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Résumé

L’objectif principal de cette these est d’étudier 'impact des interférences dans les com-
munications véhiculaires coopératives via des outils de la géométrie stochastique. Cette
theése propose un cadre formel d’étude d’interférences dans les communications véhiculaires
coopératives. Dans un premier temps, nous étudions les effets de la dépendance des in-
terférences sur les probabilités de coupure des transmissions, considérant plusieurs type
de transmissions, différents modeles de canaux et deux modeéles de mobilité. Dans un
second temps, nous évaluons comment la probabilité de coupure et le débit moyen des com-
munications véhiculaires peuvent étre améliorés via I'utilisation de techniques d’acces non
orthogonales (NOMA). Les résultats montrent que NOMA améliore fortement les perfor-
mances. Nous établissons également les conditions mathématiques nécessaires pour que les
techniques NOMA soient meilleures que les techniques orthogonales classiques (OMA) en
termes de probabilité de coupure. Enfin, plusieurs autres études sont menées : 1) un proto-
cole adaptatif et coopératif fondé sur la technique NOMA est proposé, 2) une analyse des
réseaux véhiculaires a ondes millimétriques est conduite, 3) plusieurs autres extensions sont

étudiées telles que plusieurs relais, plusieurs sauts ou plusieurs voies.

Mots clés : interférence, transmissions coopératives, NOMA, communications véhicu-

laires, intersections.
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Abstract

The main goal of this thesis is to study the impact of interference on cooperative vehicular
communications (VCs) with the aid of stochastic geometry tools. This thesis also proposes
a framework to model interference in cooperative VCs. First, we study the effects of inter-
ference dependence on the received node for several transmission schemes, different channel
models, and two mobility models. The performance in terms of outage probability is inves-
tigated. Second, we investigate the improvement of using non-orthogonal multiple access
(NOMA) in the performance in terms of outage probability and average achievable rate
for several transmission schemes. The results show that NOMA improves significantly the
performance. We also investigate conditions in which NOMA outperforms OMA. Finally,
several studies are conducted: 1) an adaptive cooperative NOMA protocol is proposed, 2)
an analysis of millimeter waves (mmWave) vehicular networks is carried out, 3) extension

scenarios are investigated such as multiple relays, multiple hops, or multiples lanes.

Keywords: interference, cooperative transmissions, NOMA, vehicular communications,

intersections.
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Introduction (in French)

Introduction

Durant les trois dernieres décennies, I'usage de terminaux sans fil n’a cessé de croitre, que
ce soit via le développement des réseaux mobiles ou via celui des réseaux WiFi [Gol05].
Durant cette derniére décennie, les chercheurs se sont penchés sur 'internet des objet (IoT),
qui permet de connecter des objets aux réseaux. Selon [Res14], le nombre d’appareils con-
nectés sera ainsi de 8 milliards en 2024. L’IoT constitue, a ’heure actuelle, un nouvel axe
de développement dans la mesure ou se rajoute au trafic existant, le trafic M2M. Cette
augmentation du nombre de terminaux, et donc du trafic de données généré, va engendrer
une augmentation du niveau d’interférences sans précédent sur I’ensemble des communica-
tions. Ces interférences dégradent la qualité des transmissions a un tel point qu’il n’est plus
possible de négliger ce terme dans le calcul des performances des communications sans fil.
La prise en compte de ces interférences constitue I'un des points d’entrée de cette these.
Prendre en compte le niveau d’interférences généré par les autres utilisateurs ou les autres
terminaux des réseaux sans fil nécessite 1'utilisation, voire le développement de nouveaux
outils de modélisation. Ainsi, la modélisation de la répartition aléatoire des terminaux sur
une surface donnée fera appel a des outils de géométrie stochastique. Dans cette these,
nous mobiliserons principalement la théorie des processus ponctuels qui est une branche de
la géométrie stochastique. Un processus ponctuel peut étre vu comme une variable aléatoire,

qui, au lieu de générer un nombre réel, génere un ensemble de points. Dans ce domaine, le
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processus ponctuel de Poisson (PPP) est le modele le plus utilisé car il rend bien compte
de la position réelles des terminaux et car il permet de résoudre mathématiquement les
problémes posés.

En complément des transmissions directes entre terminaux, nous nous sommes également
intéressés aux communications coopératives. Le principe des communications coopératives
consiste a faire intervenir un terminal relais entre un terminal source et un terminal desti-
nation. Lorsque la source émet une information vers la destination, comme dans le cas de la
transmission entre une station de base et un téléphone mobile, le terminal relais retransmet
I'information regue de la source vers la destination. La robustesse de cette communication,
dite coopérative, est augmentée car la destination recoit l'information a deux instants dif-
férents, depuis deux endroits différents, ce qui augmente la diversité temporelle et la diversité
spatiale. Le prix a payer pour cette augmentation de la robustesse est une dégradation de
la capacité du canal dans la mesure ou une communication coopérative utilise, non pas une,
mais deux tranches de temps pour transmettre la méme information.

Concernant a présent le domaine d’application de notre étude, nous avons choisi de tra-
vailler dans le domaine des communications véhiculaires. Ces communications facilitent la
détection et la prévention des accidents et, plus généralement, elles jouent un roéle dans la
régulation du trafic routier. Les communications véhiculaires permettent aux véhicules de
communiquer entre eux via des communications véhicule-a-véhicule. Elles permettent égale-
ment des communications entre véhicules et piétons, et des communications entre véhicules
et des infrastructures. Par ailleurs, les communications véhiculaires peuvent avoir acces a
une quantité massive de données via le cloud. Par exemple, les données collectées, telles que
les données sur les conditions du trafic routier en temps réel, et les données cartographiques
peuvent, dans un futur proche, étre utilisées par les conducteurs et par les voitures pilotées
automatiquement . Enfin, cette thése nous a amené a étudier deux scénarios dans le contexte

des communications véhiculaires : les communications sur autoroutes et les communications
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aux intersections.

Selon 'organisation mondiale de la santé (World Health Organization), plus de 1,25 mil-
lion de personnes meurent chaque année sur les routes, et les accidents de la route constituent
la premiere cause de déces chez les jeunes. Par ailleurs, 50% de tous les accidents se passent
aux intersections. C’est une des raisons pour lesquelles nous avons concentré une partie
de notre attention sur ce sujet. Dans cette theése, nous allons étudier les performances des
réseaux véhiculaires coopératifs en présence des interférences aux intersections.

En conclusion de cette introduction, nous dirons que cette these porte sur le calcul de per-
formance des communications véhiculaires , utilisant des transmissions directes ou coopéra-
tives, en présence d’interférences aux intersections en mobilisant des outils de la géométrie

stochastique tels que les PPP.
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Preliminaries

Wireless communications are the fastest growing segment in the communication industry
[Gol05], making them essential parts of several areas, ranging from industry, business, enter-
tainment, and in our daily life. During the last decade, researchers focused their attention
on Internet of Things (IoT) which enables the connection of objects to the network and man-
ages their information. According to [Res14], the number of connected devices will reach 8
billion devices in 2024. This will generate a massive traffic load of data and information to
manage, to process, and to store. To face the ever-growing number of wireless communi-
cations and the advent of IoT, novel and non-incremental advances that use scare resource
(wireless spectrum), in terms of reliability data rates and latency, have to be developed.
Consequently, this massive number of devices will generate massive interference due to the
broadcasting nature of wireless networks. Hence, communication models and the multiple
access schemes have to take into account the characteristics of the wireless medium and
interference generated by the users. Additionally, more complex transmission schemes such
as inter-device cooperation and relaying transmissions have to be adopted to deal with this

interference.
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Interference

After Shannon’s initial results, several works considered channels with several transmitters
and receivers, such as the multiple-access, interference channels [CT06]. For most cases,
the expressions of the capacity are known, whereas for other cases, lower and upper bounds
of the capacity are known. FEven though analysis of networks involving several users is
possible, the obtained expressions are involved and sometimes do not give insight on the
network behavior. Moreover, wireless networks have several users, hence analysis that takes
into consideration several users is needed. Wireless networks signals undergo attenuation
due to distance as well as the random structure of the space in which the transmissions occur.
In wireless networks, there are several simultaneous communications that occur at the same
time, and due to the broadcasting nature of wireless networks and the limited resource in
spectrum, interference between the network users will be present [Qui+18; KCG19; Med+09;
Med+11]. In most cases, the interference caused by the users are greater and more harmful
to the communications than the background noise [Ega+17]. The network users can have
one message or several message to transmit to one or several users, whereas some users
cooperate and act as relays. At large scale, users cause interference to each other. Realistic
wireless models must take into account a large number of randomly deployed users. Thus,
an analysis which assumes that a deterministic spatial configuration of the users may not
be accurate, and closed form expression may not be possible. Additionally, the interference

behavior is affected by the users’ decision to transmit (or not) at a given time.

Stochastic Geometry Models for Wireless Networks

Assessing the performance of wireless network can be mathematically intractable [Di +18;
DL15]. The theory of point processes, which is a branch of stochastic geometry is a powerful

mathematical tool that allows mathematical tractability and helps analysis wireless network
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in which the users are randomly distributed [DGC13; DL14b]. A point process can be viewed
as a random variable except that the outcome of a realization is not a real number but a
set of points. The Poisson point process (PPP) is the most widely used to model the users’
locations, and its intensity is the average number of user per unit area of the region studied
[DLG16]. We refer the reader to [HG+09; Hael2b; ABG11] for comprehensive presentation
about stochastic geometry and Poisson point process.

For the additive white Gaussian noise (AWGN) channel, the capacity is a function of the
signal to noise ratio (SNR), where in the presence of interference, the metric is will be the
signal-to-inference-noise ratio (SINR). The SINR is defined as the ratio between the power
of the signal of interest and the power of the interference generated by other users plus the
background noise. We consider a transmission between a source node and a destination
node, where the source is denoted by S, and the destination by D. We also consider that
there are other transmitting nodes, and they are distributed as a point process ® = {z,},

where n € N as depicted in Fig.0.1. Hence, the SINR can be defined as follows

P|hspl?
>wea Plhapl? + 02’

SINR(s,p) = (0.1)

where |hqp|? is the power fading coefficient between the node a and b, P is the transmitting

power, and ¢? is noise power.

Cooperative Transmissions

Cooperative communications in wireless networks [LTWO04] have been shown to improve
the system performance by means of relay stations that cover areas suffering harsh channel
conditions or by means of mobile users that can act as relays [Ham+16a; Esc+08; Dzi+10;
CLR10; Cai+11; Ham+16b; Dzi+11; Apa+10; Gor+09; HAG13; FGG12]. Cooperative

transmissions can involve a single relay (as shown in Fig.3.15), or multiple relays (as shown
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Figure 0.1.: Wireless network composed with a source S and a destination D. The network
is also composed with other transmitters nodes (x,,) that try to transmit to their respective
destinations and causing interference.

S D

Figure 0.2.: Cooperative transmission between a source S and a destination D with the help
of a single relay R.

in Fig.0.3). These relays act as distributed antennas to improve the reliability of the links
[DGS10; DIG12]. Since wireless transmissions are not isolated form each other, it is realistic
to consider the interference originated from other transmitting users in the network [TJJ13;
DL14al.

Our choice of cooperative transmissions was also motivated by the fact that our team
worked on cooperative transmissions during the last decade [Esc10; SEB13; Pai+11; SEB13;

Escl1].
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Figure 0.3.: Cooperative transmission between a source S and a destination D with the help
of multiple relays R; € {R1, Ra, ..., Rs5}.

Vehicular Communications

The vehicles industry is heading toward fully autonomous and connected vehicles. This
enables the deployment of traffic safety applications, and allows a better traffic congestion
management. A key enabler of this advance are vehicular communications (VCs). VCs
allow vehicles to communicate with each other via vehicle-to-vehicle (V2V) communica-
tions, but can also allow vehicles to communicate with pedestrians via vehicle-to-pedestrian
(V2P) communications, and with infrastructure via vehicle-to-infrastructure (V2I) commu-
nications. VCs enable the exchange of information and data between vehicles, and improve
the awareness among them, thus preventing collisions and accidents. Moreover, VCs access
a large amount of data via the cloud. For instance, the data collected, such as real time
traffic conditions, and mapping data can be used by drivers and by the self-deriving cars
in the near future. There are two types of scenarios in which VCs can be used: highways

scenarios and intersections scenarios.
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Highways Scenarios

Several works have investigated the effect of interference in highway scenarios [BMT09;
BMT13; BMA12; FEA16; AIH+18]. The authors in [FEA16] computed the expressions of
packet success probability in multi-lane highways with carrier sense multiple access (CSMA)
protocols. As far as V2V and V2I communications are concerned, several works have inves-
tigated the effect of interference in highway scenarios. In [IUA13], the authors study the
performance of Aloha and CSMA multiple access control (MAC) protocols under different
attenuation and fading conditions. In [BMT09], the authors derive the success probability,
the density progress and the average delay, in the case where the receiver is the nearest
neighbor. In [Jeo+13], the authors model the locations of vehicles with stationary Cox
processes, and modeling the vehicles density with Fox’s H-variate. They derive the average
symbol error probability, ergodic capacity, and outage capacity at the nearest neighbor us-
ing Fox’s H-functions, however the effect of the interference was not considered. In [KS17],
the authors derive the expressions for the intensity of concurrent transmitters and packet
success probability in multi-lane highways with CSMA MAC protocol. The performance
of IEEE 802.11p using tools form queuing theory and stochastic geometry is analyzed in
[KS17]. The outage probability is derivated in [Jia+16] for Nakagami-m fading and Rayleigh
fading and the authors verify their results with real-world dataset containing locations of
Beijing taxis. The authors also propose a road traffic information mechanism based on rep-
utation to ensure a fair and correct share of information between vehicles. The authors in
[Tas+17], derivate the outage probability and rate coverage probability of vehicles, when the
line of sight path to the base station is obstructed by large vehicles sharing other highway
lanes. In [AlH+18], the performance of automotive radar is evaluated in terms of expected
SNR, when the location of vehicle follow a Poisson point process and a Bernoulli lattice
process. In [CD18], the authors derive the expression for SIR-based coverage probability in

vehicular networks, when the roads are modeled by a Poisson line process (PLP) and the

10
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Figure 0.4.: (a) Highway road [Nav18].(b) intersection road [123a].

nodes on each road by a homogeneous 1D PPP, and when independent Nakagami-m fading

is assumed.

Intersections Scenarios

As far as the performance of VCs at intersections is concerned, several works studied the
effect of interference in vehicular communications at intersections. Steinmetz et al. derivate
the success probability when the receiving node and the interferer nodes are aligned on the
road [Ste+15a]. Steinmetz et al. also investigated the success provability considering both
Aloha and CSMA MAC protocols and Erlang fading channels in [Ste+15b]. In [ASW16],
the authors analyze the success probability for finite road segments under several channel
conditions. The authors in [AW17] evaluate the average and the fine-grained reliability
for interference-limited V2V communications with the use of the meta distribution. In
[JH17], Jeyara et al. analyze the performance of an orthogonal street system which consists
of multiple intersections, and show that, in high-reliability regime, the orthogonal street

system behaves like a 1-D Poisson network. However, in low-reliability regime, it behaves

11



Introduction

like a 2-D Poisson network. Jeyara et al. also studied V2V communications at intersections
and showed that the performance of the Aloha protocol can be considered as a lower bound
of performance of CSMA protocols [JH18]. [KS17] derive the outage probability of V2V
communications at the intersection in the presence of interference with a power control
strategy.

Recently, researchers started to model the vehicle locations as a Poisson line process
(PLP). In [CB18], the authors analyze and derive the coverage probability of V2V, V2I,
infrastructure-to-vehicle (I2V), and infrastructure-to-infrastructure (I2I). In [Sia+19], the
authors modeled vehicle locations on roads as doubly stochastic Cox process, and the BSs
as 2D-PPP. The success probability expressions were derived for V2V links, V2B links, and
for V2X links. However, Jeyara et al. showed in [JH] that, it is not essential to account
for the geometry of every single street as in the PLP, and it suffices to consider the vehicles
on the same street as the receiver as a 1D-HPPP and those on the different streets as a
2D-HPPP.

According to World Health organization, over 1.25 million people die each year on the
roads, and road traffic crashes are the number one cause of death among young people
[Orgl5]. Moreover, 50 % of all crashes are in junction areas (intersections) including fatal
crashes, injury crashes, and property damage crashes [US 17]. The reasons why intersection
accidents occur is because of the fact that, there are at least two crossing roads. Typically,
roads are composed of at least two lanes, hence, most of intersections involve four lanes. Ve-
hicles at intersections can either turn right, left, or continue on the straight line. Therefore,
each driver needs to consider three types of maneuvers. This makes intersections critical
areas not only for vehicles, but also for pedestrians and cyclists. Hence, we will focus our

study in these critical areas since they are more prone to accidents.

12
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Figure 0.5.: (a) Traffic jam at the intersection [123b]. (b) accidents at the intersection [Sto].

Thesis overview

All the aforementioned studies that deal with interference at intersections consider only
direct transmissions. In addition, they consider that the receiving nodes are on the roads,
which is not always the case. The interference dynamic was not considered in these works.

This can be considered as a framework to model the interference with the help of stochastic
geometry tools in cooperative VCs at intersections. Several dimensions and scenarios were
investigated, as summarized and depicted in Fig.0.6.

We can see, from Fig.0.6, that their several dimensions investigated in thesis: the road
geometry considered, the type of transmissions and decoding strategies used, channel charac-
terizations, multiple access schemes and MAC protocols, vehicles mobility, and the number

of nodes and hops considered in the transmission.

Road geometry

We consider, in this thesis, two scenarios: the intersection scenario, and highway scenario.

e Intersections: The intersection scenario involves one lane in the horizontal direction,

13
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and one lane in the vertical direction. We also consider several lanes and the horizontal

direction and the vertical direction.
e Highways: The highway scenario involves one lane only in a given direction (horizontal
or vertical), and can also involve several lanes.
Transmissions

We consider several transmission schemes and decoding strategies.

e Transmissions schemes: We consider cooperative transmissions, or relay transmissions
(RT) as the main transmission schemes in the thesis. We also consider direct trans-

missions (DT) for comparison sake.

e Decoding strategies: We also consider several decoding strategies at the receiving
node, such as, selection combining (SC) and maximum ratio combining (MRC). We
also propose a cooperative protocol based on non-orthogonal multiple access (NOMA),

named adaptive cooperative NOMA (ACN) protocol.

Channel characterizations

We take into consideration several characteristics related to the channel. We investigate the

type of channels used, and the frequency band.

e Channel types: We consider two types of channels, Rayleigh fading channels and

Nakagami-m fading channels.

e Frequency bands: Most of the scenario investigated in this thesis are in a sub 6 GHz

frequency band, but we also model the millimeter wave (mmWave) in VCs.
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Multiple access

We investigate two dimensions regarding multiple access: MAC protocols and multiple

access schemes.
e MAC protocols: Throughout the entire thesis, we consider Aloha MAC protocols.
e Multiple access schemes: We consider the classical orthogonal multiple access (OMA)
in the first chapter, but we also consider NOMA in the rest of the thesis.
Mobility
We consider two mobility models: the low speed model, and the high speed model.

e Low speed model: We consider that the interfering vehicle do not move or move slowly
during the transmission so that the set of interferers remain unchanged from one slot

to another.
e High speed model: We consider that the interfering vehicles move at a high speed
during the transmission so that the set of interferers changes from one slot to another.
Nodes and hops

Finally, we consider several nodes involved in the transmissions as well as several hops.

e Nodes: We consider several destination nodes (two and more) when considering
NOMA, and we also consider several relays involved in the transmission considering

NOMA.

e Hops: Throughout the thesis, we consider one hop transmissions when using DT, and
dual hop transmission when using cooperative transmission. We derive the outage

probability expressions for several scenarios using multi-hop transmissions.
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Structure of the manuscript

Chapter 1 studies the impact of vehicles mobility and interference dependence on the
performance of V2V and V2I communications, using two cooperative decoding strategies:
SC and MRC, and considering Rayleigh fading channels at intersections. Using tools from
stochastic geometry and point process theory, we derive closed form outage probability
expressions for different scenarios. Then, we study the effect of interference on different
transmission schemes considering Nakagami-m fading channels in line of sigh (LOS) and

non line of sigh (NLOS) scenario. Closed form outage probability expressions are derived.

Chapter 2 investigates the improvements of implementing non orthogonal multiple access
scheme (NOMA) and the limitations of these improvements. We propose to study the
performance of VCs in the presence of interference at intersections considering NOMA direct
transmissions, NOMA cooperative transmissions, and NOMA cooperative transmissions
using MRC at intersections. The performance of VCs are evaluated in terms of outage
probability and average achievable rate. We also investigate the impact of system parameters

on performance. Finally, several extensions are considered to generalize the framework.

Chapter 3 considers several scenarios and dimensions. A cooperative NOMA protocol
is proposed in the presence of interference at intersections, and its performance is investi-
gated. We also investigated the performance of mmWave VCs at intersections considering
cooperative communications. The mathematical derivations of the outage probability are
derived in the case of multi-hops scenarios considering several transmission schemes. We
also consider the case when multiple relays are involved in the communications. We evaluate
the performance of multiple relays in VCs using NOMA in the presence of interference. We

also show how to extend the derivation for intersection involving multiple lanes.
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Main contributions

Chapter 1 A framework is developed to evaluate the performance of cooperative VCs
at intersections in the presence of interference. The analysis takes into account the inter-
ference dynamics and vehicles mobility. In addition, the analysis is carried out for several
transmission schemes. The second contribution is the derivations of the outage probability
considering Nakagami-m fading channels at intersections in the presence of interference. The
outage probability is evaluated for several transmissions schemes. The results are evaluated

according to two scenarios, LOS scenario and NLOS scenario.

Chapter 2 The main contribution of this chapter lies in the derivation of the outage
probability expressions and the average achievable rate for VCs at intersections considering
NOMA. The performance are evaluated considering NOMA for direct transmissions, coop-
erative transmissions, and MRC cooperative transmissions. The limitations of NOMA are
discussed and the mathematical conditions for NOMA to outperform OMA are derived. The
analysis is performed for extension scenarios involving multiple destinations nodes. Finally,
the results are carried out for the aforementioned transmissions schemes and a comparison

of the performance is carried out.

Chapter 3 The main contribution of this chapter is the extensions and several scenarios
investigated. The results add several dimensions to the analysis. The first contribution is
proposing an adaptive cooperative NOMA protocol. The results show how this protocol
outperforms the exiting protocol in the literature. The second contribution is modeling a
mmWave cooperative vehicular network at intersections in the presence of interference. The
third contribution consists in evaluating of the performance in terms of outage probability
at intersection in the presence of interference considering: intersections with multiple lanes,
multiple relays involved in the transmission, and multi-hops transmissions with different

transmission schemes.
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Chapter 1.

Cooperative OMA analysis

This chapter has been adapted from the journal papers [BHE19b; BHE19i]. This work has
also been discussed in the conference papers [BHE20c; BHE20a).
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1.1. Introduction

Several works in the literature focuses on the effect of the interference using tools from
stochastic geometry, and nodes placement according to the Poisson point process. However,
few researches focus on the interference dynamics, and how temporal and spatial dependence
between interferer nodes may affect the performance. Ganti et al [GH09] derivate the condi-
tional outage probability when the interferers are originated form the same set. In [BMT09]
Haneggi introduced the concept of “uncertainty cube", which consist of node location, fad-
ing, and access scheme. Schilcher et al in [Sch+13] extended Haneggi’s work [Hael2a], by
introducing a wider range of uncertainties. In [Cri+15] and [FEA16] the authors investigate
the performance of MRC considering the effects of interference dynamics. Few researches
take the interference into a cooperative transmission. [ITUA13] derived the outage probabil-
ity of a relying scheme using Decode-and-forward protocol [GH09]. The author in [HG+09]
derived the outage probability using Decode- and-forward and Compress-and-forward pro-
tocol. However the authors assumed that the interferer nodes always transmit. In [Hae09],
the authors analyze the performance of a cooperative single-hop scheme with the aid of one
relay, and a two-hope cooperative scheme with aid of two relays, considering dependent and
independent interference. Tanbourgi et al. derive in [Hael2a] the outage probability of a
cooperative scheme with a single relay, where the destination combines the signal obtained
from the source and from either a relay transmission or a second source transmission if the
relay does not decode the source message. The authors in [Hael2b] extended their work in
[Hae09] to a cooperative transmission with multiple relays and multiple packet transmission.

