN = 8 km2. λBS in BS/km2, λUE in
UE/km2.

mode, for a high UE density it is convenient to have a high BS density and for a low UE

density it is better to have a low BS density. Additionally, we appreciate that in most

cases the Ąrst percentile SINR in MBSFN is lower than the SINR in Unicast. However,

for high λBS, λUE and ASFN values, the median SmSFN value is close the median SUC value.

When comparing Figure 5.2 and Figure 5.3, we see that for the same λBS and λUE values,

SmSFN is higher when increasing the MBSFN area size (ASFN). A SINR gain of ∼2.5 dB is

obtained when λBS = 4 BS/km2 and λUE = 100 UE/km2.

The CDF of the Ąrst percentile SINR in SC-PTM (SmSC) are presented in Figure 5.4.

The simulations proved that when transmitting in SC-PTM mode we get a better perfor-

mance when having a high BS density and low UE density. A gain > 1 dB can be obtained

when increasing λBS from 1 BS/km2 to 4 BS/km2. At the same time, a maximum gain of

4.8 dB is obtained when reducing the UE density from 100 UE/km2 to 10 UE/km2. This

is because the UE receive a higher useful signal power from its serving cell when having
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Figure 5.3 Ű CDF of the Ąrst percentile SINR in MBSFN mode (SmSFN) and CDF of the
SINR in UC (SUC) considering AMC = 4 km2 and ASFN = 4 km2. λBS in BS/km2, λUE in
UE/km2.

a high BS density. Additionally, having less UE per cell reduces the probability of them

being at the cell border. As expected the target SINR in SC-PTM mode (SmSC) is lower

than SUC.

Figure 5.5 presents the ratio between the MBSFN area cells that participate in the

MBSFN transmission, NSFNon, and all the cells in the MBSFN area, NSFN versus the ratio

between the MC area and the MBSFN area,

φMC = AMC/ASFN. (5.3)

We observe that with a high UE density, more cells participate in the MBSFN transmis-

sion. This is because there are fewer empty cells. Similarly, as the MC area approaches the

size of the MBSFN area (φMC = 1), more cells have users camped on them and participate

in the MBSFN transmission. Notice that, if the ratio between AMC and ASFN is maintained,

the size of the MC area does not have a signiĄcant effect on the fraction of cells that
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Figure 5.4 Ű CDF of the Ąrst percentile SINR in SC-PTM mode (SmSC) and CDF of the
SINR in UC (SUC) for different scenarios considering AMC = 4 km2. λBS in BS/km2 and
λUE in UE/km2.

participate in the MBSFN transmission.

5.3 Radio Resource utilization Model for MCC

This section describes the resource utilization model used to compare the radio efficiency

of MBSFN, MBSFN and UC transmission modes. We Ąx a coverage requirement of 99%.

In all the scenarios, we consider the transmission of a single content common to all the

MC users. Users are located following a PPP of density λUE. We denote the number of

MC users in the MC area as Nu. The value of Nu depends on λUE and the size of the

Mission Critical Area (AMC). For each transmission mode we derive the expressions for

the SSE and we present the equation for the ratio between radio resources and capacity.
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Figure 5.5 Ű Fraction of active cells in the MBSFN area (NSFNon/NSFN) versus the ratio
between the MC area and the MBSFN area (φMC = AMC/ASFN) considering λBS =
4 BS/km2. λUE in UE/km2 and AMC in km2.

5.3.1 Resource utilization in MBSFN mode

When MBSFN available content is to be transmitted, the cells in the MBSFN Area

that have MC users camped on them start the MBSFN transmission. The target SINR

to cover (SmSFN) is Ąxed as the lowest SINR among the 99% of these UE with the best

channel conditions.

We calculate the SSE based on the Shannon Theorem. The capacity of a system (C) in

bits per second (bits/s) is calculated as C = W log2(1 + S), where W denotes the system

bandwidth and S the SINR. We denote the radio resources used for MBSFN transmission

as WSFN. One realization of the PPP for the BS location and the PPP for the UE location

is denoted as ζ. Thus, the SSE in MBSFN mode for a certain network deployment and

MC users location,ESFN(ζ), is calculated as
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ESFN(ζ) =
C

WSFN

=
6
7

log2(1 + SmSFN), (5.4)

where the factor 6
7

accounts for the longer cyclic preĄx with MBSFN. Then, we take

the expected value over several network deployments (PPP realizations) with the same

λBS and λUE to obtain the average SSE in MBSFN mode

ESFN = E [ESFN] . (5.5)

Since E [1/ESFN] ̸= 1/E [ESFN], we deĄne the average ratio between radio resources

and capacity in MBSFN mode as

ΓSFN =
WSFN

C
= E

[ 1
ESFN



, (5.6)

which is useful to calculate the User threshold in Section 5.4.