In this chapter we propose to study two cases. In the first case, referred to as study case
1, we study the impact of vehicles mobility and interference dependence on the performance,

using two cooperative decoding strategies: SC and MRC, and considering Rayleigh fading

24



Chapter 1. Cooperative OMA analysis

channels. In the second case, termed as study case 2, we study the effect of interference
on different transmission schemes considering Nakagami-m fading channels in line of sigh

(LOS) and non line of sigh (NLOS) scenario.

1.2. Study cases and Contributions

1.2.1. Study Case 1

In this study case, we focus on direct and cooperative transmissions for intersection sce-
narios in presence of interference. We develop a framework to model a direct transmission
and a relayed transmission between vehicles (V2V) and between vehicles and infrastructure
(V2I) at intersections using tools from stochastic geometry and point process theory. We
derive the outage probability expression for a direct transmission, when the receiving node
can be anywhere on the plan. We then derive the outage probability in a relayed trans-
mission considering different decoding strategies, namely SC and MRC. We also consider
two mobility models. The first model is the low speed or static vehicles (LSV) model which
assumes that the interferer vehicles move slowly or not at all. The second model is the high
speed vehicles (HSV) model which assumes that the interferer vehicles move at high speed.

The main contributions are as follows:

e We develop a tractable analysis to model V2V and V2I communications for direct
transmissions and for cooperative transmissions in intersection scenarios, and we show
that cooperative transmissions always enhance the outage probability performance
compared to direct transmissions. We study two mobility models, and compare their

outage probability and throughput performance under different traffic densities.

o We evaluate the outage probability when the destination uses SC and MRC, and we
show that MRC has a better performance over SC only when the relay is close to

the source. We also evaluate the outage probability for several relay positions, and
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we find the optimal relay position for different traffic conditions and vehicle mobility
models; and we show that the outage probability does not improve after the number

of infrastructure relays reached a threshold value.

We obtain a closed form of the outage probability when the interference are dependent
and independent given specific channel conditions. We also obtained closed form of
Laplace transform expressions where the relay and/or the destination are located

anywhere on the plan, for specific channel conditions.

We study the outage probability performance of cooperative transmissions in highways
and intersection scenarios. We show that, as the vehicles move closer to intersections,
the outage probability increases compared to highway scenarios. However, as the
vehicles move away from intersections, highway and intersection scenarios exhibit the
same performance, which confirms the statement that intersections are critical areas
and more prone to incidents. Finally, we show that, depending on the environment, the
interference dependence behaves differently. For instance, suburban intersections have
a lower interference dependence compared to urban intersections. This is obtained by

studying the impact of the path loss exponent on the outage probability performance.

1.2.2. Study Case 2

In this study case, we study the performance VCs which consists of V2V and V2I com-

munications at intersections in presence of interference. We consider Nakagami-m fading

channels rather than Rayleigh fading channels. We also investigate the impact of different

transmissions schemes on the performance. Finally, we investigate the impact of LOS and

NLOS scenario. The main contributions are as follows:

e We investigate three transmission schemes: direct transmission (DT), relay transmis-

sion (RT) and hybrid transmission (HT), in the presence of interference at intersec-
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tions, and we show that DT outperforms RT, hence RT is useful only when DT is not

possible.

o We derive outage probability expressions for three transmission schemes when the re-
ceiving nodes are on the roads (V2V), or outside the roads (V2I) considering Nakagami-

m fading channels. Closed forms are obtained for specific channel conditions.

e We consider two scenarios: LOS scenario and NLOS scenario. We show that in LOS
scenario, DT is better for high densities of vehicles. We show that HT has better
performance for low densities of vehicles and low data rates regardless of the scenario.

Surprisingly, we find that NLOS scenario outperforms LOS scenario at intersections.

e We investigate the best relay position for RT and HT, and we show that the best relay
position in RT is at mid distance between the source and the destination whereas the

best relay position in HT is close to the destination.

e We extende our model to a realistic intersection scenario including several lanes, and

we show that in LOS scenario, as the number of lane increases, it is better to use DT.

o We validate our analytical results by Mont-Carlo simulations.

1.3. System Model for Case Study 1

1.3.1. Intersection Scenario

We consider a cooperative transmission between a source node S and a destination node D,
with the help of a relay node R. For the sake of convenience, we use .S, D and R to denote
both the nodes and their locations. The intersection scenario involves two perpendicular
roads, the horizontal road denoted by X and the vertical road denoted by Y. As we consider

both V2V and V2I communications', any node of the triplet {S, R, D} can be either on

!The Doppler shift and time-varying effect of V2V and V2I channels are beyond the scope of this thesis.
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Figure 1.1.: System model for VCs involving a source S, relay R, and a destination D. The
nodes S, R and D can be vehicles or as part of the communication infrastructures.

the road (as a vehicle) or outside the road (as part of the communication infrastructure).
We denote by T' the receiving node, and by ¢ the distance between the node T and the
intersection, where T' € {R, D}, t € {r,d}, and 0r is the angle between the node T" and the
X road, as shown in Fig.1.1. Note that the intersection is the point when the road X and

Y intersect, i.e., the point (0,0).

1.3.2. MAC Protocol

Medium access protocols used in VCs are mainly based on CSMA schemes. However, due
to mathematical tractability issues, the computation of the outage probability considering
these protocols might not be possible in our scenario, and closed form expressions are hard
to obtain. We chose to step back to slotted Aloha protocol which can be considered as lower
bounds to the performance of the CSMA protocol [JH18]. Moreover, both CSMA and Aloha
exhibit the similar performance in the case of dense network [Sub+12; Ngu+13]. Hence,
we assume that vehicles use slotted Aloha MAC protocol with parameter p, i.e., every node

can access the medium with a probability p.
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First phase Second phase

o @

S D S D

Figure 1.2.: The transmission scheme. The transmission occurs during two phases.

1.3.3. Decoding Strategy Model

We use a DF transmission scheme [Alt+14], i.e., the node R decodes and re-encodes the
message then forwards it. We consider a half-duplex transmission during which a transmis-
sion occurs during two phases. The duration of each phase is one time—slot as depicted in
Fig.1.2. In the first phase, the source broadcasts the message to the relay and destination
(S— Rand S — D).

In the second phase, we consider two decoding schemes. For the first one, named SC, the
relay transmits to the destination (R — D). For the second one, named MRC, the relay
transmits to the destination and the destination adds the power received from the relay and

the power received from the source in the first time slot (R — D and S — D).

1.3.4. Channel and Interference Model

We also consider a set of interfering vehicles that are located on the roads. We assume that
the set of interfering vehicles on the X road, denoted by ®x (resp. Y road, denoted by ®y)
are distributed according to a one dimensional homogeneous Poisson point process (1D-
HPPP) denoted by ®x ~1D-HPPP(Ax,z) (resp.®y ~1D-HPPP(Ay,y) ) over the space

B, where x and Ax (resp. y and \y) are the position of the interfering vehicles and their
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intensity on the X road (resp. Y road). We denote by x and y, both the interfering and
their locations. Finally, we consider that the 1D-HPPP can be on infinite road segments,
ie., B={z € R,y € R}, or on a finite road segments, i.e., B={z,y € Rlz < Z,y < Z}.

Although assuming that the positions of the interfering vehicles follow a PPP might be
unrealistic in some scenarios, in our context, modeling the position of vehicles as PPP can
approach real data and still insuring a mathematical tractability with the help of stochastic
geometry tools [BMT09; BMT13; BMA12; FEA16; Ton+16; Jia+16; Tas+17; AIH+18;
Ste+15a; ASW16; KS17; JH17; JH18]. For instance, in [Jia+16], the authors compared
real data set of taxis in Beijing Fig.1.3, with PPP by performing Kolmogorov—Smirnov test.
Kolmogorov—Smirnov test is a non parametric test of the equality of probability distributions
that can be used to compare a sample with a reference probability distribution, in this
case, real data set and PPP. We can see, from Fig.1.4, that the spatial distribution of
the real-world vehicles may be deemed reasonably consistent with the PPP distribution
characteristics. Also, it has been show in [JH17], that the distribution the vehicles in
the intersection scenario cannot be accurately modeled as two dimensional Poisson point
processes (2D-PPP). Finally, the authors in [RP16] showed that the single lane model can
accurately model the intersection scenario.

The transmission between any pair of two nodes a and b experiences a path loss Iy, =
(Argp) ™, where A is a constant depending on the antenna characteristics, rq, is the Eu-
clidean distance between the node a and b, i.e., g, = |la — b||, and « is the path loss
exponent. All nodes transmit with a constant power P, hyy, is the fading coefficient between
node a and b, and is modeled as CN(0,1) (Rayleigh fading)[Che+07]. The power fading
coefficient between the node a and b, |hg|?, follows an exponential distribution with unit

mean. We also consider a Gaussian noise (AWGN) with zero mean and variance 2. We

30



Chapter 1. Cooperative OMA analysis

39.97

39.88

16.35

116.45

Figure 1.3.: Taxis locations in Beijing [Jia+16].
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define the aggregate interference as

Ixy = Y Plhra’lrs, (1.1)
IE‘I’XT
and
IYT: Z P|hTy|21Tya (1.2)
yE@y,.

where Iy, is the aggregate interference from the X road at 7', Iy, is the aggregate inter-
ference from the Y road at T', ®x,. is the set of the interferers from the road X at 7', and

®y,, is the set of the interferers from the road Y at T,

1.3.5. Mobility Model

In this work, we consider two mobility models. In the first model, which we referred to as the
low speed or static vehicles (LSV), we assume that interfering vehicles do not move or move
slowly, that is, their positions remain the same during the two time slots of the transmission
as depicted in Fig.1.5(a). Thus the vehicles that interfere at the relay and at the destination
are originated from the same set, i.e., ®x, = ®x, = Px and Py, = Py, = Py.

In the second model, which we referred to as the high speed vehicles (HSV), we assume
that vehicles move at a high speed, that is, their positions change every time slot. Thus,
the vehicles that interfere at the relay during the first time slot are not the same as the one
that interfere at the destination during the second time slot as depicted in Fig.1.5(b). This
can be modeled by independent realizations of the Poisson point process ® for each time
slot, i.e., ®x, N ®x, = @ and Py, N Py, = .

The HSV model captures the scenario in which the vehicles are highly mobile so that their
locations during one time slot do not provide information about their locations during any
other time slot.

Clearly, these two models represent two opposite extremes in the mobility of vehicles. How-
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First phase

(a) LSV scenario during two time slots.
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(b) HSV scenario during two time slots.

Figure 1.5.: Two mobility models namely LSV and HSV. (a) In the LSV model, we consider
that ®x, = ®x,, = ®x and Py, = Py, = Py. (b) In the hSV model, we consider that
(I)XR N (I)XD = & and q)yR N q)yD =J.
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First phase
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Figure 1.6.: The direct transmission. The transmission occurs in one phases.

ever, this can gives us an insight on the impact of mobility on the performance.

1.4. System Model for Case Study 2

We consider the same intersection scenario and MAC protocol as in section 1.3.1 and section
1.3.2.

1.4.1. Transmission Scheme

In this study, we study three transmission schemes: a direct transmission, a relay transmis-
sion, and a combination of a direct transmission and a relay transmission.

Direct Transmission

We consider a direct transmission (DT) between a source S and a destination D. The
transmission occurs in one phase as shown in Fig.1.6.

Relay Transmission

When DT link is blocked, we consider a two-hop relay transmission between S and D with

help of a relay R. The transmission occurs in two phases. During the first phase, S sends a
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First phase Second phase
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Figure 1.7.: The relay transmission. The transmission occurs during two phases.

message to R (S — R). During the second phase, R sends the message to D (R — D). We
consider DF protocol, that is, R decodes, re-encodes, then forward the message as shown in

Fig.1.7.

Hybrid Transmission

In this transmission, we use both DT and RT, we denoted this transmission by hybrid
transmission (HT). This transmission occurs in two phases. During the first phase, S
broadcast a message to R and D. Then, if R decodes correctly S message, it sends it to
D during the second phase. Otherwise, S will sends the message again to D in the second

phase as shown in Fig.1.8. We also consider DF protocol.

1.4.2. Channel and Interference Model

We consider the same interference model and path loss model in section 1.3.4. We consider
an interference limited scenario, that is, the power of noise is set to zero (02 = 0). Without

loss of generality, we assume that all nodes transmit with a unit power. The signal received
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First phase Second phase
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Figure 1.8.: The hybrid transmission. The transmission occurs during two phases.

at R and D in the fist time slot are expressed respectively as

Yr = hsrVlIsr Xs + Z hRreV IRz Xa + Z hry\/ LRy Xy,

and

Yp = hspVlsp xs + Z hpeViDe Xz + Z hpy\/lDy Xy-

xe<I>XD y€<1>yD

The signal received at D in the second time slot if R decodes the message is expressed as

Yp = hrpVIrRD XR + Z hpaeVipe Xz + Z hpy\/lDy Xy»

IG‘I)XD y€<I>YD

where Vi and YVp are the signals received by R and by D, xs and xgr are the signals
transmitted by S and R. The messages transmitted by the interfere node x and y, are
denoted respectively by x, and x,.

The coefficients hggr, hsp, and hrp denote the fading of the link S— R, S— D, and R—D.
The fading coefficients are modeled as Nakagami-m fading with parameter m [HYH13], that
is

_ Lm 2m—1_—mzx
fh,(x) =2 x e , (1.3)
m
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where u € {SR,SD, RD}. Hence, the power fading coefficients |hsr|?,|hsp|?, and |hrpl|?

follow a gamma distribution distribution, that is,

fino2(x) = %xm_le_mx. (1.4)

The fading coefficients hry, hry, hpe, and hp, denote the fading of the link R —z, R —y,
D—x, and D—y. The fading coeflicients are modeled as Rayleigh fading [Che+07]. Thus, the
power fading coefficients |hgy|?, |hry|*, |hpz|?, and |hpy|?, follow an exponential distribution
with unit mean. The aggregate interference originated from the X road and the Y road are

given by (1.1) and (1.2).

1.4.3. Environment Model

We consider two scenarios, LOS scenario, and NLOS scenario. The LOS scenario models
the suburban environment due to the absence of buildings. The NLOS scenario models
the urban scenario due to buildings that block the transmissions. We denote by aj,og and
m1,0s, the path exponent, and the fading parameter for LOS scenario. We denote by anr,0s

and mnros, the path exponent, and the fading parameter for NLOS scenario.

1.5. Outage Computation for Case Study 1

1.5.1. Condition for Outage

We define in this section the outage events related to the DF protocol that uses a half-duplex
transmission. We first define the outage event related to the direct link S — D. Then, we
define the outage events related to the relayed links S — R and R — D when using SC and
MRC?.

2We do not consider the bandwidth in computing the achievable rate.
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Direct Link

We define the rate related to the direct link S — D, denoted Rgp, as

Rsp = =lo 1+ . 1.5
P g2< o2 + Ix,, + Iy (15)
We define the outage event on the direct link .S — D, denoted Ogp, as

Osp = [Rsp < R], (1.6)

where R is the target rate.

Relayed link

We define the rates related to the relayed link S — R and R — D, denoted respectively Rsr

and Rgp, as

1 P‘hSR‘QlSR
Rsr= =1 1+ , 1.7
SR=3 Og2< o2 + Ix, + I, (1.7)
and
1 Plhrp|*lrD
Rrp = =1 1+ . 1.8
We now define the outage events on the relayed link S — R and R — D as
Osgr = [Rsr < R], (1.9)
and
Orp = [Rrp < R]. (1.10)

Notice that the outage can also be expressed in terms of signal-to-interference-plus-noise

ratio (SINR), that is, an outage event occurs when the SINR is lower than a decoding
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threshold ©, which can be expressed by

SINR,, < @,

P‘hab|2lab
o2 + IXb =+ be ’
receiving node, respectively.

where SINR,;, = © = 22R — 1, and a and b are the transmitting and the

Since we use SC and MRC, we have two expressions of the outage event as in [Alt+14].

Therefore, we express the outage event using SC, denoted O(SC), as
Osc) = [Osr N Osp] U [0§k N Orp, (1.11)

where O§p = [Rsg > R] is the event that the relay successfully decodes the source

message. We express the outage event using MRC, denoted O(MRC)a as
Omrc) = [Osr N Osp] U [0Sk N Oskp), (1.12)

where Ogrp = [Rsrp < R] is the outage event at the destination when the relay and
the source transmit simultaneously, and Rggrp is the data rate when using MRC. The rate

Rsrp is expressed as

(1.13)

1 Plhgp|?l Plhrp|?l
RSRD:§10g2 <1+ |hsp|®lsp + P|hrp| RD)_

o+ Ix, + Iy,

1.5.2. Outage Behaviour

In this section, we calculate the outage probability for the direct transmission and the

relayed transmission.
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Direct Transmission

The outage probability for a direct transmission has been derived in [Ste+15a], and is given
by
P(0) =1— NspLiy, (Ksp)Lry, (Ksp), (1.14)

S
where Ky, = Bl and Ny, = exp(—Ky02).
ab

Relayed Transmission

The outage probability for the DF protocol using a half-duplex transmission when the

destination uses SC is expressed as
P(Oscy) = P(Osr N Osp) + P(O§k N Orp), (1.15)
and the outage probability when the destination uses MRC is expressed as
P(Omrc)) = P(Osr N Osp) +P(OSk N Oskp). (1.16)

Now, we calculate each probability in equations (1.15) and (1.16). First, we calculate the
probability P(Osg N Osp). This probability is related to the outage during the first phase,
its expression does not change whether the destination uses SC or MRC. The expression of

P(OSR N OSD) is given by

P(OsgpN Osp) = 1—P(0%zU OSp)
= 1-P(05R) — P(O5p) +P(O5k N 05p), (1.17)

where P(0Sp) and P(OS5y) are given respectively by

P(OSp) = NspLry, (Ksp)Lry, (Ksp), (1.18)

40



Chapter 1. Cooperative OMA analysis

and

P(O5R) = NsrLry, (Ksr)Lry, (Ksr). (1.19)
Lemma 1. The outage probability P(OSr N O%p) is given by

P(O§z N OSp) = NsrNspEr, [GXP(_KSRIXR - KSDIXD)}

XE]Y [eXp(—KSRIyR — KSDIYD)} . (1.20)

Proof: See Appendix A.1. |

Lemma 2. The outage probability, when using SC, denoted ]P’(OgR N Orp), is expressed as

]P)(OgR M ORD) = NSREIX [eXp(—KSRIXR)}]E[Y [eXp(—KSRIYR)]
—NsrNrDE[ [QXP(_KSRIXR - KRDIXD)}

XE[Y {exp(—KgRIyR — KRDIYD)} . (1.21)

Proof: See Appendix A.2 |

Lemma 3. The outage probability, when using MRC, denoted P(OgR N Osgrp) is given

by
P(O$r N Osrp) = NspEry [GXP(—KSRIXR)}EIY {exp(_KSRIYR)}
NgrNgpl
—MEIX {eXP(—KSRIXR _ KRDIXD)}
lrp —lsp
XE]Y [exp(—KSRIyR — KRDIYD)]
NgrNgplg
MEIX [eXp(_KSRIXR - KSDIXD)}
Ilrp — lsp
XEIY[eXp(—KSRIyR _KSDIYD)]' (1.22)
Proof: See Appendix A.3. |

Note that the outage probability expressions derived before are expressed as a function
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of the expectation with respect to Ix and Iy. The expression of the expectation changes
depending on the vehicles mobility models, i.e., the HSV and the LSV models.

Theorem 1. The outage probability for the HSV model using SC and MRC is given by
(1.15) and (1.16), where P(Ogr N Ogp) is given by

P(OsrN Osp) = 1= NspLiy, (Ksp)Lry, (Ksp) = NsrLix, (Ksr)Lry, (Ksr)

+NsrNspLiy, (Ksr)Lry, (Ksr)Liy, (Ksp)Lry, (Ksp), (1.23)

and the probability P(OSz N Orp) and P(O5 N Osgrp) in (1.15) and (1.16) are respectively

expressed by

P(OSr N Orp) = NsrLiy, (Ksr)Lry, (Ksr)

—NsrNrpLiy, (Ksr)Lry, (Ksr)Liy, (Krp)Lry, (Krp), (1.24)

and
P(OSr N Osrp) = NsrLiy, (Ksr)Lry, (Ksr)
NorNppl
— SRTRDIRD py o (Ksg)Lry, (Ksr)Lre (Krp)Lry, (Krp)
lrp —lsD R R b b
NseNsplsp (peeve (Ksp)Cre (Ksp)lr. (K
ﬁ IXR( SR) IYR( SR) IXD( SD) IYD( SD)~
rD — lsD
(1.25)
Proof: See Appendix A 4. [ |

Theorem 2. The outage probability for the LSV model using SC and MRC is given by
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(1.15) and (1.16), P(Ogp N Ogp) is given by

P(OSR N OSD) = 1- NSDﬁIXD (KSD)ﬁij (KSD) - NSRﬁlxR (KSR)ﬁlyR (KSR)
+NsrNspLiy, (Ksr)Lic, (Ksp)Liy, 1x, (Ksr, Ksp)

XLy, 1y, (Ksr, Ksp), (1.26)

and the probability P(O%rNOgp) and P(O$pNOskrp) in (1.15) and (1.16) are respectively

given by

P(OSgN Orp) = Nsrliy, (Ksr)Lry, (Ksr)

—NsrNrpLiy, 1x, (Ksr, Krp)Lry, 1y, (Ksr, Krp), (1.27)

and

P(OSpN Osrp) = NsrLiy, (Ksr)Lry, (Ksr)
NsrNrplrD

_W»CIXR,IXD (Ksr: Krp)L1y,, 1y, (Ksr, KrD)

NsrNsplsp

ep— - Liy, 1c, (Ksr, Ksp)Lry, 1y, (Ksr, Ksp),(1.28)

where

Lrpix, (8,0) = Ly, (8)Lry, (b)px (s, ) (1.29)

EIYRJYD (87 b) = EIYR (S)EIYD (b)pY(87 b) (130)

(1.31)

sbP21p,l
px(s,b) = exp (p/\X /B fr D )

(1+ sPlro) (1 + bPlpy)
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sbP2lp,lp
,b) =e A / vy dy |. 1.32
py (s,b) = exp (p Y s G sPin) (1 + bPiny) y) (1.32)

Proof: See Appendix A.5. |
The cross terms px(s,b) and py(s,b) arise from the dependence between the interference
at two locations (the relay and the destination). The integrals inside (1.31) and (1.32) can
easily be calculated numerically with MATLAB software or Wolfram Mathematica. Closed

form can be obtained for &« = 2 and o = 4.

1.6. Outage Computation for Case Study 2

1.6.1. DT Outage Expression

We calculate the outage probability of DT between S and D. An outage event occurs
when the signal-to-interference ratio (SIR) at D is below a given threshold. The SIR at D

considering DT, denoted SIRpT, is defined as

hspl*lsp
SIRgp & |7. 1.33
5 Ix, + Iy, (1.33)

The outage event of DT is defined as
O(DT) = [SIRSD < @1], (1.34)

where ©; = 27 — 1, and p is the target data rate.

The outage probability expression of DT, denoted P(Opr), is given by

_ m O m O
m— K d*c d"L
P(OmT)) =1- Zl L _mOuy g IXD(“ZSD) b (’ulSD). (1.35)
=0 k! /-LZSD =0 n dk_n(mel) dn(m@l)
plsp plsp
Proof: See Appendix A.6. ]
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1.6.2. RT Outage Expression

We calculate the outage probability of RT between S and D, with the help of R. The SIR
at R, denoted SIRgg, is defined as

hsr|’lsr
SIRsp = ’7 1.36
K Ix, + Iy, (1.36)
Similarly, the SIR at D, denoted SIRRkp, is defined as
hrpl?l
SRy, & [rDIlRD (1.37)

CIx, Iy,

The outage event related to the first phase, and related to the second phase are defined

respectively as

Osr £ [SIRSR < @2}, (1.38)

and

OrD =S {SIRRD < @2}, (1.39)

where Oy = 22° — 1.
Remark. The target data rate p is multiplied by the term 2, because RT requires two phases
to transmit the message.

The outage event related to RT is defined as

O(RT) = [OSR ) ORD] (1.40)
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The outage probability expression of RT, denoted P(Ogr)), is given by

m—1m—1
11 m Oy k ASON
P(O = 1- —— (= —
(Oer)) = ; k! plsr tlrD

m@Q m@g

k—n n
xizl: (1) EIXR(/”SR)d £IYR(MZSR)
— n f m Oq m Oq

() (2

plsr plsr
_ m @2 m @2
dl f‘CIXD( l ) df[’IYD ( l )
(C] m ©
dl—f(u) af (222
wlrD plrD
Proof: See Appendix A.7. |

1.6.3. HT Outage Expression

We calculate the outage probability of HT between S and D, with the help of R. The
outage event of HT is defined as [TJJ13; Alt+14; LTWO04]

Oy £ [Osp N Osr] U [0§R N Orp], (1.42)
where Ogp £ [SIRSD < %] The outage probability expression is then given by

P(Or)) = P(Osp N Osr) +P(O§ N Orp), (1.43)
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where P(Osp N Oggr) and P(O§5 N Ogp) are respectively given by

m@g

m—1
1
P(Ogp N O = 1—2 —
(Osp 0 Osr) Z K 2ulsp

k dkng "L, (——
XY <k> e (2“ ZSD) o (QM lSD)

)k

(1.44)

and

P(OSz N Orp) = (= me?)k >

o (1.45)
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Proof: See Appendix A.8. |

1.7. Laplace Transform Expressions

1.7.1. The Receiving Node is Anywhere on the Plan (Infrastructure)

After we obtained the expressions of the outage probability, we derive, in this section, the
Laplace transform expressions of the interference originated from the X road and from the
Y road. We compute the Laplace transform expression when the interference are originated
from vehicles in finite road segments (B = [—Z, Z]), and in infinite road segments (B = R).
As mentioned in the previous section, joint Laplace transforms can be expressed as the
product of two Laplace transforms and a cross term.

The Laplace transform of the interference originated from the X road at the received

node denoted T, is expressed as

1
Lry, (s) = exp < — p)\X/B T (A= T]\a)/sPng)’ (1.46)

where

|z — T = \/ (tsin(67))* + (x — t cos(6))°. (1.47)

The Laplace transform of the interference originated from the Y road is given by

1
£1YT(3) = exp ( — px\y/B T+ (A= T”O‘)/Sde>7 (1.48)

where

ly—T| = \/(tcos(GT))2+ (y — tsin(67))”. (1.49)

The notations ¢ and 61 denote the distance between the node T" and the intersection, and

the angle between the node T" and the X road, respectively.
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The expressions (1.46) and (1.48) can easily be calculated numerically with mathematical
software such as MATLAB or Mathematica. Closed form can be obtained for @ = 2 and
a =4 when B=R, and B=[-Z,Z].

Proposition 1. The Laplace transform expressions of the interference at the node N for

an intersection scenario, when B =R, and when a = 2 are given by

sP s
Lry, (s) =exp <— pAXﬁ > ), (1.50)
\/(t sin(07))” + sP/A?
and
sP m
Lry, (s) =exp <— pkyﬁ > ) (1.51)
\/(t cos(0r))” + sP/A?
Proof: See Appendix A.9. |

Proposition 2. The Laplace transform expressions of the interference at the node T for

an intersection scenario, when B = [—Z, Z] and when o = 2 are given by

Liy, (s) =exp(—pAxTx(s)), (1.52)
and

Ly, (s) =exp (= pAyTy(s)), (1.53)
where

( Z+t, ) ( 7 —t, )

arctan | ——— | + arctan | ———

J& + sP/A? J& + sP/A?

Ix(s) = : (1.54)

A2 t2—|—SP
sPVY A2

and

. Z+ty, ©arct Z —t,
arctan | ——m—-— arctan | —m——=
V2 + sPA? V2 + sPA?
A? .2 sP '
PV

Ty(s) = (1.55)
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Proof: See Appendix A.10. |

It is worth noting that the expression of (1.50) does not depend on ¢ cos(fr), that is t,.
Similarly, (1.51) does not depend on tsin(fr), that is ¢,. However, one can notice that
(1.54) and (1.55) both depend on t, and on t,. This can be explained by the fact that,
as interferers tend to infinity, the term (2 — ¢;) tends to z and (y — t,) tends to y, that is
lim (z —t;) — «, and lim (y — t,) — y. This is no longer the case when the interferers
Tr—00 Tr—00
are on finite road segments. In this case, the result depends on ¢, and on t,.

When o2 = 0, the expressions of Lry, (s) and Ly, (s) at the node T', when @ = 2 are

given respectively by

Lr, (s)=exp| —pA o , 1.56
tr () P( g X\/[dsin(GT)]2+s> (150

and

L1, (s)=exp | — pA o . 1.57
i ) P( g Y\/[dcos(HT)]2+s> 137

The expressions of £ Ixyp (s) at the node D, when a = 4 is given by

Lry, (s) =exp ( — pAXﬂVx(S)>, (1.58)

where

\/2 (tsin(07)* + s + 2(t sin(f7)

Val(s) = x \/(tsin(0p))* + s — (¢sin(07))%. (1.59)

24/ (tsin(f7)* + s

The expressions of Ly, (s) at the node D, when a = 4 is given by

Lry, (s) = exp (— p/\y7rVy(s)>, (1.60)
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where

\/QW +2(¢ (:OS(GT)2

Vy(s) = - x \/ (tcos(Or)* + s — (tcos(7))?.  (1.61)
24/ (tcos(fr)" + s

Proof: See Appendix A.9. [ ]

The expression of dk_”L'[XT (s)/d¥"(s) and d"Lry, (s)/d"(s), when a = 2, are given

respectively by

—n k—n
d* Lry, (s) _ PAXT n 1 PAXTS
dkFns B VEZsin(0r)2 +s 2 (t2sin(0r)2 + s)3/2
PAXTS
- ) 1.62
xexp< tQSin(gT)2+s> (1.62)
and
d"Lr, (s) [ pAyT L1 pAYTs !
d"s B VitZcos(07)2 +s 2 (t2cos(0r)% + s5)3/2
PAY TS
X — . 1.63
exp < t2 cos(f7)? + s) (1.63)

The expression of dk_"CIXT (5)/d*"(s) and d"Lry, (s)/d"(s) when a = 4 are given re-
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spectively by

d*"Lry (s)

dkns
[ 1 pAx(y/tEsin(07)1 4 s — t? sin(67)?)
4 \/2 t4sin(07)% + s + 2¢2 sin(07)2(t* sin(01)* + s)

1 p)\XW\/Q t4sin(f7)* + s + 2t2 sin(07)?

4 t4sin(07)* + s
1 p)\XW\/Q t4sin(07)* + s + 2t2sin(07)2(\/t* sin(07)* + s — 2 sin(67)?) hon
4 (t4sin(O7)4 + 5)3/2

Ax 7/ 2+/t4sin(07)% + s + 2t2 sin(07)2
XeXp(_;px \/ (0r) (0r) x\/m—tzsin(GT)2>,

ttsin(0r)* + s

(1.64)
and

d"Liy,, (s)

d"s B
l 1 pAy(y/tEcos(0r)1 + s — t2 cos(6r)?)

4 \/2 t4 cos(Or)* + s + 2t2 cos(07)?(t* cos(O7)* + )

1 p)\yﬂ\/Q\/t4 cos(01)* + s + 2t2 cos(67)?
4 t4 cos(Or)* + s

1 p)\yw\/2\/t4 cos(07)% + 5 + 22 cos(07)2 (/1 cos(07)* + s — t2 cos(07)%) 1"
+ 4 (t4 cos(fr)* + 5)3/2

Ay 7/ 2+/t4 cos(O7)% + s + 2t2 cos(O7)2
X exp (— Lpty \/ ©r) (6r) x ([t cos(Or)4 + 5 — t* cos(HT)2>.

2 t* cos(Or)* + s
(1.65)

1.7.2. The Receiving Node is on the Road (Vehicle)

When the receiving node is on the road, the Laplace transform expression can be obtained

by substituting 67 = 0 or 7 = 7 in (1.56), (1.57), (1.58) and (1.60), when the receiving
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node is on the X road. The Laplace transform expression can be obtained by substituting
Or = /2 or Op = 3w /2 (1.56), (1.57), (1.58) and (1.60), when the receiving node is on the
Y road.

The expression of Ly (s) and L Iy, (s), when o = 2, are given respectively by

Lry, (s) =exp <— pAXﬂ\/§> {T € X} + exp (— p;?ié) {T € Y}, (1.66)

and

Lry, (s) = exp ( - p)\yw\/§> {T € Y} + exp ( - p;;ii) {T € X}. (1.67)

The expression of L1, _(s) and Ly, (s), when a = 4, are given respectively by

1/4
i ) = o (- P Nafrex)

V2
PAXT\ 2Vt + s + 22 (VI + s — t2)
+exp<— X /T )]I{TEY}, (1.68)

and

1/4
Ly, (s) = exp (— W)]l{T € Y}

V2
PAym\/ 2V + s + 212 (VL + s — t?)
+exp<— Y Nz )1{Tex}. (1.69)

1.8. Simulations and Discussions

1.8.1. Results of Case Study 1

In this section, we evaluate the performance of our model. In order to verify the accuracy

of the theoretical results, Monte-Carlo simulations are obtained by averaging over 50,000
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p=0.05, a =2, 6=8 dB, S=[100, 0], R=[50,0], D=[0,0] a =2, ©=8 dB, o= -97 dBm, S=[100, 0], R=[50,0], D=[0,0]

100 10

)

p=0.1,0.05,0.03,0.01

Outage Probability
Outage Probability

102
o? (dBm)=-99, -96 , -93, -90, without noise

10° 102 107" 10% 102 107 10°
A (vehicles/m) A (vehicles/m)

(a) (b)

Figure 1.9.: Outage probability when the vehicles intensity A considering SC and the HSV
model. (a) represents the outage probability for several values of noise power level. (b)
represents the outage probability for several values of p with noise (circle), and without
noise (diamond).

realizations of the PPPs and fading parameters. Unless stated otherwise, all the figures are
plot for intersection scenarios. We also set A = 650 (we recall that A is a constant that
depends on antenna characteristics), and the transmit power to P = 120 mW. Without loss
of generality, we set Ax = Ay = A. The vehicles intensity A can also be interpreted as the
average distance between vehicles.

Fig.1.9(a) plots the outage probability for several values of noise power level when p = 0.05.
For low interference level (low vehicle intensity), the noise becomes predominant, and thus
degrades the performance. However, as the number of interfering vehicles increases, the
noise becomes negligible. Fig.1.9(b) depicts the outage probability for several values of p
when the noise power level is set to 0?2 = —97 dBm. We can notice that, as p increases,
the performance of the outage with noise and without noise converge to the same values.
This is because, as p increases, the power of interference increases accordingly, thus making

the power of noise negligible compared the interference power, which corresponds to the
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Figure 1.10.: Outage probability when varying A for different values of p using the direct
transmission scenario (diamond), and cooperative transmissions considering SC (star) and
MRC (circle), for the HSV model.

interference limited scenario.
In the next figures, since we are mainly interested in the effect of the interference, we will
consider only the interference limited scenario, that is, o2 = 0.

From Fig.1.10, we can make the following observations. First, we retrieve that MRC out-
performs SC. Second, cooperative transmissions outperform the direct transmission, that
is, the outage probability for a cooperative transmission is lower than the one for a direct
transmission. The explanation of the second observation is that, when the direct transmis-
sion fails, i.e., the link S-D is in outage, it is unlikely that S-R and R-D are in outage too.
Thus, the direct transmission is aided by the relaying paths S-R and R-D, and therefore the
cooperative transmission always enhance the performance compared to the direct transmis-
sion. We notice that, for lower values of p, the outage probability decreases. This is because
lower values of p mean lower probability for the vehicles to access the medium, leading to

less interferers, and thus reducing the SINR and the outage probability. We can conclude
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p=0.005, a=2, 6=8 dB, S=[100, 0], R=[50,0], D=[0,0] . P=0.005, =2, 6=8 dB, S=[100, 0}, R=[50,0}, D=[0.0]

S

Outage Probability

1021

10% 10 107 107 10°
A (vehicles/m) A (vehicles/m)

(a) Low traffic scenario (b) High traffic scenario

Figure 1.11.: Outage probability as a function of A considering SC (diamond), and MRC
(circle), for the HSV model (simple line) and the LSV model (dashed line).

that vehicles should always cooperate in order to minimize the outage probability, and we
confirm the superiority of MRC over SC. We study the effect of MRC in Fig.1.13.

We notice from Fig.1.11(a) that, for lower values of A (low traffic conditions), the HSV
model outperforms the LSV model. But we can notice from Fig.1.11(b), as the intensity of
vehicles increases (high traffic conditions), the LSV model exhibits better performance. This
is explained by the fact that the interference dependence (LSV) in high traffic is beneficial
due to highly dependent hops of the relaying path. So, if the S-R link succeeded, it is likely
to be the case of the R-D link. Thus, the interference dependence (LSV) leads to higher per-
formance than in the presence of independent interference (HSV) in high traffic conditions,
that is, when the number of transmitting vehicles increases [GH09]. In other words, in low
traffic conditions, increasing the vehicle speed increases the outage performance, whereas in
high traffic conditions, decreasing the vehicle speed increases the performance.

In Fig.1.12, we plot the throughput as a function of ©, where the throughput 7 is defined
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p=0.01, a=2, S=[100, 0], R=[50,0], D=[0,0]

3.5

Throughput (in nats per hertz)

o (dB)

Figure 1.12.: Throughput as a function of © for different values of A considering MRC, for
the HSV model (simple line) and the LSV model (dashed line). Simulation results are
represented with dots.

as follows

T =P(0)logy(1 +©),

where log,(1 + ©) is the Shannon bound (in nats pers hertz) and P(O%) is the success
probability [Hae09]. We can notice that in a high traffic scenario (A = 0.1, A = 0.2), the
LSV model allows the highest throughput than the HSV model. This confirms what we
concluded in Fig.1.11. We also notice that, in a low traffic scenario (A = 0.01, A = 0.02),
the HSV model allows a slightly higher throughput than the LSV model. However, even for
lower values of A (low traffic), as © increases, the LSV model achieves a higher throughput
that the HSV model. This is because, for larger values of ©, in order to have an outage,
a large number of vehicles have to transmit at the same time, hence, increases the traffic
density.

Note that 7 is a function of logy(1 + ©) and P(O®). When © increases, logy(1 + ©)

increases whereas the success probability P(O®) decreases. In one hand, we are tempted to
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Harsh scenario : 1=0.05, p=0.05, o =4, 6=8 dB, Soft scenario : A=0.01, p=0.01, « =4, 6=8 dB,
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I I I I I I I I I ] . . . . . . . . . )
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Relay position (m) Relay position (m)
(a) High traffic scenario: A = 0.25 (b) Low traffic scenario: A = 0.01

Figure 1.13.: Outage probability as a function of the relay position, considering SC (dashed
line), MRC (line) and the direct transmission (star), for the HSV model (circle) and the
LSV model (diamond).

increase © to increase the rate; but, on the other hand, increasing © increases the outage
probability. An optimal value of © must be carefully set in order to maximize the throughput
under given traffic conditions and vehicles mobility.

In Fig.1.13, we plot the outage probability as a function of the relay position for a setting
where S = (0,0) and D = (200, 0). We can see from Fig.1.13(a) that the best relay position
for the LSV model is in the middle of S and D, whereas the best relay position for the
HSV model is slightly shifted from the middle toward D. We also can see from Fig.1.13(a)
that, in high traffic scenarios, the LSV model achieves a better performance (as stated
in Fig.1.11). However, when the relay is close to the destination, the HSV model has a
better performance than the LSV model. This is because, in a high traffic scenario (harsh
environment), the direct link S-D is more likely to be in outage, therefore when the relay
is close to the destination, that is, ||S — R|| = [|S — DJ|, the S-R link is more likely to

be in outage due to highly dependent interference. Furthermore, as stated for Fig.1.11,
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Figure 1.14.: Outage probability when varying the distance of the destination and the source
from the intersection, denoted respectively ||S|| and ||D|| for several locations of the relay at
the first bisector, in the LSV model. (a) represents the 2 dimensions plot, and (b) represents

the 3 dimensions plot.

in low traffic scenario, the HSV model has a better performance than the LSV model.

We can notice from Fig.1.13(b) that the best relay position for the HSV model is close

to the destination whereas the best relay position for the LSV model is when the relay is

equidistant from S and D. The explanation is as follow: in low traffic scenarios, the direct

link has a high success probability in the presence of low interference level. However, in

the HSV model, even if the direct link fails, it is less likely that the relay path fails too,

since there is no dependence between interference. Hence, when the relay moves toward

the destination, it increases the diversity gain and enhances the performance. This makes

the best relay position in the HSV model close to the destination. However, in the LSV

model, when the direct link fails, it is more likely that the relay path fails due to (low but

still present) interference dependence. Hence, the best relay position is when the relay is

equidistant from S and D.

Finally, we can notice, regardless of traffic conditions or vehicle speeds that, as the relay
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Figure 1.15.: (a) Outage probability as function of A for different values of p and © in
a highway scenario (circle) and intersection scenario (diamond) considering MRC for the
HSV model. Analytical results are plot with lines, and simulation results with marks.(b)
Outage probability when varying the distance of the triplet {S, R, D} from the intersection
for different values of rgp. The highway scenario (line without marks) and the intersection
scenario (line with marks) are considered, for the HSV model (simple line) and the LSV
model (dashed line).

moves closer to the destination, MRC and SC offer the same performance. This is because,
when the relay is close to the destination, the power received at the destination from the
source is much smaller than the power received from the relays (Igp > lsp). Thus, adding
the power of S-D link does not add much power to the R-D link, which makes MRC and SC
at the same level of performance. When the relay is closer to the source, the level of power
received at the destination from source and from the relay is almost the same (Irp ~ lsp),
which increases the diversity gain, leading to greater performance of MRC over SC.

The relay location plays an important role in the performance. This can be used in the
relay-selection based algorithms, where vehicles have to take into account both the relays
location and speeds (HSV or LSV). Regarding the decoding strategies, there is also a trade-

off between performance and complexity to consider, because MRC is difficult to implement,
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Figure 1.16.: Outage probability as a function of the path loss exponent a for A €
{0.03,0.05,0.07,0.1,0.2}, for the HSV model (line) and the LSV model (dashed line) con-
sidering MRC.

and it is only beneficial when the relay is close to the source.

In Fig.1.14, we present analytical results when the relay is located on the first bisector.
We plot the outage probability as a function of the distance of the source from the inter-
section, and the distance of the destination from the intersection, denoted respectively ||.S]|
and || D||, in 2D in Fig.1.14(a), and in 3D in Fig.1.14(b). Without loss of generality, we set
the source on the X road, and the destination on the Y road.

Since the relay is outside the roads, we can consider that it belongs to the roadside infras-
tructure. A roadside infrastructure with the coordinate (0,0) can be placed in the center of
a roundabout, or mounted on a traffic light pole. We can notice that the outage probability
reaches it minimum when the relay is the middle of S and D. We also notice that there is
no need to use a relay that would be farther than the coordinate (60, 60) in terms of outage
performance. Although there is a little bit of (but still negligible) gain when using R3, we

can state that using only 3 relays in 200 meters or above, offer the same performance than
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Figure 1.17.: Outage probability as a function of Z for several values of A.

using 7 relays or more. In Fig.1.14(b), we only plot the outage probability when using the
relay R, Ry and R4. We can notice that the relay R; covers the first [0,17 m] x [0,17 m],
that is, 289 m? (300 m?). The relay Ry cover approximately 4600 m? (4611 m?), and then
the relay Ry cover the rest, that is, more than 35000 m? (35389 m?).

Fig.1.15(a) compares the outage probability of a cooperative highway scenario with a single
lane [FEA16] and a cooperative intersection scenario with two orthogonal lanes. We can see
from Fig.1.15 that the outage probability increases as A, p and © increase (see Fig.1.10).
One can notice that the highway scenario outperforms the intersection scenario in terms
of outage probability. We infer that the intersection scenario has an additional lane that
contributes to the aggregate of interference, therefore increasing the outage probability.

In Fig.1.15(b), we present the results for several values of rgp, the relay is equidistant from
the source and the destination. Without loss of generality, we set the triplet {S, R, D}

on the same road. We plot the outage probability as a function of the distance from the
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the HSV model (simple line) and the LSV model (dashed line).

intersection for rgp € {50 m, 150 m, 250 m}. As for the results in Fig.1.15(a), the highway
scenario offers a better performance in terms of outage probability than the intersection
scenario. But, as we increase the distance between the triplet and the intersection, the
highway scenario and the intersection scenario converge toward the same value. This can
be explained by the fact that, as vehicles move away from the intersection, the power of
the interference originated from the other road becomes negligible, thus leading to the same
performance as in a highway scenario.

This further confirms the statement that the intersection scenario has a higher outage
probability compared to the highway scenario, thus making intersections more critical areas
because they are more prone to outage.

From Fig.1.16, we see that, as a increases, the outage probability decreases, this is intu-
itive, since the path loss function decreases faster for larger value of «, thus leading to the
rapid decrease of the interference power. We also see that, in a high traffic load (A = 0.2),

the LSV model exhibits better performance. Inversely, in low traffic load, the HSV model
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Figure 1.20.: Outage probability when varying the distance of the triplet {S, R, D} from the
intersection for different values of «.

exhibits a better performance. This confirms the results in Fig.1.9, Fig.1.10 and Fig.1.13.
We note that, for a low traffic scenario (A = 0.03, A = 0.05), the gap in terms of outage
probability between the LSV model and the HSV model, for o = 2, is very small, but,
as « increases, the gap becomes larger. Also, for A = 0.07, the HSV model has a slightly
higher value of outage probability than the LSV model when o = 2, but, as the value of
« increases, the LSV model has a slightly high value of outage probability over the HSV
model.

We conclude that larger values of « lead to higher interference dependence, because
the interference is dominated by vehicles that are close to the receiving nodes. On the
opposite, lower values of « lead to lower interference dependence, because the interference is
a summation of several far vehicle signals which, to some extent, decreases the dependence of
the interference [Hael2a]. Note that the path loss exponent o depends on the environment.
For instance, a« = 2 corresponds to the free space, o € {2.7,3.5} to an urban area, and

a € {3,5} to a shadowed urban area [Rap02]. We can state that the environment plays an
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important role in the interference dependence. Indeed, an intersection in a suburban area
has a lower dependence of interference, whereas an intersection in an urban has a higher
interference dependence.

To show the impact of Z on the performance, we plot the outage probability as a function
of Z for several values of A in Fig.1.17. We can see from Fig.1.17 that, as the road segment Z
increases, the outage probability increases until Z reaches the value of Z = 500 m. However
the outage probability is constant for all the values of Z € [500 m, co[. Hence, we can see
that the results obtained when Z = 10% m are the same as the results obtained when Z
tends to infinity (Z — o).

Although most of the results were investigated for some values of «, we can see from
Fig.1.18, Fig.1.19, Fig.1.20, and Fig.1.21 that the same behavior is observed for different

values of a.