5.3.2 Resource utilization in SC-PTM mode

A cell transmitting in SC-PTM mode Ąxes the target SINR to cover (SmSC) based on

the 99% coverage requirement. The SSE for a certain network deployment and MC users

location is calculated as

ESC(ζ) =
C

WSC

= log2(1 + SmSC). (5.7)

We assume that all cells are SC-PTM capable. Then, we take the expected value over

several PPP realizations with the same λBS and λUE to obtain the average SSE in SC-PTM

mode

ESC = E [ESC] (5.8)

Finally, the average ratio between radio resources and capacity is given by

ΓSC =
WSC

C
= E

[ 1
ESC



. (5.9)

5.3.3 Resource utilization in unicast mode

The UC mode uses link adaptation techniques and the radio resources per cell are

shared among the users. Therefore the Spectral Efficiency (SE) is calculated for each MC
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user as

EUE =
C

WUE

= log2(1 + SUC), (5.10)

where WUE is the bandwidth allocated to the user and SUC the SINR. Each cell Ąxes

the minimum SINR to cover (SmUC) according to the coverage requirement. To calculate

the SSE in UC mode for a certain network deployment and MC users location we average

over all the values of SINR from SmUC to the highest measured SINR

EUC(ζ) = E



EUE

Nucell

∣

∣

∣

∣

∣

SUC ≥ SmUC

]

, (5.11)

where Nucell
is the number of users per cell. Therefore, the average SSE in unicast mode

is calculated as

EUC = E [EUC] . (5.12)

Additionally, the average ratio between radio resources and capacity in UC is calculated

as

ΓUC =
WUE

C
= E

[ 1
EUE

∣

∣

∣

∣

SUC ≥ SmUC



. (5.13)

The same reasoning is used to estimate the ratio between radio resources and capacity

for users that remain in UC mode after MBSFN activation (ΓUCo). We denote the average

radio resources per UE for these users as WUEo. The sub-index o stands for Outside the

MBSFN area.

5.3.4 Simulation Results for the SSE in MC Scenarios

The System Spectral Efficiency for each transmission mode is presented in Figure 5.6.

We consider λBS = 4 BS/km2 and λUE = 100 BS/km2. The ratio between the MC

area and the MBSFN area is denoted as φMC. First, notice that the SSE in SC-PTM is

∼ 0.2 bit/s/Hz higher than in UC for all the MC area sizes. The SSE in UC is reduced as

the number of users per cell (Nucell
) increases, as stated in (5.11). Furthermore, we see that

the smaller the MC area the higher the SSE for SC-PTM and UC. Doubling the size of the

MC area reduces the SSE by ∼0.05 bit/s/Hz. As seen before, SC-PTM and UC beneĄt

from a low number of users. On the other hand, the SSE in MBSFN mode increases by
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Figure 5.6 Ű System Spectral Efficiency in MBSFN, SC-PTM and Unicast transmission
modes versus the ratio between the MC area and the MBSFN area (φMC = AMC/ASFN)
for different scenarios considering λBS = 4 BS/km2, λUE = 100 UE/km2 and AMC in km2.

∼0.2 bit/s/Hz when doubling the size of the MC area and MBSFN area. Additionally, we

see that for each MC area there is a threshold for the MBSFN area size from which the

SSE stops increasing. This is because cells located far from the MC area are not selected

as serving cells by the UEs and therefore do not participate in the MBSFN transmission.

Simulation results considering λUE = 10 BS/km2 are presented in Figure 5.7. The

SSE in MBSFN mode is below 0.5 bit/s/Hz for all the AMC and φMC values while the

SSE for UC is above 1.2 bit/s/Hz and above 1.3 bit/s/Hz for SC-PTM. As presented in

Figure 5.5, if the UE density is low, few cells from the MBSFN area participate in the

MBSFN transmission. Furthermore, SC-PTM and unicast beneĄt from a low number of

users per cell.
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Figure 5.7 Ű System Spectral Efficiency in MBSFN, SC-PTM and Unicast transmission
modes versus the ratio between the MC area and the MBSFN area (φMC = AMC/ASFN)
for different scenarios considering λBS = 4 BS/km2, λUE = 10 UE/km2 and AMC in km2.