1.8.2. Results of Case Study 2

We evaluate the performance of the transmission schemes at intersections considering LOS
scenario and NLOS scenario. In order to verify the accuracy of the theoretical results,
Monte Carlo simulations are carried out by averaging over 50,000 realizations of the PPPs
and fading parameters. In all figures, Monte Carlo simulations are presented by marks,
and they match perfectly the theoretical results, which validates our analysis. We set
aros = 2, anvos = 4, mpos = 2, mnLos = 1, and g = 1. Without loss of generality, we set
Ax = Ay = A

From Fig.1.22(a) and Fig.1.22(b), we see that DT outperforms RT. This is because the
transmission in DT occurs in one phase whereas the transmission in RT occurs in two phases.
This leads to an increases in the decoding threshold, i.e., ®1 < ©3, which increases the
outage probability of RT. We can also see form Fig.1.22(a) that for low A\, HT outperforms

DT, whereas for high A DT outperforms HT in LOs scenario. This is because for low A, even
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Figure 1.22.: Outage probability as a function of A for DT (circle), RT (star) and HT (dia-
mond) (a) LOS scenario (solid line) (b) NLOS scenario (dashed line).

thought ©; < O3, the aggregate interference are small, hence it converges to an interference
free scenario. Thus the HT offers better performance than DT [LTWO04]. However for
high A, the interference decreases the performance of HT which makes DT better that HT.
Hence, if the intensity of vehicles is high, it is better to use DT over HT in a LOS scenario.
However, we can see that Fig.1.22(b), HT always outperforms DT, regardless of the vehicles
intensity A in NLOS scenario.

From Fig.1.23(a) we can see that as the triplet move toward the intersection, the outage
probability increases. This is because at the intersection, the X road and the Y road
contribute equally to the interference aggregate. However when the triplet move away
from the intersection, only one road will contribute to the interference aggregate. The
representation of the outage probability behavior can be better seen in the 3D representation
in Fig.1.23(b).

We notice from Fig.1.23(a) that the increase in outage probability for LOS scenario begins

at 1000 m from the intersection, whereas the increase in outage probability for NLOS
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Figure 1.23.: Outage probability as a function of the distance from the intersection. (a)
Outage probability in two dimensions (2D) for DT (circle), RT (star) and HT (diamond),
considering LOS (solid line) and NLOS (dashed line)(b) Outage probability in three dimen-
sions (3D) for DT.

scenario begins at 200 m from the intersection. We also notice that at the intersection, the
outage probability for LOS scenario is higher than NLOS scenario. This result is counter-
intuitive since the transmission in NLOS scenario suffers a blockage of building at the
intersection. This can be explained as follows: in LOS scenario, the interference are in LOS
with the receiving node, hence it increases the power of interference at the receiver which
increases the outage probability. However, in the NLOS scenario the interference are in
NLOS with the receiving node, hence it decreases the power of interference at the receiving
node which decreases the outage probability. Note that, in an interference free scenario, the
LOS scenario outperforms the NLOS scenario. However, in an interference-limited scenario,
the power of the interference outweighs the power of the transmitting signal.

We can see from Fig.1.24(a) that in LOS scenario, both DT and HT outperforms RT.
We can also see that as the number of lanes increases, the DT and HT have the same

performance. This is because when the number of lanes increases, the intensity of the
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interferers increases as well. Hence, as explained in Fig.1.22, as the intensity of interferers
increases the DT outperforms HT. However, we can see from Fig.1.24(b) in NLOS scenario,
that the outage probability increases linearly when the number of lanes increases. We also
see that HT always outperforms DT in NLOS scenario even when the intensity of vehicles
is high. When comparing Fig.1.24(a) and Fig.1.24(b), we see that the outage probability
for LOS scenario of the three transmissions is higher than NLOS scenario. This is due to
the fact that, when the interfere vehicles are in LOS with the receiving nodes, the aggregate
interference increases and thus,increasing the outage probability.

From Fig.1.25, we can make several observations. For LOS scenario, we can see that for
low values of p, HT outperforms DT. This is because for low values of p, ©1 ~ O,, which
makes HT outperforms DT since it benefits from the diversity gain. We also can see that
for high values of p DT outperforms HT. This because, as p increases, the value of O9
increases rapidly compared to ©1 (07 >> ©2). Hence, it increases the outage probability

of HT compared to DT. As for NLOS scenario, we can see that HT outperforms DT when
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Figure 1.25.: Outage probability as a function the data rate p for DT (circle), RT (star) and
HT (diamond), for LOS scenario (solid line) and NLOS scenario (dashed line).

p € [0;3,2]. This is interval is higher than LOS scenario, because the high value of the path
loss (i.e, @« = 4) compensates for the effect of high value of p. We can conclude that, for
low values of p, it is better to use HT, whereas for high values of p, it is better to use DT.
For instance, when a vehicle need to send emergency message, HT is more suitable since
the transmission does not need high data rate.

From Fig.1.26(a) and Fig.1.26(b), we can see that the best relay position for RT is at mid
distance between S and D, and that the best relay position for HT is near the destination.
We can also notice from Fig.1.26(a) that HT outperforms DT when the relay is closer to
the destination. However, we can see from Fig.1.26(b) that HT never outperforms DT in
LOS scenario. This confirms what we stated in Fig.1.22, since for high A, DT outperforms
HT. We can conclude that, in LOS scenario and for low values of A, it is better to use HT
when the relay is close to the destination. For for high values of A, it is better to use DT.

In NLOS scenario, if the relay is near the destination, it is better to use HT regardless of A.
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1.9. Conclusion

In this chapter, we investigated two study cases. In the first study case, we studied the
performance of direct transmissions and cooperative transmissions for VCs at road inter-
sections in the presence of interference. We presented analytical results for HSV and LSV.
Closed-from expressions were obtained for specific channel conditions. We also considered
two decoding strategies: SC and MRC. We calculate Laplace transform expressions when
the receiving node can be anywhere on the plan, given finite and infinite road segments. We
showed that cooperative transmissions always enhance the performance compared to direct
transmissions, and the use of MRC is only useful when the relay is closer to the source.
We also showed that mobility increases the outage probability performance in good traffic
conditions, whereas static or low mobility increases the outage probability performance in
harsh traffic conditions. We also showed that the best relay position for the HSV model in

low traffic conditions is when relay is closer to the destination. The best relay position for
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the HSV model in high traffic conditions is when relay is slightly shifted from the middle
toward the destination. However, the best relay position in the LSV model is when the relay
is equidistant from the source and the destination regardless of the traffic conditions. We
showed that the outage probability does not improve after using three infrastructure relays.
We also showed that lower values of the path loss exponent leads to higher interference
dependence. Finally, we showed that cooperative transmissions at intersections have higher
outage probability than cooperative transmissions on highways.

In the second study case, we investigated three transmission schemes: DT, RT, and HT
in the presence of interference at intersections. We derivated the outage probability for the
three transmission schemes considering Nakagami-m fading channels. We considered two
scenarios: LOS scenario and NLOS scenario. We derive the outage probability when the
receiving nodes are on the roads, or outside the roads. Closed forms were obtained for some
channel conditions. We showed that DT outperforms RT, hence RT is useful only when DT
is not possible. We also showed that in LOS scenario, DT outperforms HT for high densities
of vehicles, whereas HT outperforms DT for low densities of vehicles. We also showed that
HT has better performance for low densities of vehicles, and for low data rates regardless of
the scenario. Counter-intuitively, we found that NLOS scenario offers a better performance
that LOS scenario at intersections. Finally, we showed that the best relay position in RT is
at mid distance between the source and the destination, whereas the best relay position in

HT is close to the destination.
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Chapter 2.

Cooperative NOMA analysis

This chapter has been adapted from the journal papers [BHE19d; BHE19j; BHE19e]. This
work has also been discussed in the conference papers [BHE19h; BHE19c; BHE19g].
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2.10. Conclusion . . . . . . . . . e e 125

2.1. Introduction

VCs offer several applications for accident prevention, or alerting vehicles when accidents
happen in their vicinity. Thus, high reliability and low latency communications are required
in safety-based VCs. To increase the data rate and spectral efficiency [Din+17b] in the fifth
generation (5G) of communication systems, NOMA is an appropriate candidate as a multiple
access scheme. Unlike OMA, NOMA allows multiple users to share the same resource with

different power allocation levels

2.1.1. Related Works

The performance of NOMA has been well studied in the literature (see [Dai+15; Isl+17;
Din+14] and the references therein). We refer the reader to [Din+17a] for a comprehensive
survey on NOMA. As far as the impact of interference on NOMA is concerned, several papers
have studied its effect [Zha+16]. The authors in [ZH17] analysed the impact of interference
on a NOMA uplink transmission. The authors also analyzed the performance of a NOMA
downlink transmission with a selection based pairing in [ZSH17]. e improvement of using
cooperative transmissions in NOMA have been also well investigated [DGG18; DGG19]. A
scenario involving M number of randomly deployed users was investigated in [Din+14]. The
authors also evaluated the ergodic rate and outage performance in [TK15]. In [DDP16a], the
authors studied the impact of relay selection on cooperative NOMA, and showed that the
two-stage scheme can achieve the optimal diversity gain and the minimal outage probability.
However, the impact of implementing NOMA into VCs has been lacking in the literature.
We showed in the previous chapter that the intersections are critical areas since the out-
age probability increases at these areas. We investigate, in this chapter, the improvements

of implementing NOMA and limitation of these improvements. In this chapter we propose
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to study three transmission schemes. We will study the direct transmission and coopera-
tive transmission using NOMA in the first part of this chapter. Then, we will study the

performance of MRC and compare it with the cooperative transmission.

2.1.2. Contributions
The main contributions of this chapter are summarized as follows:

e We develop a tractable analysis to model VCs at intersections using NOMA in terms
of outage probability and average achievable rate considering direct transmission and
cooperative transmission. Closed form outage probability expressions are obtained for
specific values of the path loss exponent. Quasi-closed form expressions are obtained

for the average achievable rate.

e We develop an analysis in terms of outage probability and average achievable rate
when a source vehicle sends a message to two destination vehicles, and then extend

the results for K destination vehicles when:

1. Perfect SIC is considered at the receiving nodes, that is, all the extra interference

are removed during the SIC.

2. Imperfect SIC is considered at the receiving nodes, that is, a fraction of interfer-

ence is not removed during the SIC.

e We show how the system parameters impact the performance of NOMA. We also
show how the imperfect SIC process can impact the performance of NOMA and how
to ensure that NOMA outperforms OMA. For the sake of completeness, we show that,
as the number of destination nodes increases, NOMA performance become greater

over OMA.

e We study and investigate how the system parameters impact the performance of co-

operative NOMA. For instance, the average achievable rate for Do is better for low
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density vehicles, and the average achievable rate for D; is better for high density

vehicles.

Regarding relay positions, we show that the optimal relay position for D is at mid

distance between S and D1, whereas the optimal relay position for Ds is close to Ds.

We show that as we increases the data rate of Ds, cooperative NOMA offers a better
performance than cooperative OMA. Whereas for D, low data rates are suitable,
since there is a condition imposed to its data rate. We also show how the imperfect

SIC process can degrade the performance of cooperative NOMA.

We analyze the performance and the improvement of using MRC in cooperative VCs
transmission schemes considering NOMA at intersections in terms of outage probabil-

ity. Closed form outage probability expressions are obtained.

We compare the performance of MRC cooperative NOMA with a classical cooperative
NOMA, and show that implementing MRC in cooperative NOMA transmission offers
a significant improvement over the classical cooperative NOMA in terms of outage

probability.

We also compare the performance of MRC cooperative NOMA with MRC cooperative
OMA, and we show that NOMA has a better performance than OMA.

We show that as we increases the data rate of Dy, MRC transmission using NOMA
offers a better performance than MRC transmission using OMA. Whereas for Dy, low
data rates are suitable, since there is a condition imposed to its data rate. We also
show how the imperfect SIC process can degrade the performance of NOMA. We also

show that MRC transmission using NOMA outperforms cooperative NOMA.

We investigate the best relay position when using MRC, and we show that the optimal

relay position for Dy and Dy is near the destination nodes.

78



Chapter 2. Cooperative NOMA analysis

2.2. System Model

2.2.1. Intersection Scenario

We study the performance of NOMA considering direct transmission and cooperative trans-
mission. The direct transmission involves a source node S and two destination nodes denoted
Dy and Dy as depicted in Fig.2.1(a). The cooperative transmission occurs between S, and
two destinations, denoted D and D5, with the help of a relay, as denoted by R as depicted
in Fig.2.1(b). The use of cooperative transmissions is motivated by the fact that direct
transmissions are often unavailable between the source and the destinations due to building
and blockages at intersections. The set {S, R, D1, D2} denotes the nodes and their locations.

We denote by M the receiving node, and by m the distance between the node M and the
intersection, where M € {R, Dy, D2}, m € {r,di,ds}, and 6 is the angle between the node
M and the X road, as shown in Fig.2.1. Note that the intersection is the point where the
X road and the Y road intersect. The intersection scenario that we consider in this study

is the same as the one presented in section 1.3.1.

2.2.2. Medium Access Control (MAC) Protocol

We consider the same MAC protocol as in section 1.3.2.

2.2.3. Decoding Strategy Model

We use a Decode and Forward (DF) decoding strategy, i.e., R decodes the message, re-
encodes it, then forwards it to D7 and Ds. We also use a half-duplex transmission in which
a transmission occurs during two phases. Each phase lasts one time slot. During the first
phase, S broadcasts the message to R (S — R). During the second phase, R broadcasts
the message to Dy and Dy (R — Dy and R — D»).
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Figure 2.1.: NOMA system model. (a) Direct transmission NOMA system model for VCs
involving two receiving node D; and Ds. The receiving nodes can be vehicles or as part of
the communication infrastructure. (b) Cooperative NOMA system model for VCs involving
one relay and two receiving nodes. The receiving nodes can be vehicles or as part of the
communication infrastructure. For instance, S and D; are vehicles, and R and D> are
infrastructures.

2.2.4. NOMA destinations order

Several works in NOMA order the receiving nodes by their channel states (see [Din+14;
DPP15] and references therein). However, it has been shown in [DDP16a; DDP16b], that
it is a more realistic assumption to order the receiving nodes according to their quality of
service (QoS) priorities. We study the case when, node D needs a low data rate but has to
be served immediately, whereas node Dy require a higher data rate but can be served later.
For instance D; can be a vehicle that needs to receive safety data information about an
accident happening in its surrounding, whereas Dy can be a user that accesses the internet

connection.
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Figure 2.2.: Direct transmission scheme using NOMA.
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Figure 2.3.: Cooperative transmission scheme using NOMA.
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2.2.5. Channel and Interference Model

We consider an interference limited scenario, and thus, we set the power of the additive
noise to zero'. We assume, without loss of generality, that all nodes transmit with a unit
power.

The signal transmitted by S, denoted xg is a mixture of the signal intended to D; and

Do, and can be expressed as

XS = Va1XD; T V/G2XDs,

where a; is the power coefficients of D;, and xp; is the message intended to D;. Since Dq
has higher power than Ds, then it comes first in the decoding order, with a; > as. Note
that, a1 + a9 = 1.

The received signal at D; considering direct tranmission can be expressed as

Yo, = hsp,VlIspixs + > hou\/lpw Xa+ > hpyyr/IDs, Xy

zedx yedy

where YVp, is the message received by D;. The messages transmitted by the interfere node x
and y from the X road and Y road, are denoted x, and x, respectively, hy is the fading co-
efficient between node a and b, and is modeled as CN(0, 1) (Rayleigh fading) [Che+407]. The
power fading coefficient between the node a and b, |hgp|?, follows an exponential distribution
with unit mean.

As for the cooperative transmission, the signal received at R during the first time slot is

expressed as

Yr = hsrVIsr xs + Z hRreVIRe Xa + Z hryr/lRy Xy-

xECI’XR yEfDYR

We show in the next section how noise can be easily incorporated to the analysis.
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The signal received at D; during the second time slot is expressed as

Yp, = hRDi\/EXR + 2 hoaylpeXet Y howy/low Xy,

IG(I)XDi yECDYDZ_

where Vp, and xR, are respectively the signal received by D;, and the signal transmitted
by R.

The aggregate interference is defined as

IXM: Z |th|2le, (2.1)
IG‘PXJW
and
IY]VI: Z ’hMyPlMyv (2.2)
Y€y,

where Ix,, represents the aggregate interference from the X road at M, Iy,, represents the
aggregate interference from the Y road at M, ®x,, represents the set of the interferers from

the X road at M, and ®y,, represents the set of the interferers from the Y road at M.

2.3. Outage Computation

2.3.1. NOMA Outage Expressions

The outage probability can be defined as the probability that the SIR at the receiving node
is below a certain threshold. We first define the SIR at the receiving node, then we define the
outage events and the outage probability related to them, considering direct transmission

and cooperative transmission.

83



Chapter 2. Cooperative NOMA analysis

Direct Transmission

Since D; is assumed to be received with higher power, hence, it will be decoded first ac-
cording to SIC. Consequently, Dy message will be considered as interference, and the SIR

at D1, denoted SIR]BIT_ ,» 1s expressed as

2
SIRDT |hsp,|*lsp, a1
Di1 —

\hspy [Plspyaz + Ix,, + vy,

(2.3)

However, since Dy comes second in the decoding order, it has to decode D; message first,
then decodes its own message. The SIR at Dy to decode D1 message, denoted SIRB;{ L 18

expressed as
2
|hsp,|“lsp, a1

SIRD = : 2.4
D2o1 ™ g p, [Plsp,as + Ixp, + Ivp, (2:4)
The SIR at Do to decode its own message, denoted SIRD;F, is expressed as
h 2]
SIRDT — ‘ SDQ’ SD2 az , (25)

D2 6|hSD2 ‘2ZSD2 ap + IXDQ + IYDQ

where [ is fraction of interference that remains due to SIC error propagation, and 5 €
[0,1] [Has+03]. When we consider a perfect SIC is carried out at Dy, that is, there is no
interference left from the SIC process, then 5 = 0.

Now we express the outage event related to D; and Dy. The outage event related to Dy,

denoted Op,, is expressed as
DT)

Op, 2 [SIRPT | < o{""], (2.6)

where @ﬁDT) =2R1 1 and R, is the target data rate of D;.

The outage event when Dy cannot decode D; message denoted Op, ,, is expressed as

Op, , 2 [SIRBL <o{PM]. (2.7)
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Finally, the outage event when Dy cannot decode its own message denoted by Op, , is

expressed as

Op, , 2 [SIRD] , < ©f"], (2.8)

where G)éDT) =92R2 _ 1 and Ry is the target data rate of Ds.
An outage event occurs at Dy when Dy cannot decode Dy message, or when Ds cannot

decode its own message. Then, the outage at Dy is given by
OD2 = [OD2_1 U 0D2_2]~ (29)

Now we express the outage probability related to D; and Ds, that is Op, and Op,. The

outage probability related to D;, denoted P(Op,), is expressed as

L, o >
P(Op,) = “ (2.10)
1 —Hpy (ISGDl1 ), otherwise.

where G = @gDT)/ (a1 — @gDT)ag). The function Hp,) (%) is expressed as

Moy (%) = Livy, (), (5). (2.11)

The outage probability related to Dy, denoted P(Op,), is expressed as

1, o’V > u o o) > a2,

P(Op,) = o’ (2.12)

G max :
1—7—[(D2)( l(;)DQ ), otherwise.

where G(2)max = max(G1,Gz) and Gy = @éDT)/(ag - @éDT)ﬁal).
When perfect SIC is considered, we set 3 to zero in (3.67).

Proof: See Appendix B.1. |
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When noise is taken into account, the function Hp,) (%) will be a product of two Laplace
transform and a noise related term, denoted N;, where N; = exp(—G;0?/lsp,), and o2 is

the noise variance.

Cooperative transmission

Now we define the SIR for cooperative transmission. The SIR at R to decode D;, denoted

SIRR, , is expressed as
2
\hsr|“lsr a1

SIRR, = .
R ‘hSR‘zlSRQQ‘i‘IXR +IYR

(2.13)

Since Ds has a lower power allocation, R has to decode D; message first, then decode Do

message. The SIR at R to decode Dy message, denoted SIRg,, is expressed as

|hsr|?lsk as
SIRR, = , 2.14
> BlhsrlPlsrar + Ixy, + Iy, (2.14)
where f is fraction of interference that remain due to SIC error propagation.
The SIR at D; to decode its intended message, denoted SIRp, ,,, is given by
h 2]
SIRp, ,, = Ihsp LD, o1 (2.15)

\hrD, [*lrDy a2 + Ixp + Ivy,
Similarly, in order for Ds to decode its intended message, it has to decode D message first.

The SIR at Ds to decode D message, denoted SIRp, |, is expressed as

\hrD, |2lRD, a1

SIR = . 2.16
Do_1 |hRD2|2lRD2a2 + IXD2 + IYD2 ( )
The SIR at D3 to decode its intended message, denoted SIRp, .,, is expressed as
h 2]
SIRp, ., = iR, ["IRD, 02 (2.17)

Blhrp,|*lrD, a1 + Ixp,, + Ivp,
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The overall outage event related to Dy, denoted Oy, is given by
O = [SIRR, < ©®1 USIRp, ,, < O4]. (2.18)
The overall outage event related to Dy, denoted Oy, is given by

Oy £ [STRR, < ©1 USIRp, ., < O1], (2.19)

where ©; = 22R1

—1, and R; is the target data rate of D;. The target data rate is multiplied
by the factor 2 because it requires two time slots to transmit the message.

The outage event that R does not decode Dy message, denoted Op,, is given by
Or, = [SIRRI < ©1USIRR, < @2] , (2.20)

where @y = 222 — 1 and R is the target data rate of Ds.
Also, the outage event that Dy does not decode its intended message, denoted Op,, is given
by

Op, = [SIRp, ,, < ©1 USIRp, ,, < O1]. (2.21)

Finally, the overall outage event related to Dy, denoted Oy, is given by
O2) £ [Or, U Op,]. (2.22)

In the following, we will express the outage probability expressions related to O;) and

O(z)- The probability P(O(y)) is given by

L 01 >
F(Ow) = : (2.23)
1 - 7'[(R)(i)%(Dl)( G ), otherwise.

lrD,
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where G1 = 01/(a; — ©1a2), and Hr (%)is expressed as

Hon (5) = £y, (5)Emy (5) (2.24)

The probability P(O(y)) is given by

P(O ) 1, O 2%01‘@22%; (2 25)
2/ = ‘
1 —=Hr) (%)H(Dl) (Gm‘“‘), otherwise.

lsr IRD,

where Gpax = max(G1,G2), and Go = ©y/(az — O20ay).
Proof: See Appendix B.2. [ |

If noise was taken into the analysis, the function H ) (%) will be expressed as

Hon( D) = L1, (2)en, (B)exp (- A7), (2.26)

where ¢ is the noise power.