5.4 User Threshold for Mission Critical Communica-

tions

In this chapter, we deĄne the User Threshold as the number of users per square

kilometer demanding the same MC service from which MBSFN or SC-PTM become

more efficient than UC from a resource utilization perspective. We modify the deĄnition of

user threshold with respect to previous chapters to follow the thread of the chapter which

assumes that the size of emergency areas (AMC) and MBSFN areas ASFN is measured in

km2 and not in number of cells. This facilitates the analysis.

A scenario that, to the best of our knowledge, has not been considered in previous

works on the use of MBSFN transmission in MC Communications is: What happens

with the MC users that request a content available in MBSFN mode but are

served by cells outside the MBSFN Area? This scenario is highly probable if the
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size of the MC area is equal to the size of the MBSFN area. In this study we examine two

possibilities:

1. The SINR perceived by the UE from the active cells in the MBSFN area is higher

than the minimum SINR targeted by the MBSFN transmission. In that case the UE

starts a handover procedure and choose a serving cell among those in the MBSFN

area to receive the content in BC mode.

2. The SINR perceived by the UE from the cells in the MBSFN area is lower than

the minimum SINR targeted by the MBSFN transmission. Then, the UE remains

receiving in UC mode from its serving cell.

The fraction of MC users in the MC area that receive the content in BC mode after

MBSFN activation is denoted by γSFN such that 0 ≤ γSFN ≤ 1.
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Figure 5.8 Ű Fraction of users that receive the content in MBSFN mode (γSFN) versus
the ratio between the MC area and the MBSFN area (φMC = AMC/ASFN) considering
λBS = 4 BS/km2.

Figure 5.8 presents the fraction of users that receive the content in MBSFN mode

(γSFN) versus φMC. As expected, if the size of the MC area approaches the size of the
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MBSFN area (φMC = 1), the number of users receiving in MBSFN mode decreases. If

users are close to the border of the BC area, they may Ąnd a cell outside the MBSFN area

that provides a higher signal power. Also notice that γSFN is higher for larger MC areas.

Finally, we see that the worst case for MBSFN is a small MC area and a low UE density,

almost 30% of the users remain in unicast mode after MBSFN activation. Since AMC and

ASFN are correlated, the MBSFN area is also small and BS outside the MBSFN area are

close to the MC users.

Unicast to MBSFN

Considering the proposed model, in terms of radio resource utilization MBSFN is more

efficient than UC if

NuWUE > NSFNonWSFN + (1 − γSFN)NuWUEo. (5.14)

The user threshold for MBSFN (UTSFN
) is the value of Nu for which (5.14) is an equality.

Thus, we obtain UTSFN
by solving (5.14) for Nu, dividing by AMC and replacing WUE and

WSFN using (5.6) and (5.13) assuming the same target capacity (C) for unicast and MBSFN

such that

UTSFN
=

NSFNonΓSFN

AMC(ΓUC − (1 − γSFN)ΓUCo)
. (5.15)

Keep in mind that UTSFN
is the exact number of MC users demanding the MC service

from which MBSFN becomes more efficient that UC while λUE is the average number of

MC users on Ąeld.

Unicast to SC-PTM

Using SC-PTM, all the MC users are served in BC mode since there are not limitations

in terms of broadcast area. Thus, the comparison in terms of radio resource utilization

between UC and SC-PTM is as follows

NuWUE > NSCWSC, (5.16)

where NSC is the number of cells that transmit in SC-PTM mode. We obtain the User

Threshold for SC-PTM (UTSC
) using a similar procedure to the one used to obtain (5.15):
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5.5. Summary

small-scale emergencies.
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Chapter 6

CONCLUSION

This thesis presents a comparison between unicast and broadcast transmission modes in

cellular networks. It also provides solutions for the calculation of the user threshold for the

switching between unicast and MBMS. Unicast transmission beneĄt from link adaptation

and adaptive antennas. However, the same data is transmitted as many times as the

number of users demanding the same content. On the other hand, MBMS transmission

consist on a single transmission aiming to cover the group of users demanding the same

content. The bitrate is the same for all users and is set based on the users with the

worst channel quality. One broadcast technique, MBSFN, reduces interference at cells

borders and increases the SINR thanks to the synchronized transmission from multiple

neighboring cells. The second MBMS technique, SC-PTM, prioritizes compatibility with

unicast to facilitate resource allocation and deployment. Thus, the calculation of the

user threshold needs to consider the different nature of the three transmission techniques

(Unicast, MBSFN and SC-PTM) and varying system parameters.