2.3.2. OMA Outage Expressions
Direct transmission

Now we express the SIR and the outage probability related to OMA considering direct

transmission. The SIR at the receiving node D;, denoted SIR([S:MA), is expressed by

©ma) _ |hsp,Plsp,

SIR = . 2.27
The outage probability for OMA user D; is expressed as
(OMA) e(PT)
P(OMY) =1 —/c(Di)< z ) (2.28)
SD;
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where ©(PT) — 92Ri _ 1, and R; is the target data rate of D;. Notice that the achievable
rate of OMA is multiplied by 1/2. This is because OMA uses twice NOMA resources.
Cooperative transmission

Now we express the SIR and the outage probability related to OMA considering cooperative
transmission. The SIR at the receiving node R during the first time slot, and at D; during

the second time slot, are expressed respectively by

©oMa) _ |hsrl*lsr

SIR = , 2.29
SR Ixp, + Iyy (2.29)
and
hrp,|*lrD,
SIR(OMA) = ol rp, 2,30
RD; IXDZ. + IYDi ( )
The outage probability for OMA user D; is expressed as
OMA S )
P(ng )) =1- H(R) () X H(Di) (), (2.31)
Isr lrD;

where © = 2% — 1 and R; is the target data rate of D;. Notice that the achievable rate

of OMA is multiplied by 1/4. This is because OMA uses twice NOMA resources.
2.3.3. NOMA Extension to K-destinations

Direct transmission

In this section, we extend the results of NOMA to K-destinations. We define the expression

of the SIR at D; to decode D; message as follows

|hsp,|*lsp, ai

SIRB};t = 2 t—1 K :
hsp,Plsp, [B 3221 an + =i an] + Ixp, + Iy,

(2.32)

89



Chapter 2. Cooperative NOMA analysis

Note that, when A >t — 1, then 22;11 ap = 0, and when n > K, then Zf:tﬂ an = 0.
A successful transmission at the user D; is expressed as
K
C & DT
0p, 2 (1 {SIRD, . . > Ri-(x—m)} (2.33)
m=K—i+1

Finally, the outage probability is expressed by

K

1, U — at S @(DT),
P(Op,) = 1218 Doy @n D On ' (2.34)
1 —Hp, (%), otherwise.
The function G(j)max is given by
0D
G (i)max max{ (DT) zi_(g:;)q K ’
ai—(K-1) — ei—(K—l)[/B 2h=1 ap + Zn:if(K71)+1 an]
(DT)
O (k-2)
DT i—(K—2)— e
aj—(K-2) — 95_(1){_2) &} Zh:(l 2 ap, + Zr[f:i—(K—Q)—&-l an]
(DT)
(DT) (?:gil_)lzl e } ) (2.35)
Qi (K1) — @if(Kfl) (8 > =1 ap + Zn:i—(K—Z)-H an]

where | € {1,2,..., K}. We impose the condition that | > K — i. When perfect SIC is

considered, we set 5 to zero in (2.35).

Cooperative transmission

We extend the results of NOMA to K-destinations. We define the expression of the SIRs

as follows
SIRp. — _|hsrllsr ai (2.36)
" hsrPlsr B an + K iy an] + Ixg + Ivg,
and
hep. Plep.
SIRp, , = (e, "laD, ot (2.37)

7 hep,Plro, [0 an + Xa—i1 an] + Ixp, + Iy,
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Note that, when A >t — 1, then 22;11 ap = 0, and when n > K, then Zf:tﬂ an = 0.

A successful transmission at D; is expressed as

0f) = 0%, N 05, (2.38)
where
K
Ogi 2 ﬂ {SIRRi—(K—m) > Rz‘—(K—m)}a (2.39)
m=K—i+1
and
K
m=K—i+1
Finally, the outage probability of the user D;, denoted Og), is expressed by
1, U e <oy
P(Oy) = 1218 Dy an Yo an (2.41)
G 1)max G 1)max .
1-— H(R) (7(1;% )H(Di) (71(1%)D,- ), otherwise.

and G (;)max i given by

G(i)max = max{ (_?l—_(ﬁ(K—_l;)—l K ’
ai—(k—-1) — Oi_(xk-1)[8 X1 an + 3 peie(K—1)+1 @n]

O (k-2

—1 an + Zfl(:i_(K_z)Jrl an] g ey

ai—(k-2) — Oi_(k—2)B8 Z;L_:(lK 2
O, _(x_
! — } (2.42)
ai—(k—1) = Oi(k-1)[B Xp=i an + D peie(K—1)+1 An)

where [ € {1,2,...,K}, ©; = 22Rt — 1 and Ry is target data rate of D;. We impose the

condition that [ > K —i. When perfect SIC is considered, we set 3 to zero in (2.41) and

(2.42).
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2.4. Average Achievable Rate

2.4.1. Direct transmission

Two destinations

In this section, we derive the average achievable rate related to D; and Ds. We assume

throughout this section that D; and Dy can use adaptive modulation and coding in order

to achieve Shannon bound, that is logy(1 + SIR]BZ,T).

First, we compute the average achievable rate related to D, denoted Tp,, where Tp, is

defined as

To, = E[logy(1 + SIRPT )]

The expression of 7p, , is given by

- 10g2(1+%)7_{ v _q 1
b= /J:O (D) ((al +as —azx2?) lSD1> v

Proof: See Appendix B.3.

The average achievable rate related to Dy, denoted 7Tp,, is defined as
Tb, £ E[logy(1 + SIRD] ,)].

Then, the expression of 7p, is given by

log2(1+aT2) v _ 1
TD2 :/ Bay H(D1)< )dv

-0 az + fay — Bai 2V lsp,

Proof: Same steps as in Appendix B.3.
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When 5 =0, (2.46) becomes

o0 2 —1
= dw. 2.47
7o, /U:O H(DQ)(@ lSDg) v (2.47)
The average achievable rate at the receiving node D; in OMA, denoted TDOMA , can be
expressed as
TSN 2 B[log, (14 SIREMY)). (2.48)

Following the same steps as in NOMA, the average achievable rate in OMA, denoted TDOMA ,

is expressed as

o0 2% —1
TD(QMA) = / H(Di)( >dv. (2.49)
i v=0 lsp,

Extension to K-destinations

The expression of the average achievable rate at the user D; when NOMA is considered is

given by

Vsup

2V —1
Th, = Hp, dv, (2.50)
b v=0 (D)<{a —(2v —l)wz ah+2n H_lan}lSD) ’

where vgyp = logy <1 + Note that, when 8 = 0, then vy, — 00. The

a;
1—1 K .
B 22:1 ah+zn=i+1 an>

expression of the average achievable rate at the user D; when OMA is considered is given

by

00 2K —1
MY = [ ”H(Di)< )dv. (2.51)
v=0 lSDi

2.4.2. Cooperative transmission

In this section, we compute the average achievable rate related to D; and Ds. We assume
throughout this section that R, D; and D can use adaptive modulation and coding in order

to achieve Shannon bound for cooperative transmissions, that is §logy(1 4 SIR).
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The average achievable rate related to Dy, denoted Tp,, is expressed as

To, =

The final expression of Tp, is then expressed as

L loga(14+21) 920 1
TDlz/io 2 ”“’”(( )

a1 +as —as 22”) lsp

X H ( 2 -1 )d
V.
(D1) (a1 + ag — a2 221;) lsr

Proof: See Appendix B.4.

The average achievable rate related to Dy, denoted Tp,, is expressed as

1 1
To, = E[min{2log2(1+SIR32),210g2(1+SIRD2_,2)}].

Then, following the same steps as in Appendix B.4, we get

3 log, (1+ 22 220 _ |
2 Bay
= H
7. /v:O ) ((az + Bay — Pay 22Y) lSR)

2% —1
X Hpy) ((a2 + Bay — Bay 2%v) lSR>dU‘

When perfect SIC is considered, that is 5 = 0, then (2.53) becomes

o0 2% —1 2% —1
Tp, = /_0 H(R)( ) X H<D2)< )dv-

azlsr azlsr

1 1
E lmin {5 logy(1 + SIRg, ), 5 logs (1 + SIRDH)}] .

(2.52)

(2.53)

(2.54)

The expression of the average achievable rate at the user D; considering NOMA, is given
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Vsup

2% —1
vmo ) {ai — @ -D[B Y an+ Y an]} sk

2% — 1
X H(Dz) ( — )dv, (255)
{ai = @2 = D[B S an+ S0y anl} e

where vg,p = %logQ (1 ) When 8 =0 and i = K, then vg,, — oo.

" B 22;11 ah—:Zf:i+1 an
2.5. Power Allocation Coefficient and § Setting

In this section, We show how the system parameters impact the performance of NOMA,
and how to set the system parameters to ensure that NOMA outperforms OMA in terms
of outage probability when destination nods are at the intersection (d; = 0). Without loss

of generality, we consider A\, = A\, = A, and we consider direct transmission.

2.5.1. The Target Data Rate

For D, the following condition regarding R; has to be respected

ai

Ry < log, (1 + ). (2.56)

1—CL1

Otherwise, P(Op,) equals 1. For Dy, the following condition regarding R, and Rs has to

be respected
ay

)}W{Rz <logy (1 + l_al)}. (2.57)

{Rl < logy (1+ ay

1—&1

Otherwise, P(Op,) equals 1.
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2.5.2. The Power Allocation Coefficient a;

Regarding D1, the outage probability using NOMA has to be less than the outage probability

using OMA. This can be expressed as

(OMA))

P(Op,) < P(O) (2.58)

Then when the condition (2.56) is satisfied, the inequality in (2.58) will be expressed as

G @(DT)
H(D1)<zsg ) > %(D1)< . ) (2.59)

For ao = 2, the expression further (2.59) simplifies to

G @(DT)
exp ( — 2pAT—2 ) > exp ( — 2pArm ) (2.60)

lsp, SD,

Then after some algebraic manipulations, we obtain
(DT) (DT)
1
ay > 91 (1+6 =7 ). (2.61)
o114+ PT)

So if a; respects the condition in (2.61), NOMA will always outperforms OMA.
Regarding D-, the outage probability using NOMA has to be less than the outage probability

using OMA. This can be expressed as
OMA
P(Op,) < P(OSMM). (2.62)
Following the same steps as for Dy, (2.62) it can be expressed as

P(Op,) < P(OSM™). (2.63)
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Then when the condition (2.57) is satisfied, we get

G((2)max

edT) >
lsp,

=

H(DQ) < ZSDQ

which further simplify to
max(Gi, Ga) < e®T),

Then after some algebraic manipulations we obtain

o> OTDAIOED) o™ (140™) !
@(DT)(1+®§DT))7 ) G(IDT)+G)§DT)+@(1DT)@§DT)+@(1DT)@(2DT)B )
@(DT)ie(DT) .
a1 < 2 otherwise.

@(DT)(l-i-@éDT),B) )
2.5.3. The Fraction of Interference After SIC Process
For the S, the following condition has to be respected

@(DT) _ C_)gDT) _ a1®(DT)
©(DT) @gDT) a1

> .

2.6. Simulations and Discussions

(2.64)

(2.65)

(2.66)

(2.67)

In this section, we evaluate the performance of NOMA using cooperative transmission and

direct transmission at intersections. Monte-Carlo simulations are obtained by averaging

over 50,000 realizations of the PPPs and fading parameters. The Monte-Carlo simulations

match the theoretical analysis, which confirm the accuracy of our results. Unless stated

otherwise, # = 0, S = [100,0], R = [50,0], D; = [0,0] and D2 = [0, —10]. We set, without

loss of generality, Ax = Ay = A

We can see from Fig.2.4 that, as the intensity of vehicles increases, the outage probability

increases. This is because, when the number of interfering vehicles increases, the aggregate

interference at the receiving node increases, hence increasing the outage probability. We
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R,=0.5 bit/s, R,=3 bit/s, p=0.01, a,=0.6, a=2

2
= 07 i
Qo
g 0.6 ——D, NOMA
o =D, NOMA
> 05
o - --D,OMA
- - -D, OMA

870.4 2”7 )
© ° D1 Simulations
E 0.3 * D, Simulations
(o]

0.2 a, =0.6 |

0.1

a1=‘0.8

0
107 102 107 10°
A (vehicles/m)

Figure 2.4.: Outage probability as a function of A using cooperative NOMA and cooperative
OMA.

can also see that the performance of cooperative NOMA depends of the value of ay. For
instance, for a; = 0.8, NOMA outperforms OMA for D; and Ds. However, for a; = 0.6,
NOMA outperforms OMA for D, but not for D;y. This is because, when a; decreases (less
power is allocated to D), ag increases (more power is allocated to Dy). Consequently, the
numerators in the equation SIRr, and SIRp, ,, become smaller than the denominators.
Hence, the values of SIRg, and SIRp, ,, decrease. When the values of SIRg, and SIRp, .,
decrease, the probability that the SIR values becomes greater than the decoding threshold
©1 deceases, which increases the outage probability.

Fig.2.5 plots the average achievable rate of cooperative NOMA and cooperative OMA as
a function of A. Note that, for cooperative OMA, we have only one performance for D
and Djy. This is because ||S — Dq|| = ||S — D2||, which leads to the same performance in
the case of cooperative OMA. We notice from Fig.2.5 that Dy achieves a higher average
achievable rate than D; in the presence of low density vehicles. This is because, for Dy,

there is an extra interference term related to Do, which decreases the average achievable
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Figure 2.5.: Average achievable rate as a function of A using cooperative NOMA and coop-
erative OMA.

rate. However, as the density of vehicles increases, D has better performance. This is
because, on one hand, the power allocated to D; is higher than the power allocated to Do,
and on the other hand, the extra interference from Dy at D; becomes negligible compared
to the interference generated by the interfering vehicles.

Fig.2.6 plots the outage probability for cooperative NOMA as a function of the distance
from the intersection. For the performance comparison, we plot the outage probability for
cooperative NOMA for a highway scenario which involves one road segment. For a fair
comparison between the intersection and highway scenario, we locate the set {S, R, D1, D2}
on the same road segment. We see from Fig.2.6 that, when the vehicles are at 200 m away
from the intersection, the performance of D; for the intersection and the highway scenarios
is the same. However, as the vehicles move toward the intersection, the performance of the
intersection decreases, and reaches its maximum at the intersection. The same observations

can be made regarding the performance of Dy. This is because, when vehicles are far
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Figure 2.6.: Outage probability as a function of the distance from the intersection using
cooperative NOMA for intersection scenario, and highway scenario.

from the intersection, the interference from the other road are negligible, due to the long
distance between the interfering vehicles and the receiving nodes. However, as the vehicles
get closer to the intersection, the interference from the other road increases until it reaches
its maximum at the intersection. The increase of the outage probability confirms the fact
that communications at intersections are critical and more prone to outage.

Fig.2.7 depicts the outage probability for cooperative NOMA and cooperative OMA as
a function of the distance from the intersection. We can clearly see that the performance
of NOMA outperforms OMA for both D; and Dy. We can see a gain of 10% in terms of
outage probability. Which confirms the superiority of cooperative NOMA over cooperative
OMA.

Fig.2.8 plots the average achievable rate for cooperative NOMA and cooperative OMA as
a function of the distance from the intersection. We can see that the average achievable rate
decreases as the vehicles of set {S, R, D1, D2} move toward the intersection. We can also

see from Fig.2.8(a) the performance of cooperative NOMA for D; is worst than cooperative
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Figure 2.7.: Outage probability as a function of the distance from the intersection using
cooperative NOMA and cooperative OMA.

OMA, and the performance of cooperative NOMA for D5 is better than cooperative OMA.
This is because, when less power is allocated to Dy, more power is allocated or Dy. However,
in Fig.2.8(b), when more power is allocated to Di, the average achievable rate of D us-
ing cooperative NOMA outperforms cooperative OMA, and cooperative OMA outperforms
cooperative NOMA for Ds.

Fig.2.9 depicts the impact of the power allocations a; on the outage probability, consid-
ering cooperative NOMA and cooperative OMA. We notice from Fig.2.9 that, when using
cooperative NOMA, as a; increases, P(O(1)) decreases whereas P(O(y)) increases.

This is because, when a; increases (more power is allocated to D;), ay decreases (less
power is allocated to D3). Consequently, the numerators in the equation SIRg, and SIRp, ,,
become greater than the denominators. Hence, the values of SIRg, and SIRp, ,, increase.
When the values of SIR g, and SIRp, ,, increase, the probability that the SIR values becomes
greater than the decoding threshold ©; increase, which decreases P(O(y)). Similarly, when

ay decreases (less power is allocated to Di), ag increases (more power is allocated to Da).
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Consequently, the numerators in the equation SIRg, and SIRp, ,, become greater than
the denominators. Hence, the values of SIRg, and SIRp, ,, increase. When the values of
SIRR, and SIRp, ., increase, the probability that the SIR values becomes greater than the
decoding threshold ©3 increases, which decrease P(Oy)).

Now, we compare the outage probability of cooperative NOMA and cooperative OMA.
We can see that, for D, OMA outperforms NOMA for lower value of a;. There are two
reasons for that, the first one is, smaller values of a; leads to a low SIR at D;, which
increases P(O(l)). Second, smaller values of a1, leads to higher power allocated to Do, thus
increasing the interference, therefore increasing P(O(y)).

We can notice from Fig.2.9(c) and Fig.2.9(d) that, when ©1 > a1/ag, P(O(;)) = 1 and
P(O(g)) = 1. This is because, when we increase R, it becomes harder to satisfy the
condition ©1 < aj/ag. This will reduce the interval when cooperative NOMA outperforms
cooperative OMA for both Dy and Ds. Note that, there is not restriction for Dy regarding
R when 5 = 0.
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For Dy, we can notice that, as R increases (Fig.2.9(a) and Fig.2.9(b)), cooperative
NOMA outperforms OMA for any value of a; (given that a;<1). This is because, when
Dy has a higher data rate, it means that the threshold of cooperative OMA increases
dramatically (© = 2472 —1). Thus, increases the gap in terms of outage probability between
NOMA and OMA for Ds.

Finally, it is worth noticing that P(O(;)) is always smaller than P(O(y)). The reasons are
as follows. First, Dy has to decode D message, then decoding its intended message, which
increases the probability of outage. Second, Rs is larger that R, therefore increasing the
decoding threshold and increasing P(O ).

Fig.2.10 plots the average achievable rate as a function of a; considering cooperative
NOMA and cooperative OMA. We can notice from Fig.2.10 that the average achievable
rate using NOMA for D; outperforms OMA only for high value of a; ( a; € [0.82,1] ). We
also notice that the average achievable rate using NOMA for Dy outperforms OMA for low
value of a; (a; € [0.6,0.81]). This means that as a; increases, the average achievable rate
of D; increases whereas the average achievable rate of Dy decreases. This is because, as
we stated before, as a; increases, more power is allocated to D7 and less power is allocated
to Do, therefore the average achievable rate of D; increases whereas the average achievable
rate of Dy decreases.

Fig.2.11 plots the outage probability as a function of the relay position for D considering
cooperative NOMA for several values of a;. Without loss of generality, we set S = [0, 0]
and D; = [100,0]. We can see from Fig.2.11 that the optimal position of R for D; lies in
the interval R € [58,73]. We can also notice that as we increases ap, the optimal position
moves toward the mid distance between .S and D;. For instance, when a1 = 0.6, the optimal
position is R = [73,0], as we increases the value of a1, for instance a; = 0.9, the optimal
position becomes R = [58, 0.

Fig.2.12 depicts the outage probability as a function of the relay position for Dy consider-
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Figure 2.10.: Average achievable rate as a function of a; considering cooperative NOMA
and cooperative OMA.

ing cooperative NOMA for several values of a;. Without loss of generality, we set S = [0, 0]
and Dy = [100,0]. We see from Fig.2.12 that the optimal position of R for D lies in the
interval R € [87,94]. We can also notice that as we increases a1, the optimal position moves
toward D-. Hence, when we allocate less power to Dy, the optimal position of R is close to
Ds.

In Fig2.13(a), we can see that, for a large value of a; (e.g, a1 = 0.9), cooperative NOMA
outperforms OMA in terms of outage probability. This is because more power is allocated
to D1. We can also see that, for small value of a; (a; = 0.7), the NOMA outage probability
of NOMA is slightly smaller than the OMA outage probability for smaller value of Rj.
However, the gap increases as R increases. This is because, as R increases, Ojincreases
as well, which results in an outage at D; due to the smaller value of a;.

We can see from Fig.2.13(b) that from small values of Rg, that is, Ro < 0.6 bit/s, OMA

offers better performance than NOMA in terms of outage probability, even when more power
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is allocated to Dy (small value of a;). This is because, unlike the vehicle Dy, the vehicle Dy
has to decode D message first, and then decode its own message. Hence, IP’(O(Z)) depends
solely on R for small values of Ro.

Counter-intuitively, we notice that, for low values of Ro, NOMA outage probability when
more power is allocated to D2 (e.g, a; = 0.6) is greater than the NOMA outage probability
when less power is allocated to Ds (e.g, a1 = 0.7). This can be explained as follows: when
more power is allocated to Ds, less power is allocated to D, hence Dy cannot decode Dy
message. We also notice that, for large values of Ro (R2 > 2bit/s), NOMA has better
performance in terms of outage probability than OMA. This is because for large values of
Ro, the decoding threshold of cooperative OMA increases linearly since it is multiplied by a
factor of 4. This proves that cooperative NOMA has a better outage performance for high
data rates.

We can see from Fig.2.14(a) that, as § increases, the outage probability of cooperative
NOMA increases. We can also see that the for a; = 0.8, when 1,5% of interference is
not removed, cooperative OMA outperforms NOMA. This percentage increases when we
decreases a1. This makes the SIC a critical part in the design of cooperative NOMA vehicular
systems.

As shown in Fig.2.14(b), the average achievable rate decreases as [ increases. This is
because increasing [ increases in the interference at Dj as stated in Fig2.14(a). We notice
that, as a; increases, the average achievable rate at Do decreases because less power is
allocated to Ds.

From Fig.2.15(a), we can see that the outage probability of D; increases as R, which is
intuitive since the decoding threshold increases accordingly. We can also see that, the outage
probability of Dy is constant when Ry < 1.1 bit/s. This due to the fact that the outage
at Dy for relatively small values of R1, does not depend on R4, since the outage occurs

because Dy cannot decode its own message. In other words, when R; is small, the outage
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Figure 2.15.: NOMA outage probability considering direct transmission. as a function of the
data rates, for Dy, Do, and the overall system outage. (a) Outage probability as a function
of R1 (when R, is set to 2 bits/s).(b) Outage probability as a function of Ry (when R; is
set to 0.1 bits/s).

probability depends only on the values of Ry, but as R; increases, the outage probability at
D5 will depends on R and Ry. However, when ©1 > a1 /as , the outage occurs on both Dy,
D5. This is because, the outage probability at D; is set to 1, hence the outage probability
at Do is also set to 1, since Dy can no longer decode D message due to the aforementioned
condition. Therefore, D1, Do and the overall system, has an outage probability of 1.

From Fig.2.15(b), we can see that the outage probability of D; remains constant regard-
less of Ry value. This is because the outage at D does not depend on Rs. We can also
see that the outage probability of D is constant for small values of R (R2 < 0.07 bit/s).
This due to the same reason as we mentioned for Fig.2.15(a). The outage at Do for small
values of Ry does not depend on Ro, since the outage occurs because Do cannot decode Dq
message. The shape of the curve for the overall system is the same as for as Do, since the

outage of D; is constant.
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Figure 2.16.: Performance of a transmission as a function of vehicles density A, considering
NOMA and OMA, when K = 3. (a) Outage probability as a function of A considering
NOMA and OMA for D;, Dy, and D3. (b) Average achievable rate as a function of A
considering NOMA and OMA for Dy, Do, and Ds.

For the sake of completeness, we carried out performance analysis when three receiving
vehicles are involved considering direct transmission. We can see from Fig.2.16(a) that
NOMA outperforms OMA for all the vehicles, that is, Dy, Dy and Ds. Surprisingly, even
though the vehicle D3 has a small power allocation (a3 = 0.1) in NOMA, the gap between
performance of NOMA and OMA is significant. This is because, as explained for Fig.??,
as the target data rates increase, OMA performances decreases. For instance, when three
vehicles are involved, the target data rate of OMA is multiplied by a factor of 3, which
increases significantly the decoding threshold. We can see, from Fig.2.16(b) that the vehicles
D3 has a larger average achievable rate than D; and Dy. This is because D3 does not have
extra interference. However, this holds true only when density of vehicles is low. In the
presence of high density vehicles, the performance of D3 in terms of average achievable rate
decreases drastically. We can also see that Dy and Dy are more robust to the interference

for high values of A. For highly dense environments (A > 0.4 vehicles/m), D; has a better
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than D2 and D3

2.7. System Model

We consider the same intersection scenario and MAC protocol as in section 1.3.1 and section
1.3.2. Also, we consider the same NOMA assumption and channel and interference model

as in section 2.2.4 and section 2.2.5.

2.8. MRC cooperative NOMA QOutage Expressions

We use a DF decoding strategy, i.e., R decodes the message, re-encodes it, then forwards
it to D1 and Dy. We also use a half-duplex transmission in which a transmission occurs
during two phases. Each phase lasts one timeslot. During the first phase, S broadcasts the
message, and the receiving nodes R, D; and Ds try to decode it, that is, (S — R, S — D1,
and S — Ds). During the second phase, R broadcasts the message to D1 and Dy (R — Dy
and R — Dj). Then D; and Dy add the power received in the first phase from S and the

power received from R during the second phase to decode the message as shown in Fig.2.17.

2.8.1. Outage Events

We define an outage event at the receiving node when the SIR at the receiver is below a
given threshold. According to SIC [Has+03], D; is decoded first since it has the higher
power allocation, and Do message is considered as interference. The outage event at R to

not decode Dy, denoted Ag, (01), is defined as

Plhsg|*lsr a1

0,) &
A (©1) P|hsr|?lsras + Ix,, + Iy, + 02

< Oy, (2.68)

where ©; = 22%1 — 1, and R is the target data rate of Dy.
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Figure 2.17.: Transmission scheme using MRC and NOMA.

Since D- has a lower power allocation, R has to decode D; message, then decode Do

message. The outage event at R to not decode Dy message, denoted Ag,(©2), is defined as

Plhsr|*lsr as

AR, (09) £
72(02) BPlhsr|*lsr a1 + Ix, + Iy, + 02

< Og, (2.69)

where Oy = 22R2 — 1 and R is the target data rate of Ds.
Similarly, the outage event at D; to not decode its intended message in the first phase

(S — D), denoted Bp,(01), is given by

! P|hSD1|2l5D1a2 +IXD1 +IYD1 + o2

< 0. (2.70)

Finally, in order for Ds to decode its intended message, it has to decode D; message.
The outage event at Do to not decode D; message in the first phase (S — Ds), de-

noted Bp, ,(01), and the outage event at Dy to not decode its intended message, denoted
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Bp, ,(02), are respectively given by

Plhsp,|*lsp, a1

B 0,) 2
D2-1(01) Plhsp,|*lsp,a2 + Ixp, + Iy, + o2

< 0Oy, (2.71)

and
Plhsp,|!lsp, as
BPlhsp,|*lsp, a1 + Ixp, + Iy, + 02

Bp, ,(02) = < ©,. (2.72)

During the second phase, D1 adds the power received from S and from R. Hence, the outage
event at D; to not decode its message in the second phase, denoted Cp, ,,(01), is expressed

as
P spyroy (1P 1) a1

Cp,,.(01) £
D1—>1( 1) PZ[SDl,RDI](|h’27Z) a +IXD1 +IYD1 + 02

< 04, (2.73)

where

> (|n]%0) = |hsp,Plsp, + |hep,*lrD,-
(SDs,RD;]

In the same way, in the second phase, Dy adds the power received from S and from
R. Hence, the outage event at Dy to not decode D; message, denoted Cp, ,,(©1), and the

outage event at Dy to not decode its message, denoted Cp, ,,(02), are respectively expressed

as
P Y (50, 1m0y (1P%, 1) a1
¢ 0,) £ e < Oy, 2.74
D2_>1( 1) PZ[SDQ,RD2](|h’2vl)a2 +IXD2 +IYD2 + o2 1 ( )
and
PZ[SD RD](WQJ)@
Cp,.,,(02) & o < . 2.75
20 DS o (NP D an 1 Iy, + Iy, 02~ 02 2T
The overall outage event related to Dy, denoted Oy, is given by
Oy 2 [Bp,(01) N Ap, (01)] U [A, (01) N Cp, . (01)]. (2.76)
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Finally, the overall outage event related to Ds, denoted Oy, is given by

et 1 P B vt |

(2.77)

2.8.2. Outage Probability Expressions

In the following, we will express the outage probability O(;) and Oy. The probability

P(O1)), when ©1 < aj/az, is given by

G Gy G G1
P(O = 1-H — ) —Hp(—)+H —VHpy (—
(Ow)) (Dl)(lSDl) (R)(ZSR) (Dl)(lSDl) (R)(ZSR)
Gy, o Hw (G5 Mooy (152) = Lsp Hom (125) Hepy (162)
SR RD; SD,
(2.78)
where G; = 01 /(a1 — ©1a2), and ‘7(M) (%) is expressed as
A A A 02A
The probability P(O(Q)), when ©1 < a1/as and ©2 < ag/fay, is given by
Gmax GmaX Gmax GmaX
P(O = 1-H — ) —Hip(—)+H H
(O) (D) ( lspz) ) lon ) +H(py) ( s, JH(r) ( lon )
Crmax. RO () (G225) Hpy) (F22) — L5y Hmy (G2) H ) (F2)
SR RDo SDo
(2.80)
where Gax = max(G1,Ge), and Go = O2/(az — O25ay).
Proof: See Appendix B.5. [ |
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First phase Second phase

DK DK

Figure 2.18.: Transmission scheme using MRC and NOMA considering multiple destina-
tions.

2.8.3. NOMA With K-Destinations

We extend the results of NOMA to K-destinations as depicted in Fig.2.18. We generalize

the following events to K destination nodes D as

<6, (2.81)

Plhsg|?lsr a;
Ag,(6;) = 2 i—1 K Z 2
Plhsrlsr [BYh_1 an + >on—it1 n] + Ix, + Iy, +0

P’hSDZPZSDz at
2 t—1 K 2
P’hSDZ‘ ZSDL [/8 Zh:l ap + Zn:t+l an] + IXDi + IYDi +o0o

Bp,.,(0:) = <O (282

i (
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and

CDi—»z(G)l) £

PZ[SD RD](|h|2 1) ay
(85252 an + Xn—i1 an] P X (sp, rpyg (B2 1) + Ixp, + Typ, + 02
Note that, when h >t — 1, then Z

< Oy. (283)

! a;, =0, and when n > K, then S5 t+1 n = 0.

The outage event at the ith destination node, denoted Oy, is given by

I K
O(i) 2 { U BDi—»i—(K—m)(@i_(K_m))} N { U ARi—(K—m)(@i_(K_m))}:|
| Um=K—i+1 m=K —i+1
I K K
Uf 0 dis@raemind U
L \ m=K—i+1 m=K—i

CDi—n’—(K—m)(@i_(K_m))} :
=K—i+1
Finally, the outage probability of D; when U

t—1
Z}L ah+zn t+1

< O, is expressed by
P(Og)) =

Gimax
1_‘-7(Di)( ()

G(i)max G(i)max Gmax G (¢)max
- J + J(p, J +Jr
lsp; ) n Isr ) ol lsp, 1T ZSR) )( lsr )
Gimax G max max G max
rouJir) (T ™) T (i) — lspiJimy( ) 7 (G
lrp; —lsp

)
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Figure 2.19.: Outage probability as a function of a; considering NOMA and OMA.

and G (jmax 18 given by

®i—(K—1)
G(i)max :max{ i— (K 1)— K ’
ai—(k-1) — Oi—(k-1)[B 2 h Yan+ X5 k1) an
9' (K-2)
ai—(k—2) — ©Oi_(k—2)|B S ¢ S mi (K —2)+1 @n]
Oi— (k- il
B i— (K l)— K ’
a; (K1) ~(k-1B = Lap + D on—i(K—1)+1 On]

where [ € {1,2,...,K}, ©; = 22Rt — 1 and Ry is target data rate of D;. We impose the

condition that [ > K — 1.

2.9. Simulations and Discussions

In this section, we evaluate the performance of MRC using NOMA at intersections. Monte-

Carlo simulation are carried out by generating samples (which correspond to the interfering

118



Chapter 2. Cooperative NOMA analysis

p=102, =102, a=2, a,=0.8, R, =0.8 bits/s, R,=1.5 bits/s

0.25
——NOMAD,
0o e NOMA D,
/'—.\’ 2
0.2 /° N -—==OMA D,
\
/’ \ |===OMA D,

Outage Probability

0
-1000 -500 0 500 1000
Distance from the intersection (m)

Figure 2.20.: Outage probability as a function of the distance from the intersection consid-
ering NOMA and OMA.

vehicles) according to a PPP, and we average over 50.000 iterations of Rayleigh fading
channel. The Monte-Carlo simulations match the theoretical analysis, which confirm the
accuracy of our results. Unless stated otherwise, § = 0, S = [100,0], R = [50, 0], D; = [0, 0]
and Dy = [0, —10]. We set, without loss of generality, Ax = Ay = A.

Fig.2.19 shows the outage probability as a function of a;, using a relay transmission
(cooperative transmission in section 2.3.3) and MRC transmission, considering NOMA and
OMA. We can see from Fig.2.19, that using MRC offers a significant improvement over the
relay transmission. We can also see that the improvement that MRC offers compared to
the the relay transmission is greater for Do using NOMA. We can also see that MRC using
NOMA has a decreases in outage of 34% compared to relay using NOMA. Whereas the
improvement of MRC using OMA compared to relay OMA is 2%. On the other hand, we
can notice an improvement of 60% when using MRC in NOMA compared to MRC in OMA.

Fig.2.20 shows the outage probability as a function of the distance between the nodes
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Figure 2.21.: Outage probability as a function of A considering NOMA and OMA.

and the intersection, considering NOMA and OMA. We can see that the outage probability
reaches its maximum value at the intersection, that is, when the distance between the
nodes and the intersection equals zero. This is because when the nodes are far from the
intersection, the aggregate interference of the vehicles that are located on the same road is
greater than the aggregate interference of the vehicles that are on the other road. However,
when the nodes are at the intersection, the interfering vehicles of both roads interfere equally
on the receiving nodes. We can also see from Fig.2.20 that NOMA outperforms OMA for
both Dy and Ds. The gap in performance between NOMA and OMA is greater for Ds.
Fig.2.21 investigates the impact of the vehicles density A on the outage probability, con-
sidering NOMA and OMA. We can see from Fig.2.21 that, as the intensity of the vehicles
increases, the outage probability increases. We can also see that, when a; = 0.6, NOMA
outperforms OMA for both D; and Ds. However, we can see that, when when a1 = 0.8,
NOMA outperforms OMA only for Dy, whereas OMA outperforms NOMA for Ds. This is

because, when we allocate more power to D1, less power is allocated to Dy, which decreases
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Figure 2.22.: Outage probability as a function of A considering NOMA using different trans-
mission schemes.

the performance of NOMA compared to OMA.

Fig.2.22 shows the outage probability as a function of A considering NOMA using different
transmission schemes. We can clearly see that the MRC using NOMA outperforms the
classical relay transmission using NOMA. This holds true for both Dy and Ds. This result
is intuitive since in the relay transmission using NOMA, D; and Ds decode the message
transmitted by the relay. However, in the MRC transmission scheme using NOMA, D; and
Dy combine the signal from the source, and from the relay, which increases the power at
the Dy and D3, and consequently increases the SIR.

Fig.2.23 depicts the outage probability as a function of the relay position, using a relay
transmission and MRC transmission considering NOMA. Without loss of generality, we set
IS — Di1]| = ||S — D2|| = 100 m. We can notice, from Fig.2.23(a), that when a = 2, the
optimal position for the relay, using a relay transmission, is near the destinations, Dy and Ds,

whereas for MRC, the optimal relay position is when the relay is close to the destination
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Figure 2.23.: Outage probability as a function of the relay position.

nodes. We also can notice, from Fig.2.23(b), that when a = 4, the optimal position for
the relay using a relay transmission is at the mid distance between the source S, and the
destinations, D; and Ds. However, we can see that for MRC, the optimal relay position is
when the relay is close to the destination nodes. This can be explained as follows: when the
relay is close to the destination (D; or Ds), the channel between S and D; (S — D;) and
the channel between R and D; (R — D) will be decorrelated, thus, increasing the diversity
gain.

We can see form the Fig.2.24 that the noise power greatly impact the performance only
for low values of \. However, as the value of A increases, the performance when considering
noise power and without noise power tends the same values. This is because, for high value
of A, the power of noise becomes negligible compared to the power of interference.

Finally, we investigate the impact of the data rates R; and R on the performance
considering NOMA and OMA using MRC and the relay transmission. We can see from

Fig.2.26(a) that as R; increases, the outage probability of D; increases. This is intuitive
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Figure 2.24.: Outage probability as a function of A for several noise power values.

since increasing the data rate increases the decoding threshold which increases the outage
probability. We can also see that NOMA offers better performance than OMA. However, as
R1 increases, OMA outperforms NOMA for both MRC transmission and relay transmission.

Also, we can see from Fig.2.26(b) that, from small values of Ro, that is, Ry < 0.5 bit/s,
OMA offers better performance than NOMA in terms of outage probability. This is because,
unlike the vehicle Dy, the vehicle Do has to decode Dy message first, and then decodes its
own message. Hence, P(D3) depends solely on R; for small values of Ro. We also notice
that, for large values of Ry (Ro > 2bit/s), NOMA has better performance in terms of outage
probability than OMA. This is because, for large values of Rs, the decoding threshold of
OMA increases linearly since it is multiplied by a factor of 4. This proves that cooperative
NOMA has a better outage performance for high data rates. Finally, we can see that MRC

transmission outperforms cooperative transmission for both NOMA and OMA.
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Figure 2.26.: Outage probability as a function of R and Ro considering NOMA and OMA.
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2.10. Conclusion

In this chapter, we studied the performance of VCs with NOMA at intersections in presence
of interference. Using stochastic geometry tools, we derived the outage probability and the
average achievable rate expressions. We studied the case when the source sends a message
to two destination nodes, and then generalized the study to K destination nodes. We took
into account both perfect and imperfect SIC. We also made the following observations:

- As the vehicles move toward to the intersection (400m), the outage probability increases.
We notice that the outage probability increased by 62% for Di, and by 43% for Do at
the intersection. The average achievable rate decreased by 50% at the intersection. We
compared the performance of VCs at intersections and the performance of VCs at highways,
and showed that the performance of VCs at intersections is worse that at highways.

- NOMA outperforms OMA in terms of outage probability and average achievable rate.
The benefit of NOMA over OMA become greater as the target data rates increase. However,
when the system parameters (e.g,. power allocation coefficient, data rates) do not respect
certain conditions, NOMA performance decreases drastically.

- The SIC process degrades the performance of NOMA. However, we noticed that the
effect of imperfect SIC can be alleviated by allocating more power to the second destination
node.

To improve the performance, we investigated the impact of the relay position. We found
that, the best relay position forD; was at mid-distance between S and Dy, whereas the best
relay position for Dy was near Ds.

We found that the outage probability increased whereas and average achievable rate
decreased at the intersection. We also found that using cooperative NOMA improved the
performance in terms of outage probability and average achievable rate compared to OMA at
intersections. We showed that the performance of cooperative NOMA increased compared to

cooperative OMA for larger data rates. However, when the system parameters (e.g,. power
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allocation coefficient, data rates) were not chosen carefully, the performance of cooperative
NOMA decreased drastically.

We also studied the improvement of using MRC in cooperative VCs transmission schemes
considering NOMA at intersections. We compared the performance of MRC cooperative
NOMA with a classical cooperative NOMA, and showed that MRC in cooperative NOMA
transmission offers a significant improvement over the classical cooperative NOMA in terms
of outage probability. We also compared the performance of MRC cooperative NOMA with
MRC cooperative orthogonal multiple access (OMA), and we showed that NOMA has a
better performance than OMA. Finally, we showed that the outage probability increases
when the nodes come closer to the intersection, and that using MRC considering NOMA

improves the performance in this context.
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Extension scenarios

Parts of this chapter have been adapted from the conference papers [BHE20e; BHE20d;
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3.1. Introduction

In this last chapter, we will investigate some extensions related to vehicular networks at in-
tersections. We will investigate the performance of a proposed cooperative NOMA protocol.
We will also investigate the performance and behavior of mmWave cooperative vehicular
networks at intersections.

Regarding cooperative NOMA protocols, the authors in [DPP15] propose a cooperative
NOMA protocol in a half duplex mode with a help of a relay. This conventional cooperative
NOMA (CCN) protocol [DPP15] improves the performance of the transmission by adding
a diversity gain. However, the spectral efficiency of this protocol is reduced due to the use
of the half duplex mode. To cope with this limitation, the authors in [HGS17] propose a
cooperative protocol, named relaying with NOMA back-haul. In this protocol, the source
adjusts the time duration of the transmission based on the global instantaneous channel
state information (CSI). However, global instantaneous CSI at the source can be hard to
obtain in practice, especially for real time scenarios such as road safety scenarios. Hence,
we propose an adaptive cooperative NOMA (ACN) protocol.

Regarding mm wave networks, several works have studied their modeling in the liter-
ature [Di 15; DL15; Zho+17; Wan+15; Mes+16; LDS16; Per+16; LD17; LDS17]. Few
works studied cooperative communications using tools from stochastic geometry [Bis+16;
Wu+17; BTJ18; Bel+18]. However, in [Bis+16; Wu+17; BTJ18], the effect of small-scale
fading is not taken into consideration. In [Bel+18], the authors investigate the performance
of mmWave relaying networks in terms of coverage probability with best relay selection.
However, there are no prior works that consider both an intersection scenario with coopera-
tive transmissions using NOMA and considering mmWave networks. Our analysis includes

the effects of blockage from the building in intersections, and Nakagami-m fading channels
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between the transmitting nodes with difference values of m for LOS and NLOS are consid-
ered. Unlike other works that uses approximations, closed form expressions are obtained
for Nakagami-m fading channel.

Finally, we will as some extension scenarios, such as multiple lanes scenarios, multiple

relays, and multi-hops scenarios.

3.1.1. Contributions

The contributions of this chapter are as follows:

e We propose and evaluate the performance of VCs protocol at at road intersections
in the presence of interference. We calculate the outage probability related to ACN
protocol, and closed form expressions are obtained considering a scenario involving
a source, and two destinations. We compare the performance of ACN protocol with
other existing protocols in the literature. We show that ACN protocol offers a signifi-
cant improvement in terms of outage probability, especially at intersections. We show
that the performance of ACN protocol increase compared to other existing protocols

for high data rates.

e We study cooperative NOMA for mmWave vehicular networks at intersection roads.
We derive closed form outage probability expressions for cooperative NOMA, and
compare them with cooperative OMA. We show that cooperative NOMA exhibits
a significant improvement compared to cooperative OMA, especially for high data
rates. However, data rates have to respect a given condition, if not, the performance
of cooperative NOMA will decreases drastically. We also show that as the nodes reach
the intersection, the outage probability increased. Counter-intuitively, we show that

NLOS scenario has a better performance than LOS scenario.

e We studied the impact of adding several relays on the performance and several lanes

scenarios. We show that adding relays significantly increases the performance in terms
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of outage probability. We also show that the single lane model can perfectly emulate
the multiple lanes model. Finally, we derive the outage probability expression for

several cases of multi-hops scenarios.

3.2. ACN Protocol

We consider a NOMA transmission between a source S, and two destinations, denoted D1
and Dj. The triplet {S, D1, D2} denotes the nodes and their locations as depicted in Fig.3.1.

We consider the same intersection scenario and MAC protocol as in section 2.2.1 and
section 1.3.2. Also, we consider the same NOMA assumption and channel and interference
model as in section 2.2.4 and section 2.2.5.

First, we consider the scenario in which D; acts as a relay to transmit the message to
Ds. At the beginning of each transmission, S sends the superimposed signals to Dy and Do
using a direct transmission [BHE19a]. If Dy decodes its desired message, it sends a 1-bit
positive acknowledgement (ACK) to S and D;, and thus, the transmission occurs in one
phase. However, if D5y is unable to decode its desired message, it sends a 1-bit negative
acknowledge (NACK) to S and D;. Hence, if D; decodes its desired message and Dy
message, it sends Dy message using cooperative transmission [BHE19f] using OMA. Thus,
the transmission occurs in two phases.

Then, we consider the scenario in which Ds acts as relay to transmit the message to
D1. In this same way, S sends the superimposed message to D; and Do using a direct
transmission. If D decodes its desired message, it sends a 1-bit ACK to S and D», and
thus, the transmission occurs in one phase. However, if D; is unable to decode its desired
message, it sends a 1-bit NACK to S and D;. Hence, if Do decodes D1 message, it sends Dy
message using cooperative transmission, and without using NOMA. Thus, the transmission

occurs in two phases'. The flow charts of ACN protocol at D and D5 are respectively given

!'Note that ACN protocol does no need to perform channel estimation to switch between direct transmission
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Figure 3.1.: NOMA system model for VCs. The nodes Dy and D can be vehicles or as part
of the communication infrastructure.

by Fig.3.2 and Fig.3.3.

3.3. ACN Protocol Outage Expressions

3.3.1. SIR Expressions

The outage probability is defined as the probability that the SIR at the receiver node is
below a given threshold. According to SIC [Has+03], D; will be decoded first since it has
the higher power allocation, and Dy message will be considered as interference. The SIR at

D; to decode its desired message, denoted SIRp, ,, is expressed as

|hsp, |2lsp, a1

SIR = . 3.1
P12 Thsp, Plsp,az + Ixp, + Iy, (3.1)
Similarly, the SIR at D; to decode Dy message, denoted SIRp, ,, is expressed as
h 2]
SIRp, , = [soulTlspi as. (3.2)

Ixp, + 1vp,

and cooperative transmission.
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Figure 3.2.: Flow chart of ACN protocol at Dj.
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Figure 3.3.: Flow chart of ACN protocol at Ds.
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Since Dy has the lower power allocation, it decodes Dj message first, then decodes its

intended message. The SIR at Ds to decode D; message, denoted SIRp, ,, is expressed as

|hsp, |*lsp, a1

SIR = . 3.3
P21 hsp, Plspyaz + Ix,,, + Iy, (3.3)
The SIR at Dy to decode its desired message, denoted SIRp,_,, is expressed as
h 2]
SIRp,_, = [15Dal 15D, a2 (3.4)

IXDQ + IYDz ‘

When using the cooperative transmission, the node that acts as a relay uses OMA instead
of NOMA, since the transmission involves only one receiving node. Hence, the SIR at the

receiver is then expressed as

hp,p,|*l
SIR\HY = ‘IDleJ‘r P (3.5)
Xbp, Yp,

where {k, 1} € {1,2}.

3.3.2. ACN Outage Event Expressions

Now, we will express the outage events related to the ACN protocol for D; and Dy. The
outage events related to D and Dy using ACN protocol, denoted respectively by Oacn(D1)

and Oacn(D2), can be expressed as
Oacn(D1) = 1= Ofon(D1), (3.6)

and

Oacx(D2) =1 - Ofon(D2), (3.7)
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where Oacn(D1) and Oxcn(D2) denote respectively the success events related to Dy and

Ds. The expression of Oy (D1) and O§cx(D2) are respectively given by
O%Son(D1) = {DTng} U{DTsp, N RTg,DQ,Dl}a (3.8)

and

OSen(D2) = {DT§p,} U{DTsp, N RTg,Dl,DQ}, (3.9)

where DTgDn, RTg,DQ,Dlv and RTg,Dl,ng are expressed as

DTSy, = () SIRsp, , < 6!, (3.10)
=1
and
RTS p, p, = {SIRsp, , > O NSIREY > 0P}, (3.11)
and
2
RTS p, p, = { () SIRsp, , > O NSIRELY > 6. (3.12)
=1

The decoding threshold @En) is defined as

e & gnRi _ 1, (3.13)

)

where R; is the target data rate of D;. Note that, n = 1 when direct transmission is used,

and n = 2 when cooperative transmission is used.

3.3.3. ACN Outage Probability Expressions

In the following, we will express the probabilities related to Oxcn (D7) and Oacn(D2). The

outage probability expressions related to D; and Dy, denoted P[Oacn(D1)] and P[Oacn(D2)],
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are respectively given by

g,"
P[Oacn(D1)] = 1—[7{(1:)1)(@)

(3.15)

and

(3.17)

by

n @(”)
gi )= #, (3.18)
a1 — @ as
and
Gin, = max(g"”,6{"), (3.19)
where ggn) = @gn)/ag.
Proof: See Appendix C.1. m
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Figure 3.4.: Outage probability as a function of A considering ACN, cooperative NOMA,
direct transmission NOMA, and cooperative OMA.