First we provide a comparison between unicast and MBSFN. We consider base stations

equipped with tri-sector antennas located according to a Poisson distribution. We showed

that when a MBSFN area covers a very large surface it outperforms unicast transmission

in terms of SINR even if unicast uses beamforming with up to eight antennas per sector.

Conversely, if the MBSFN area has a limited number of cells, the SINR is lower. The

most challenging scenario for MBSFN is an MBSFN area of only two base stations versus

unicast using beamforming with eight antennas per sector. In that case, the user threshold

from which MBSFN becomes more efficient than unicast is eighth UE per cell.

Then, considering the dynamicity of users location, we aim to provide a faster way to

calculate the user threshold. We developed an equation to calculate the SINR distribution

for a UE located in any place inside the MBSFN area. Using this equation and the formula

for the probability of coverage in unicast, we propose an analytical method to calculate

the user threshold to switch from unicast to MBSFN or SC-PTM. The key parameter

of this method is the location of the user closer to the border of the MBSFN area. If
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this parameter is updated in real time, the value of the user threshold could be adjusted

dynamically.

Afterwards, we developed an analytical model to calculate the energy consumption of

UE and BS when using MBSFN and SC-PTM based on unicast models from the literature.

Furthermore, we developed equations to calculate the user threshold from which MBSFN

and SC-PTM reduce UE or BS energy consumption with respect to unicast. We proved

that the user threshold to reduce BS energy consumption is the same as the user threshold

to reduce radio resource utilization, in both SC-PTM and MBSFN mode. We also proved

that the user threshold to reduce UE energy consumption is lower than the user threshold

to reduce BS energy consumption, in particular for MBSFN.

One of the most important use cases for MBMS is group communication in mission

critical scenarios. We consider a model in which the cells in the MBSFN area can decide to

not participate in the MBSFN transmission if there are not any interested UE camped on

them. Furthermore, we consider the case in which MC users are camped on cells outside the

MBSFN area and have to decide if remaining in unicast or doing handover to a broadcast

cell. The UE are located following a Poisson distribution, as well as the BS. Our results

showed that to increase the SINR in MBSFN when having a high UE density we need to

increase the BS density. Conversely, if the UE density is low, a higher SINR is provided by

reducing the BS density. On the other hand, the SINR in SC-PTM decreases with the UE

density and increases with the BS density. Additionally, the results in terms of SSE and

user threshold showed that the dominant parameter is the UE density. If the UE density is

high MBSFN is more efficient than SC-PTM. On the contrary, SC-PTM is more efficient

than MBSFN for low UE densities.

6.1 Perspectives

The contributions of this thesis should be complemented by additional studies. There

are open issues that are not addressed in our work and could be studied in the future:

Ů When comparing unicast and MBSFN we considered the use of beamforming in

unicast with up to eight antennas per sector. Nowadays, with the advent of 5G,

new technologies are available for unicast. These technologies include Multiple-Input

Multiple-Output (MIMO) transmission, massive antenna arrays with up to 256

antennas per sector, Extremely High Frequency (EHF) transmission (up to 100
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GHz), advanced scheduling algorithms, etc. Therefore, a comparison between 5G

unicast, considering the implementation of these technologies, and LTE-based 5G

broadcast is pertinent for future cellular networks.

Ů In our work we propose an analytical method to calculate the user threshold for

the switching between unicast and MBMS. To develop this method we do some

simpliĄcations to the system model, notably the use of omnidirectional antennas

instead of tri-sector antennas. Our method can be extended with a model for

beamforming analysis using stochastic geometry. An equation to calculate the SINR

distribution of users receiving in unicast mode when beamforming is used would

enable an extension of our user threshold model.

Ů Machine learning algorithms could be used to predict when it is more efficient to use

broadcast instead of unicast. Using data from real cellular deployments, a algorithm

could be trained to predict with some minutes of advance when the use of MBSFN

or SC-PTM can reduce radio resource utilization. The algorithm should be light

because calculations would be done in real time. Furthermore, a large quantity of

data is needed, particularly data from broadcast deployments.