3.4. Simulations and Discussions

In this section, we evaluate the performance of NOMA at road intersections. To verify the
accuracy of our theoretical analysis, Monte Carlo simulations are performed by averaging
over 50.000 realizations of PPPs and fading channel parameters. In all figures, the marks

represent the Monte Carlo simulations. We set, without loss of generality, Ax = Ay = A

Fig.3.4 shows the outage probability as a function of A considering ACN, cooperative
transmission using NOMA [BHE19f], direct transmission using NOMA [BHE19a], and the
classical cooperative OMA. We can see from Fig.3.4, that as the intensity of vehicles A
increases, the outage probability increases. This is because as the intensity increases, the
number of interfering vehicles increases, which decreases the SIR at the receiving node. We

can also see from Fig.3.4, that the ACN protocol outperforms the cooperative transmission
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Figure 3.5.: Outage probability as a function of A\ considering ACN, CCN, and cooperative
NOMA.

using NOMA, direct transmission using NOMA, and the classical cooperative OMA. This
is because, the ACN protocol is adaptive. Hence, it uses the direct transmission in the first
phase, and when it fails, it switches to the cooperative transmission in the second phase.

Fig.3.5 shows the outage probability as a function of A considering ACN, CCN [DPP15],
and cooperative NOMA. We can see from Fig.3.5, that both ACN and CCN outperforms
the cooperative transmission using NOMA. We can also see that ACN outperforms CCN for
both D; and Ds. This is because the transmission in CCN occurs in two phases, hence it
reduces its spectral efficiency. On the other hand, the ACN protocol occurs in one phase if
the direct transmission succeeds, which increases the spectral efficiency compared to CCN.
Also, during the second phase of the cooperative transmission, the ACN uses OMA to
transmit the message since there is only one signal to transmit in the second hop (D — Dy
or Dy — Dq). Hence, it increases the SIR at the receiver node.

Fig.3.6 plots the outage probability as a function of the nodes distance from the inter-

section, considering ACN, CCN, and cooperative NOMA. We can see from Fig.3.6, that
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Figure 3.6.: Outage probability as a function of the distance from the intersection, consid-
ering ACN, CCN, and cooperative NOMA.

as the nodes come closer to the intersection (200 m for D; and 500m for D5), the outage
probability increases. This is because, when the nodes are at the intersection, the interfer-
ing vehicles from the X road and the Y road both contribute to the aggregate interference,
which decreases the SIR at the receiving nodes. We can also see that, ACN outperforms
both CCN and cooperative NOMA at the intersection. However, we can see that there is a
big gap in performance between ACN and CCN regarding D,. This is because, the spectral
efficiency of CCN decreases drastically for high data rates. This is why, ACN protocol offers
a better performance for high data rates compared to CCN. Finally, we can see in CCN
and cooperative NOMA, that the outage probability increases more in the last ten meters.
However, there is no increases in the outage probability when using ACN.

Fig.3.7 plots the outage probability as a function of a1, considering ACN, CCN, coopera-
tive NOMA, and cooperative OMA. We can see from Fig.3.7, that ACN outperforms CCN
and cooperative NOMA and cooperative OMA regardless of a; value. We can also see that

when a; increases, the outage probability of D; decreases, whereas the outage probability
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Figure 3.7.: Outage probability as a function of the power allocation coefficient a1, consid-
ering ACN, CCN, cooperative NOMA, and cooperative OMA.

of Dy decreases. Finally, we can see that the performance of ACN are higher for Ds, since

D5 has a high data rate.

3.5. mm-Wave System Model

3.5.1. Scenario Model

In this paper, we consider a mm-Wave vehicular network using a cooperative NOMA trans-
mission between a source, denoted S, and two destinations denoted D; and Dy with the
help of a relay denoted R. The set {S, R, D1, Dy} denotes the nodes and their locations as
depicted in Fig.3.8.

We consider, an intersection scenario involving two perpendicular roads, an horizontal
road denoted by X, and a vertical road denoted by Y. In this paper, we consider both
V2V and V2I communications?, hence, any node of the set {S, R, D1, D2} can be on the

road or outside the roads. We denote by M the receiving node, and by m the distance

2The Doppler shift and time-varying effect of V2V and V2I channels is beyond the scope of this paper.
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Figure 3.8.: Cooperative NOMA system model for vehicular communications involving one
relay two receiving node. The receiving nodes can be vehicles or as part of the communica-
tion infrastructure. For instance, S and D; are vehicles, and R and D are infrastructures.

between the node M and the intersection, where M € {R, D1, D2} and m € {r,di,d2}, as
shown in Fig.1. The angle 0,/ is the angle between the node M and the X road (see Fig.1).
Note that the intersection is the point where the X road and the Y road intersect. The
set {S, R, D1, D} is subject to interference that are originated from vehicles located on the
roads.

The set of interfering vehicles located on the X road that are in a LOS with {S, R, D1, D2},
denoted by CID%(OS (resp. on axis Y, denoted by ‘I>I{/OS) are modeled as a One-Dimensional Ho-
mogeneous Poisson Point Process (1ID-HPPP), that is, %95 ~ 1D-HPPP(A\}O5 ) (resp.®}08
~ 1D-HPPP(MO5 ), where = and A0S (resp. y and AOS) are the position of the LOS
interferer vehicles and their intensity on the X road (resp. Y road).

Similarly, the set of interfering vehicles located on the X road that are in a NLOS with
{S, R, D1, D}, denoted by ®YFOS (resp. on axis Y, denoted by ®}O%) are modeled as
a One-Dimensional Homogeneous Poisson Point Process (1D-HPPP), that is, ®YO5 ~

ID-HPPP(AFYOS 2} (resp. @05 ~ 1D-HPPP(AYFOS ), where x and AYFOS (resp. y and
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)\}I\ELOS) are the position of the NLOS interferer vehicles and their intensity on the X road

(resp. Y road). The notation z and y denotes both the interferer vehicles and their locations.

3.5.2. Blockage Model

At the intersection, the mmWave signals cannot penetrate the buildings and other obstacles,
which causes the link to be in LOS, or in NLOS. The event of a link between a node
a and b is in a LOS and NLOS, are respectively defined as LOS,;, and NLOS,,. The
LOS probability function P(LOS,) is used, where the link between a and b has a LOS
probability P(LOS,) = exp(—frqs) and NLOS probability P(NLOS,;) = 1 — P(LOSg),

where the constant rate 8 depends on the building size, shape and density [BVH14].

3.5.3. Transmission and Decoding Model

The transmission is subject to a path loss, denoted by r_,* between the nodes a and b, where
rap = |la — b, and « is the path loss exponent. The path exponent o € {105, anLoS},
where a = a1,05, when the transmission is in LOS, whereas o = anr,05, when transmission
is in NLOS.

We consider slotted ALOHA protocol with parameter p, i.e., every node accesses the
medium with a probability p.

We use a Decode and Forward (DF) decoding strategy, i.e., R decodes the message, re-
encodes it, then forwards it to D1 and Ds. We also use a half-duplex transmission in which
a transmission occurs during two phases. Each phase lasts one time slot. During the first
phase, S broadcasts the message to R (S — R). During the second phase, R broadcasts

the message to D1 and Dy (R — Dy and R — Ds).
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3.5.4. NOMA Model

We consider, in this paper, that the receiving nodes, D; and Ds, are ordered according to
their quality of service (QoS) priorities [DDP16a; DDP16b]. We consider the case when
node D; needs a low data rate but has to be served immediately, whereas node Dy requires
a higher data rate but can be served later. For instance, D; can be a vehicle that needs to
receive safety data information about an accident in its surrounding, whereas Dy can be a

user that accesses the internet connection.

3.5.5. Directional Beamforming Model

We model the directivity similar to in [Sin+15], where the directional gain, denoted G(w),
within the half power beamwidth (¢/2) is Gar and is Gy in all other directions. The

gain is then expressed as

Gmaz, if |W‘ < %5
G(w) = (3.20)
Gunin, otherwise.

In this paper, we consider a perfect beam alignment between the nodes, hence Gy = G?. -

The impact of beam misalignment is beyond the scope of this paper.

3.5.6. Channel and Interference Model

We consider an interference limited scenario, that is, the power of noise is set to zero
(02 = 0). Without loss of generality, we assume that all nodes transmit with a unit power.
The signal transmitted by S, denoted yg is a mixture of the message intended to D and

D5. This can be expressed as

XS = v/a1XD1 + v/ a2XD2,
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where a; is the power coefficients allocated to D;, and xp; is the message intended to D;,
where ¢ € {1,2}. Since D; has higher power than Ds, that is a; > a2, then D; comes first
in the decoding order. Note that, a; + as = 1.

The signal received at R during the first time slot is expressed as

yR = hSR\/ T’;;LOST Xs]l(LOSSR) + hSRV T‘EI%NLOST XS]I(NLOSSR)
+ Z hRa\/ T pe 5T Xo + Z hqu/régLOST Xy

LOS LOS
zE@XR yeCDYR
—QNLOS —QNLOS
+ Y hre\TRSNOS T Xa+ Y hry\ /TRy Xy
xeq))N(Iéos yeq;,}l\l}Ii:OS

The signal received at D; during the second time slot is expressed as

Yp, = hep\/TrD, T XrRL(LOSkD,) + hrp;\/TrD, T XRL(NLOSED,)

+ Y B\ To ST xe Y hpigy[TpoE5 T xy

LOS LOS
:Jc€<I>XDi yECIDYDi
/. —QNLOS /. —ONLOS
+ § hDig "D T xz + § hDiy "Dy T Xy>
NLOS NLOS
xE@XDi quDYDi

where )Y)s is the signal received by M, and xpg is the message transmitted by R. The
messages transmitted by the interfere node z and y, are denoted respectively by x, and
Xy- The term T = Geyn?/(47)? models the directional gain, the reference path loss at one
meter, and 7 is the wavelength of the operating frequency.

The coefficients hsr, and hrp, denote the fading of the link S — R, and R — D;. The
fading coeflicients are distributed according to a Nakagami-m distribution with parameter

m [Bel+18], that is
m

fha(T) = 2(5)

e (3.21)
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where u € {SR, RD;}. The parameter m € {mpos, mnpos}, where m = my,og when u is in
a LOS, whereas m = mnp0s, when u is in a NLOS. The parameter p is the average received
power.

Hence, the power fading coefficients |hgg|?, and |hgp,|? are distributed according to a

gamma distribution, that is,

Sinu2 (@) = (Z)mxm_ler:x. (3.22)

The fading coefficients hgrs,hry,hp,» and hp,, denote the fading of the link R —x, R —y,
D; — z, and D; — y. The fading coefficients are modeled as Rayleigh fading [DH17]. Thus,
the power fading coefficients |hgs|?, |hry|? |hp,2|* and |hp,,|?, are distributed according to
an exponential distribution with unit mean.

The aggregate interference is defined as from the X road at M, denoted Ix,,, is expressed

as

LOS NLOS
IXM = IX]\/I +IX1\/I
_ Z ‘h‘Ml"QT]TlC;LOST—i_ Z ‘th‘QT]T/MNLosT’ (3.23)
208 ye@RLOS

where I}((A)/IS denotes the aggregate interference from the X road that are in a LOS with M,
and I)l\}klos denotes the aggregate interference from the X road that are in a NLOS with M.

Similarly, @15848

and @g&?s, denote respectively, the set of the interferers from the X road
at M in a LOS, and in NLOS.

In the same way, the aggregate interference is defined as from the Y road at M, denoted
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Iy,,, is expressed as

LOS NLOS
IYJW = IYM +IY]W
= > Pt T D [hary P 08T, (3.24)
ye@los yepLOS

where I}I;ISS denotes the aggregate interference from the X road that are in a LOS with M,
and I%I;OS denotes the aggregate interference from the Y road that are in a NLOS with M.
Similarly, @I{/J?IS and @gjlos, denote respectively, the set of the interferers from the Y road

at M in a LOS, and in NLOS.

3.6. Cooperative mm-Wave NOMA Outage Expressions

3.6.1. SIR Expressions

We define the outage probability as the probability that the signal-to-interference ratio (SIR)
at the receiver is below a given threshold. According to successive interference cancellation
(SIC) [Has+03], Dy will be decoded first at the receiver since it has the higher power
allocation, and Dy message will be considered as interference. The SIR at R to decode Dy,

denoted SIRE%), is expressed as

2o
SIRY) = hsrlrsp ar (3.25)

N ‘hSR‘2T§§Ta2 + IXR + IYR ’
Since D5 has a lower power allocation, R has to decode D message, then decode Do message.

The SIR at R to decode Dy message, denoted SIR'Y s expressed as

2 )

|h5R|27’§%T a9

STR\® —
Rz IXR + IYR

(3.26)

The SIR at D; to decode its intended message, denoted SIR%?, is given by
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SIR%? _ |hrp1*rpi T a1

_ . . (3.27)
\hrD1*r 7 Yas + Ixy, + Ivy,

In order for Dy to decode its intended message, it has to decode D message. The SIR at

D5 to decode D; message, denoted SIR%‘Z)A, is expressed as

o h 2p @Y
SIRY) | = 2‘ kD2l Ty L a1 . (3.28)
' |hrD2PrRpeTaz + Ixp, + Iy,
The SIR at Ds to decode its intended message, denoted SIR(QQ), is expressed as
o h 2, —Q T
SIR&D) _ |hrD2|"TRDy Y a2 (3.29)
: Ixpy + Iyp,
3.6.2. Outage Event Expressions
The outage event that R does not decode D; message, denoted Op,, is given by
Op, 2 Zsr N (SIRE? < © 3.30
R U {Zsr N (SIRR < ©1)}, (3.30)

Z€{LOS,NLOS}

where ©; = 22%1 — 1, and R is the target data rate of Dy.
Also, the outage event that D; does not decode its intended message, denoted Op,, is given
by

Op, = U {Zgrp, N (SIR(DQ1Z) < 01)}. (3.31)
7€ {LOS,NLOS}

Then, the overall outage event related to Dy, denoted Oy, is given by

O(l) =S [ORl U OD1]7 (3.32)
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The outage event that R does not decode Dy message, denoted Op,, is given by

2
o2 U U{Zsen(SRE? <0}, (3.33)
Ze{LOS,NLOS} i=1

where @, = 22R2 _ 1 (1 = 2), and Ry is the target data rate of Dy. Also, the outage event

that Dy does not decode its intended message, denoted Op,, is given by

Op, = U U {Zrp, N SIR(DO;Z) < 0;)}. (3.34)
7€ {LOS,NLOS} i=1

Finally, the overall outage event related to Do, denoted O(y), is given by
0(2) = [Or, U Op,] . (3.35)

3.6.3. Outage Probability Expressions

In the following, we will express the outage probability related to O(;) and Oz). The

probability P(O)) is given, when ©1 < o, by

P(Oqy) =1~ { > P(ZSR)A(L%) X > IP(ZRDJA(mZ\IJl)},

7€{LOS,NLOS} prsptY 7c{LOS,NLOS} prep X
(3.36)
where ¥ = 01 /(a1 — O1az). The expression of A( — ) is given by
HTap
m W 1 mW¥ i
A( rmar) H Z kf T’*aT)
KT ap Ke{LOS,NLOS} k=0 M ab
m W m W
k dk nﬁ[? ( —« )dn‘aIK( —« )
Z k b Ty L o g T (3.37)
= n dk—n( m W ) dn( m ¥ ) ’ ’
Py T Py T
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Figure 3.9.: Outage probability as function of A considering cooperative NOMA, for LOS
transmission, NLOS, and LOS/NLOS (the equation (3.36) and (3.38)).

The probability P(O(y)) is given, when ©1 < 2%, by

P(O@)):l‘{ S RsoA(TEE) xS P(ZRD2>A(ZT’M‘)},

Ze{LOS,NLOS} prsg’ Y Ze{LOS,NLOS} RDs Y
(3.38)
where Wy, = max(Vq, Uy), and ¥y = Oy/as.
Proof: See Appendix C.2. |

3.7. Simulations and Discussions

In this section, we evaluate the performance of cooperative NOMA at road intersections. In
order to verify the accuracy of the theoretical results, Monte Carlo simulations are carried
out by averaging over 10000 realizations of the PPPs and fading parameters. In all figures,

Monte Carlo simulations are presented by marks, and they match perfectly the theoretical
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Figure 3.10.: Outage probability as a function of ||S — Di| = ||S — Dz||. The relay R is

always at mid distance between the source and the destination.

results, which validates the correctness of our analysis. We set, without loss of generality,

AOS = ALOS = Z\BLOS — Z\BLOS — A\ S = (0,0),R = (50,0),D; = (100,10), Dy =
(100, —10), B = 9.5 x 10? [BVH14], u = 1. We set ar,os = 2, anros = 4, mpLos = 2, and

mnpos = 1. Finally, we set Gine = 18 dBi, n = 30 GHz.
Fig. 3.9 plots the outage probability as function of A considering cooperative NOMA, for

LOS transmission, NLOS, and LOS/NLOS. We can see that LOS scenario has the highest
outage probability. This is because, when the interference are in direct line of sight with the
set {S, R, D1, Dy}, the power of aggregate interference increases, hence reducing the SIR
and increasing the outage. on the other hand, the NLOS scenario has the smallest outage,
since the interference are in non line of sight with the transmitting nodes. The model for
this paper include a blockage model that includes both LOS and NLOS. Therefore, we wan

see that the performance are between the LOS scenario and NLOS scenario, which are two

extreme cases.
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Figure 3.11.: Outage probability as a function of A considering cooperative NOMA and
cooperative OMA.

Fig.3.10 plots the outage probability as a function of the distance between the source and
the destinations. Without loss of generality, we set R at mid distance between S and the
two destinations D1 and Do. We can see that cooperative NOMA outperforms cooperative
OMA when a; = 0.8 for both Dy and Dsy. However, this is not the case for a; = 0.6, when
NOMA outperforms OMA only for Dy. This is because when a; decreases, less power is
allocated to D1, hence it increases the outage probability. We can also see from Fig.3.10 that
the outage probability increases until 200 m for D; (100 m for D). This is because, as the
distance between the transmitting and the receiving nodes increases, the LOS probability
decreases, and the NLOS probability increases, hence decreasing the outage probability.

Fig.3.11 plots the outage probability as a function of A considering cooperative NOMA
and cooperative OMA for several values of data rates. We can see that NOMA outperforms
OMA. We can also see that Dy has a better performance than Ds. This is because D; has

a smaller target data rate, since Dj need to be served quickly (e.g., alert message). We
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Figure 3.12.: Outage probability as a function of the distance form the intersection consid-
ering cooperative NOMA and cooperative OMA, for LOS scenarion and NLOS scenario.

can also see that, as the data rates increases (R; = 1.2bits/s and Ry = 4bits/s), the gap
of performance between NOMA and OMA increases. This is because, as the data rates
increases, the decoding threshold of OMA increases dramatically (Ooya = 24 —1). The
increase of the threshold becomes larger for Do, since it has a higher data rate that D;.
Fig.3.12 plots the outage probability of the distance from the intersection considering
cooperative NOMA and cooperative OMA, for LOS scenario and NLOS scenario. Without
loss of generality, we set R at mid distance between S and the two destinations Dy and Ds.
We notice from Fig.3.12 that as nodes approach the intersection, the outage probability
increases. This is because when the nodes are far from the intersection, only the interferes
in the same road segment contribute to the aggregate interference, but as the node approach
the intersection, both road segments contribute to the aggregate interference. However, we
can see that Do has a severe outage in LOS scenario compared to NLOS, and that the

increases of the outage for Dy in LOS, when the nodes move toward the intersection is
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negligible. This is because, in a LOS scenario, the interferers from both road segment
contributes the aggregate interference, whether the nodes are close or far away from the

intersection.

3.8. Multi Hopes Outage Events

Two relays (without direct link)

The success event that the transmission is successful at D7, with the help of two relays can

be formulated as follows

2
oy 2 { N R, }n DLy (3.39)
i=1
The event for Dy is defined as
2 2 2
0% 2 { NN e n{N DL} (3.40)
i=1j=1 j=1
N relays (without direct link)

The success event that the transmission is successful at Dy, with help of N relays can be

formulated as follows

N
06 2 { N RZ. N DLy (3.41)
i=1
The event for Dy is defined as
N 2 2
0% 2 { NN e n{N DL} (3.42)
i=1j=1 j=1
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N relays and K destinations (without direct link)

The success event that the transmission is successful at Dy, with the help of N relays can

be formulated as follows

o =1 NN R 10 N D) (343)

i=1j5=1 7j=1

Two relays and two destinations (with direct transmission link)

Oy 2 {{ O Rioafn SHl} {{ N BN DHl}. (3.44)

i=1

The event for Do is defined as

O {{@ U R {U SH}} U {{ NN R mj@lpw}. (3.45)

i=1j=1 i=1j=1
Two relays and two destinations (with broadcast every hop)

Ony & {{ URia}n{sDian Rlle}} {{ MRS 0 DHl}. (3.46)

The event for Dy is defined as

2 2

o@)é{{u U i {USDHQUR@%]}} {{ﬁﬁRHJ}ngH}.

i=1j=1 j=1 7j=1 i=1j=1
(3.47)

N relays and two destinations (with broadcast every hop)

N N-1 N
2 {{ U Rial} N {SD1%1 N ﬂ RiDlHl}} U {{ ﬂ RZC_H} N Dlﬁl}. (3.48)
i=1 i Ll

The event for Dy is defined as

O) 2 {{QJQRHJ} {USDQ_UﬁNﬂloRDg_}]}} {{ﬂ M RE,; 10 JQDH}.

=1 j=1 i=1j5=1
(3.49)
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N relays and K destinations (with broadcast every hop)

Oy 2 {{ U U Rl {U Dy () U RDH}} {{ ala RHJ}mJGIDH}.

i=1j=1 =1 j=1 i=1j=1
(3.50)

3.9. Multi Hopes Outage Probability

The success event that the transmission is successful at D7, with the help of two relays can

be formulated as follows

2
POf)) = { TTP(RE,)) } x P(DE,,). (3.51)
i=1
The event for Dy is defined as
2
P(05) = { H ﬂ RY,)) } x {P(ﬂ Dg;j)}. (3.52)
i=1 7=1

N relays (without direct link)

The success event that the transmission is successful at Dy, with help of N relays can be

formulated as follows

N
P(0f) = { [TP(RE,1) } x B(DL,)). (3.53)
=1
The event for Dy is defined as
N 2
P0G = {IIP ﬂ RE,) < {B(N DL} (3.54)
i=1 j=1
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N relays and K destinations (without direct link)

The success event that the transmission is successful at Dy, with help of NV relays can be

formulated as follows
K
P(Ofx)) :{II rT&ag}x{WfﬁD%ﬁﬂ} (3.55)
=1 j=1

Two relays and two destinations (with direct transmission link)

Mom)zp{{yzﬁﬂ}mskﬂ} {{fppmﬁl} {1 MDkﬂg} (3.56)

2
where the probability ]P’{{ U Ri_)l} N Sl_>1} can be calculated as follows

i=1

T

P{{Ofgﬂ}m&ﬁ} = 1—P{

_ 1_[@{

+P{{

o

+P{{

c
Ri—>1} U Sl—)lc}

i=1

T

Ri%l}c} —P(S1519)

1

c
Ri—>1} N 51—>10}

Ce

1

]P’(RHl)} ~ P(5151°)

<.
Il

e

I
A

i

MRngPwk¢3} (3.57)
1

<.
I

The event for Dy is defined as

P(Ow) = p{{OQRHj}m{leH}} {{ﬁﬁRHJ}mQDH}

i=1j=1 i=1j=1
2 2 2 2
(TR ) }—{P<ms§ﬂ>}+{{np (£ }xwms&j)}
=1 j=1 j=1 i=1 j=1 j=1

{{;IP N R) }X{1—4W£iléﬂﬂ}}- (3.58)
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Two relays and two destinations (with broadcast every hop)

P(Oy) = {{O Rioafn SD1_>1ﬁR1D1_>1}} {{ﬂRHl}ﬁDHl}

{
¢ } P SDIC—>1 (R1D1—>1)

i—1

Il
——
Izw ﬂt
:U

C
i—1

P(R{.,) }X{ (SDf ) +P(R1D1—>1)}}
P(R.)}

X { D, }} (3.59)

/—’H
—

IIEM IIEM I

The event for Do is defined as

P(O(2)) = IP’{{ O O Ri—)j} N { O SDo_,; N O R1D2—>j}}

i=1j=1 j=1
2 2 2 2
= 1= {II®(N R} - (" $DS.,,;) = P(() R1DS,))
i=1 j=1 j=1 j=1
2 2 2 2
+{{ [TP(N RS} < {B(N SDE.,) +P(N Rle}}
=1 =1 =1 7j=1
2 ]2 ’ 2
+{{HIP’(ﬂ RE, )} {1—]1)(0 Dgﬁj)}}. (3.60)
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N relays and two destinations (with broadcast every hop)

P(Oy) = P{{LNJRm} {sDiin ﬂRDHl}} {m Hl}“DHl}
i=1 =1
N N
= 1-{IIP®E,)} - P(sDE,) - {1 - Y P(R.DE,))}
i=1 =1
+{{ﬁp(3gl) x{1+JP>SD%;1 ngRDﬁl}}

~
I
—_
N~ N~
.
I
—_

(3.61)

+
—
—_

—=

=
=
19
X
——
—_
\
pac)
-
IQ
Ny
——

.
Il
—

The event for Do is defined as

]P)(O(Q)) = Ri—U} {U SD2_>j N Nﬂl LQJ R; D2_>j}}
=1 j=1
Rz—>]} U D2ﬁ]}

2 N-1 2
R¢ )} {1 +P(SDS.,) - S PN RZ'DQCH]-)}
i=1  j=1

g
—
-
Cw

@
Il
—_

.
Il

=
DL

+
=
Ti
.
I

I
—_
|
— — A —N
== 7
=
DL
)

i=1 j=1 J=1
N 2 N-—1
+{ [IP(N) B} < {1+ ﬂSDQ_)]) P( ﬂRDH)}}
=1 j=1 7j=1 i=1 7j=1
N 2 2
+{ [TP(N B} < {1-B(N Dg/;j)}}. (3.62)
i=1  j=1 j=1
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Figure 3.13.: (a) one lane scenario.(b) two lanes scenario.