Ů The use of broadcast is bound to many users demanding the same content at the

same time. This is common in speciĄc scenarios as Mission Critical or sportive events

but rather uncommon for general public. However, many users can access the same

content at different times of the day. Therefore, caching systems can make broadcast

useful in many different scenarios. The caching system should predict what the user

will watch and download it before user explicit demand. Machine learning prediction

algorithms could be used.

Ů Enensys technologies has products (hardware and software) that enable an end-to

end MBMS transmission. Analysing the performance of unicast and broadcast using

real lab equipment would be an interesting compliment of our work. Furthermore, the

implementation and evaluation of the user threshold calculation method on Enensys

products is a possibility.
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Titre : Monodiffusion versus Diffusion dans les Réseaux Cellulaires 
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Résumé :  Le trafic de données sur les réseaux 
mobiles, notamment les contenus vidéos, 
augmente chaque année. Cependant, le spectre 
est limité et cher et les opérateurs cherchent à 
en optimiser l'utilisation. Si le même contenu est 
transmis en même temps à de nombreux 
appareils dans une zone géographique, la 
solution privilégiée pour réduire l'utilisation de 
bande passante est la diffusion. L'unicast 
bénéficie des techniques d'adaptation de liaison. 
Cependant, le même contenu est transmis 
autant de fois que le nombre d'utilisateurs 
demandant le service. À l'inverse, une seule 
diffusion peut couvrir un grand nombre 
d'utilisateurs. Néanmoins, le débit de la diffusion 
est fixé en tenant compte des utilisateurs dont la 
qualité du canal est la plus mauvaise. Dans le 
mode appelé MBSFN, un groupe de cellules 
synchronisées transmet le même signal. En re- 
 

vanche, avec SC-PTM chaque cellule effectue 
une diffusion de manière indépendante. Le 
problème est de déterminer quand il est 
préférable d'utiliser l'unicast, le MBSFN ou le 
SC-PTM. Dans ce travail, nous comparons les 
performances de l'unicast, du MBSFN et du 
SC-PTM par le biais de simulations et de 
modèles analytiques. Nous considérons des 
stations de base situées selon des distributions 
de Poisson, la formation de faisceaux et 
différentes configurations de réseaux. Nous 
proposons une méthode analytique pour 
calculer le nombre d'utilisateurs demandant le 
même contenu à partir duquel le MBSFN ou le 
SC-PTM deviennent plus efficaces que 
l'unicast. Nous prouvons qu'un mécanisme de 
commutation basé sur ce seuil réduit 
l'utilisation de la bande passante et la 
consommation d'énergie. 

 

Title :  Unicast versus Broadcast in Cellular Networks 

Keywords :  Unicast, Broadcast, MBSFN, SC-PTM, MooD, beamforming, stochastic geometry 

Abstract :  Data traffic on mobile networks 
increases every year, especially video content. 
However, spectrum is scarce and expensive, 
and operators need to optimize its use. In 
scenarios where the same content is 
transmitted at the same time to many devices 
in the same geographical area, the preferred 
solution to reduce bandwidth consumption is 
broadcast transmission. Unicast transmission 
benefits from link adaptation techniques. 
However, the same content is transmitted as 
many times as the number of users demanding 
the same service. Conversely, a single 
broadcast transmission can cover many users. 
Nevertheless, the bitrate in broadcast is fixed 
considering the users with the worst channel 
quality. Multicast-Broadcast Single-Frequency-
Network (MBSFN) is a broadcast technique in 
which a group of synchronized cells transmit 
the same waveform. 
 

On the other hand, with Single-Cell Point-To-
Multipoint (SC-PTM) each cell performs 
broadcast transmission independently. The 
problem is to determine when it is better to use 
unicast, MBSFN or SC-PTM. In our work, we 
compare the performance of unicast, MBSFN 
and SC-PTM through system level simulations 
and analytical models. We consider base 
stations located according to Poisson 
distributions, the use of beamforming in unicast 
and different broadcast configurations. 
Furthermore, we propose an analytical method 
to calculate the number of users demanding 
the same content from which MBSFN or 
SCPTM become more efficient than unicast. 
We prove that a switching mechanism based 
on this user threshold reduces bandwidth 
utilization and energy consumption. This 
method is based on stochastic geometry 
results for wireless networks. 
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