N relays and K destinations (with broadcast every hop)

N K K N—-1 K
P(O) = IP{ U Hj}m{U SDr; N N URDKHJ}}
i=1j= 7=1

tyuyr S nu
+P{{ﬂl]ﬂRH]} 6 K_U}

JZV ;( " K N-1 K
_ {HIP’ ﬂ RE,)} - {1—|—]P’(O SDG_,;) — Z P(O R:DG ;) }
Nk " e
{{HIP’ N R }x{1+]P’(O SDG_,;) — Z]P’ ﬂRDmJ)}}
{{I:IP m RZ—U } X {I_P(O ch{—m)}} (3.63)
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3.10. Multi Lanes Scenario

Regarding lanes modeling, there are two main approaches to model vehicles on multi-lane
roads. The first approach, which the authors used in this paper, is the single lane abstraction
model or simply the line abstraction model shown in Fig.3.13(a) in which all the traffic
lanes are merged into a single lane with the aggregated traffic intensity (see Appendix.C
in [RP16]). The second approach is to consider that the traffic is restricted into individual
lanes separated by a fixed inter-lane distance, as illustrated in Fig.3.13(b). We carried out
the analysis for both cases. We will derive the outage probability for the two road scenario,

then generalize the results for multiple lanes.

3.10.1. Two-lanes case scenario

We address the case where vehicles can drive in two opposite directions, on the horizontal
roads and the vertical roads, and further on extend the analysis to Nbj,nes number of roads.
We refer to the case when we have two roads in the horizontal, and two roads in the vertical
as the two-way road case (two lanes on each road). In this case, the horizontal road on
which vehicles drive from left to right (resp. right to left) is denoted X; (resp. X3). The
same modification holds for the vertical road on which, vehicles drive from bottom up (resp.
top down) is denoted Y7 (resp. Y2). For o = 2, the expressions of the Laplace transform
from the X; road and the Y; road at the receiving node M denoted respectively £ Ixy,, (s)
and Ly, (s), are given by (3.64) and (3.65). The expressions of the Laplace transform

from the X5 road and from the Y5 road at M are given respectively by

£Isz (s) = exp ( — PAX, \/ o s) ) (3.64)

(msin(0yr) — dyy,,,

and

ST
Lry,,, (s) =exp ( — Py, \/ ), (3.65)

(m COS(HM) - dXRoad)2 + §
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where Ax, and Ay, are the intensities of the interfering vehicles on the X5 road and Y5 road
respectively, and dx, ., and dy,, ., are the distance between X; and X5, and between Y;
and Y; respectively. Note that M € {R, D1, D2} and m € {r,d;, ds}.

proof: See Appendix C.3. |

In the case when there are two roads on the vertical and two roads on the horizontal,
the interference are generated from four roads, and then the expressions of the outage
probability have to be changed accordingly. For instance, the equations (2.23) and (3.80)

become respectively

®1>a—1‘

’ = a9’

P(OD“)) - 1= LIXR (%)EIYR (%)LIXZR (%)EIYQR (l%l?>

G Gi ) (i) ( Gy ) ;
XEIXDl(lRD1>£]YD1(lRD1 EIX2D1 Trp, E[YQDI Tnp; )’ otherwise.

(3.66)
1, O1 > 2% or O > 52
_ G(2)max G(2)max
1 ‘CIXR( Isr )EIYR( Isr )
G max G max
P(Op,,) = X&X?R( (@ 7)51%( OE ) (3.67)

G(Z)max G(2)max)
XEIXDQ ( lrD, )EIYDQ ( lrD,

G(Z)max) (G(Q)max) .
><£IX2D2( Tnby £1Y2D2 Tnpy )" otherwise.

3.10.2. Multi-lanes case scenario

To generalize the above expressions form Nbj,,es roads, we calculate the Laplace transform

for the interference for "X road, and i*"Y road when a = 2 is respectively given by:

ST

(msin(Bar) — e~ = Ddyg,,q)® + >

: (3.68)

‘CIXiM (S) = exp ( - p/\Xi \/
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Figure 3.14.: Outage probability as a function of p considering the 1D-HPPP with 2 lanes
model (our model), and the 1D-HPPP with multiple lanes.

Ly,

M

(s) = exp ( — Dy, il )7 (3.69)
V(m cos(Oar) = S0 = D )? + 5

where A\x, and Ay, are the intensities of the interferer nodes on the X; road and Y; road
respectively. The outage probability expressions change accordingly. From instance, the

equations (2.23) and (3.80) in the paper become respectively

1, 01 > 2%
P(O(l) = Nb; G1 G G1 el 2
I | iy ﬁIXiR (@)ﬁjym (@)ﬁlxml (H)E}YiDl (H)’ otherwise.
(3.70)
1, ©1 > 3 or O > 52
— Nbianes G(?)max G(2)max
P(Op) =1 1-T1[21 EIXiR (W)ﬁIYiR (W) (3.71)
C@max G (2)max :
X'CIXZ'%( IrRD, )ﬁIYZ-D2( TrDy )7 otherwise.
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Figure 3.15.: Cooperative transmission using NOMA considering multiple relays.

Fig.3.14 shows the outage probability as a function of p considering the 1D-HPPP with
2 lanes model (our model), and the 1D-HPPP with multiple lanes. We can see from the

Fig.3.14 that the our model involving match perfectly the model of multiple lanes given

_ Nb
that )\Nb lanes = 5 X )\2 lanes-

3.11. Multiple Relays Scenario

Our work can also be extended to multiple relay scenario. For instance, we can add mul-
tiple relays and investigate different selection strategies to investigate their impact on the

performance. We will show in the following some results to demonstrate the effect of adding

relays on the performance in terms of outage probability.

We consider a NOMA cooperative transmission occurs between S, and two destinations,

denoted D; and Dy, with the help of nbgejqy relays, where the set of the relays, is denoted

by SRelay = {Rlv R27 ey Ranelay}'
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The SIR at the relay R; to decode D; message, denoted SIRgg is expressed as

i—1)

SIRsr

hsr. 12lsr,
i = 2‘ sl lsr, a1 . (3.72)
\hsrPlsr, a2 + Ixg, + Iy,

Since Doy has a lower power allocation, R; has to decode D message first, then decodes Do

message. The SIR at R; to decode Do message, denoted SIRgpr is expressed as

i—2)

_ |hsr,!lsR, a2

SIRgp. ., = .
SHiv Ixp, + vy,

(3.73)

The SIR at D; to decode its intended message received from R;, denoted SIRg,p, ,,, is

given by

’hR,-DlllevD1 ai
SIRR,p,_,, = e . 3.74
RZDl*)l ‘thDl ‘2ZR1D1 a2 + IXDl + IYDI ( )

Similarly, in order for D5 to decode its intended message received from R;, it has to decode
D1 message first. The SIR at Dy to decode D; message, denoted SIRg,p, ,,, is expressed

as

SIRp. p, . = (", "L,y 01 . (3.75)
Y hRDo PR, D, a2 + Ixp, + Iy,

The SIR at Do to decode its intended message received from R;, denoted SIRg,p, ,,, is

expressed as

’hR-Dg ’2ZR-D2 a2
SIRR, D = : ! . 3.76
i/2—2 I Dy I Dy ( )

We denote by V(l), the set of the relays that successfully decoded Dy message, where V(l)
f f

is defined as

Vi 2 {k € Shetay : STRsR, ., > @1}, (3.77)

where f = ]V](cl)\.
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Similarly, we denote by Vf), the set of the relays that successfully decoded Do message,

where Véz) is defined as
Véz) =S {l S SRelay : SIRgR, ,, = ©1 ﬂSIRSRLHQ > @2}, (3.78)

where g = ]Vém\. Note that V5§2) - V](cl).

The outage probability at Dy, denoted P(O(y)), is given by

1 01 > o1,
P(Oy) = - . . : (3.79)
sz:l Y <1 — H(Rk) (ZSR}k )%(Dl) (leilm)), otherwise.

The outage probability at Dz, denoted P(O(y)), is given by

1, ©1 2 ZorO; > 52
P(Op) =y o o ’ ' (3.80)
= (1 - H(Rl)( lsmglx)%(DQ) (erl“;’; )), otherwise.

proof: See Appendix C.4. [ |

Fig.3.16 shows the impact of adding relays to NOMA performance in terms of outage
probability. We can see from Fig.3.16 that adding relay decreases significantly the outage
probability. For instance we can see that the outage probability when one relay is used is
around 0.2 for Dy and 0.4 for Do, whereas the outage probability when using eight relays
is around 3 x 107° for D; and 0.1 for Ds.

Fig.3.17 plots the outage probability as a function of A for several number of relays. We
can clearly see the significant improvement in the performance as the number of the relays
increases. For instance, we can see that the outage probability of D; using one relay is

4 x 1072 whereas the outage probability using 8 relays is 9 x 10712
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Figure 3.16.: Outage probability as a function of the distance from the intersection consid-

ering NOMA using multiple relays.
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Figure 3.17.: Outage probability as a function of A considering NOMA for several number

of. (a) linear scale. (b) log scale.
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3.12. Conclusion

In this chapter, we proposed several extensions of our work. We proposed an adaptive
cooperative protocol using NOMA (ACN) at intersections. We studied the performance
and the behavior of mmWave vehicular networks using cooperative NOMA. We also studied
the impact of adding several relays on the performance and several lanes scenarios. Finally,
there are some extension that have not been simulated such as multi hop transmissions
scenarios.

Regarding the ACN protocol, we compared it with cooperative NOMA protocol, direct
NOMA protocol, and the classical cooperative OMA protocol, and we showed that ACN
protocol outperforms these protocols in terms of outage probability, especially at intersec-
tions. We also compared the performance of ACN protocol with the CCN protocol, and
we showed that the ACN protocol offers better performance than CCN protocol at road
intersections in terms of outage probability. Finally, we showed that the performance of
ACN protocol increases compared to other existing protocols for high data rates.

Regarding the performance of cooperative NOMA for mmWave vehicular networks at
intersections, we derived closed form outage probability expressions for cooperative NOMA,
and compared them with cooperative OMA. We showed that cooperative NOMA exhibited
a significant improvement compared to cooperative OMA, especially for high data rates.
However, data rates have to respect a given condition, if not, the performance of cooperative
NOMA will decreases drastically. We also showed that as the nodes reach the intersection,
the outage probability increased. Counter-intuitively, we showed that NLOS scenario has a

better performance than LOS scenario.
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Conclusions

The main goal of this thesis was to offer a framework of cooperative VCs in the presence of
interference, through models in which their principal characteristics and parameters could
be considered, mainly, a large number of vehicles, their random spatial distribution, and
the inherent broadcasting properties of the wireless medium. This was motivated by the
fact that VCs have increased in numbers and in quality requirements. Moreover, VCs offer
various and diverse applications, such as, traffic safety, traffic management and autonomous
driving. Hence, the increasing demands of these applications require new approaches. The
goal was also to obtain models in which general conclusions, regarding the network and its
performance characteristics, could be drawn. We wanted to derive and obtain simple and
closed form expressions that could be evaluated without large scale Monte Carlo simulations.
Stochastic geometry models had shown to be a useful and powerful tool, that is why we
used this approach.

We started by considering the half duplex cooperative VCs under the effect of the in-
terference generated by vehicles modeled by a 1D-HPPP. We also considered VCs with
several transmission schemes and vehicles mobility by mimicking the vehicles speed via the
dependence and the independence of the interference. This analysis served as a starting
point for studying how vehicles mobility and transmission schemes impact the performance

of VCs. We also considered a more generalized fading channels, which is the Nakagami-m
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fading channels, and studied the impact of several transmission schemes and under LOS and
NLOS scenarios. A comparison was made between the performance of VCs in intersection
scenarios and highway scenarios, and it has been shown that the performance of interfer-
ence scenarios decreases when the vehicles come closer to the intersection. Additionally,
one counter intuitive result was that the performance of VCs under NLOS scenarios were
greater than LOS scenarios.

After considering the classical OMA schemes in cooperative VCs in the presence of in-
terference, we wanted to study the benefits and the improvements of using NOMA in co-
operation VCs. We studied the performance in terms of outage probability and average
achievable rate. We considered direct transmissions, cooperative transmissions, coopera-
tive transmissions using MRC. The results showed that NOMA improves the performance
compared to OMA. However, there are some conditions that have to be meet in order for
NOMA to outperform OMA, otherwise, the performance of NOMA will decrease drastically.
We derived mathematical conditions for different system parameters in order for NOMA
to outperforms OMA at intersections. The comparison between cooperative NOMA and
cooperative NOMA using MRC showed that there is a significant improvement of using
MRC. Although using MRC increases the interference at the receiving nodes, the coopera-
tive NOMA using MRC still offers significant improvements compared to the classical OMA
using MRC and the classical cooperative transmissions using NOMA.

In the third part of this thesis, we investigated several scenarios and aspects of cooperative
VCs. Each of these scenarios can be investigated in great details for future works. First,
we proposed an adaptive cooperative protocol using NOMA, named ACN at intersections.
We compared the proposed protocol with several protocols existing in the literature, and
showed that the ACN offers better performance at road intersections compared to other
existing protocols, especially for high data rates. Second, we studied the performance and

the behavior of mmWave vehicular networks using cooperative NOMA, and how to model
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mmWave systems in VCs at intersections. Although the model uses strong assumptions, it
can be used as a starting point for the analysis of more complex mmWayve vehicular networks
and to study the interactions among vehicles under different scenarios. Finally, we studied
the impact of adding several relays, and we studied the performance of intersections scenarios
involving several lanes. There are some extensions that have not been simulated such as
multi hop transmissions, but we derived the outage probability expressions so they can be

used as a starting point for future works.

Perspectives and future works

In the context of cooperative communications in VCs, it would be interesting to investigate
and compare the performance of other decoding protocols, such as Amplify and Forward
(AF) and Compress and Forward (CF). It will also be interesting to analyze the performance
of full duplex transmissions. Regarding vehicles mobility, we could use realistic channels such
as double Rayleigh fading channel sand double Nakagami fading channels. Since VCs mainly
use CSMA Based protocols, investigating the performance of VCs would be interesting.
Also, investigating the impact of the Doppler shift and time-varying effect of VCs could
yield some insight on the performance. It would be realistic to consider a in-homogeneous
PPP instead of HPPP, which can capture the inherent properties of intersections, and
model the gathering vehicles near the intersection. The analysis of mmWave VCs introduces
several possible ideas to continue. We used in this thesis a strong assumptions regarding the
interfering vehicles and the blockage models. We assumed that the interfering vehicles are
composed of a set of interfering vehicles that are in LOS and NLOS. A realistic assumption
would be to use the blockage model which results in a dependent thinning of the PPP.
On the other hand, in the context of NOMA, we could investigate several NOMA-based
relays selection algorithms. Also, we could compare the performance of NOMA when the

nodes are ordered according to their channels conditions and when the nodes are ordered
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according to their QoS.
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Conclusion

L’objectif principal de cette these était de proposer un cadre formel d’étude des communi-
cations véhiculaires coopératives en présence d’interférences aux intersections. Nous avons
calculé les performances des réseaux véhiculaires principalement en termes de probabilité
de coupure avec ’'aide d’outil mathématique issus de la géométrie stochastique. Les calculs
ont été validés par des simulations Monte-Carlo.

Au début, nous avons considéré des transmissions véhiculaires coopératives en présence
de véhicules interférant modélisés par un 1D-PPP en présence d’un canal de Ralyleigh.
Nous avons également considéré différents types de transmissions, et différents modeles de
mobilité. Cette analyse nous a permis d’étudier comment la mobilité des véhicules et le type
de transmissions employées peuvent impacter les performance des communications véhicu-
laires. Nous avons aussi considéré des types de canaux plus généraux, comme les canaux
Nakagami-m, et nous avons étudié I'impact de différents types de transmissions quand les
terminaux sont en ligne de mire (LOS), ou bien pas du tout en ligne de mire (NLOS). Nous
avons aussi comparé les performances des communications véhiculaires sur les autoroutes et
aux intersections, et nous avons constaté que les performances des communications véhicu-
laires aux intersections se dégradent quand les véhicules s’approchent de I'intersection. De
plus, nous avons obtenue un résultat contre-intuitif : les performances des communications

véhiculaires dans des scénarios NLOS sont meilleurs que dans les scénarios LOS.
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Apres avoir considéré les techniques classiques OMA dans les communications véhicu-
laires coopératives, nous nous sommes intéressés aux bénéfices et aux amélioration des per-
formances en utilisant les techniques NOMA dans les communications véhiculaires. Nous
avons étudié les performances en termes de probabilité de coupure et de débit atteignable.
Nous avons considéré les transmissions directes, les transmissions coopératives et les trans-
missions coopératives en utilisant le MRC. Les résultats ont montré que les techniques
NOMA appliquées aux communications véhiculaires améliorent les performances comparé
aux techniques OMA. Cependant, certaines conditions doivent étre respectées pour que les
techniques NOMA soient supérieures aux techniques OMA, au risque que les performances
des techniques NOMA décroissent de fagon drastique. Les comparaisons entre les commu-
nications véhiculaires coopératives utilisant les techniques NOMA, et les communications
véhiculaires coopératives utilisant les techniques NOMA avec MRC ont montré que le MRC
apporte une amélioration significative aux performances.

Dans la derniére partie de cette theése, nous avons traité plusieurs scénarios de commu-
nications véhiculaires coopératives. A noter que chaque scénario pourrait étre traité plus
en détails dans de futurs travaux. Dans un premier temps, nous avons proposé un proto-
cole adaptatif coopératif utilisant les techniques NOMA nommé ACN. Nous avons comparé
ce protocole avec plusieurs protocoles de la littérature, et nous avons montré que ’ACN
donne de meilleures performances comparé aux autres protocoles dans le contexte des com-
munications véhiculaires. Dans un second temps, nous avons étudié les performances des
réseaux véhiculaires coopératifs a onde millimétrique utilisant les techniques NOMA. Enfin,
nous avons étudié I'impact du nombre de relais sur les performances, I'impact de 'ajout
de plusieurs routes dans les performances. Certains scénarios n’ont pas été simulés comme
les communications véhiculaires coopératives a plusieurs sauts. Cependant, nous avons
développé les expressions des probabilités de coupure, pour qu’ils puissent servir comme

point de départ pour de futurs travaux.

174



Appendices

175






Appendix A.

Appendix to chapter 1

A.1. PROOF OF LEMMA 1

We calculate the probability P(O$, N 0%p) in equation (1.17) as follows

Plhsr|*lsr

c c N

IED(OSR N OSD) = IEIXJY [ 10g2 o2 + IXR i IYR >R
P\hSD! lsp

> z}]

R(02 + Ix, + Iyvy,)

24+ Ix, + Iy,

(6
Log; ll .
{

= EIXJY[ |hSR|2

M Iksol?

> P D(02 + Ix, +IYR)H-

Since |hsgr|? and |hsp|? both follow an exponential distribution with unit mean, we get

(O N 0 p) = E]XJY[exp(—KSRIXR)eXp(—KSRIyR)eXp(—KSRUQ)
exp(—Ksplx,)exp(—Ksply,) eXP(—KSDUQ)}
= Encn [NSR exp(—Ksrlxy)exp(—Ksrlyy)

Ngsp exp(—=Ksplx,) eXp(_KSDIYD)} .
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Given that the noise is independent of the interference, and using the independence of the

PPP on the road X and Y, we finally get (1.20).

A.2. PROOF OF LEMMA 2

To calculate the probability P(O$; N Orp), we proceed as follows

]P)(OgR N ORD) = EIX,IY [P{‘hSRP > (0'2 + IXR + IYR)

e
Plsgr
(C]
ﬂ ’hRD‘2 < %(0’2 + IXD + IYD)}]

=Er .1y [eXP(_KSRIXR) exp(—Ksrly,) exp(—Kgro?)
(1 —exp(—Krplx,)exp(—Krply,) exp(—KRDaz))}
= Nsr Ery 1y [exp(=Ksrlxy) exp(—Ksrlyy)]
— NsrNrp Ery 1, [exp(—KsrIxy) exp(—Ksrly;)

X eXp(—KRDIXD) eXp(—KRDIYD)} .

A.3. PROOF OF LEMMA 3

To calculate the probability P(O$r N Osgp), we follow the same steps as in ??, then we

obtain

P(O§k N Oskrp) =Ery 1y [NSR exp ( - KSRIXR) exp ( — Ksrlyy)

C)
X (1 — P{|hRD‘2lRD + ’hSD|2lSD > F(O’2 +IXD +IYD)}>1. (A.l)
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We write the probability inside the expectation in (A.1) as
P(6 > n[o® + Ix,, + Iyy)),

where § = |hrp|*lgp + |hsp|*lsp and n = ©/P.
We set P{(VZRDPZRD + |h5D|2l5D) > 77(02 + IXD + IYD)} = ]P’(RD,SD), then
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241 Iy ] — 2
IP) — ]E|hSD|2 [P(‘hRD|2 2 77[0 + Xp + YD] ’hSD’ ZSD>‘|

lrD

77[02 +Ix, + Iy ] — ’hSDPlSD
= Ejpgpp2 [exp(— D le )

2
nlo®+Ix ,+1yp]

B / Tsp exp ( B 77[02 +Ix, + IYD] — ‘hSDPlSD
0

)exp (= |hsp[?)dlhsp

lrD
° 2 2
+ 71[02+IXD+IYD] eXp ( - ‘hSD’ )d‘hSD‘
lsp
2 nlo?+Ix  +ly, ] 2
.5 i 4 L e | S ST T2D ,  _Metxpthvpl
= e 'rRD / e 'rp’d|hgp|” + € s
0
2
02415 +Iyv 1T _ Tt Hhvp) +ILXD+IYD] (1——;50) 02 4+Ix +Iy ]
_Me T XpTYp! 1 e SD RD _Me T XpTYp!
= e IrRD 7 — 7 +e lsp
1— lsp _ lsp
L lRD lRD
nlo?+Ix +Iy 1 nlo?+Ix +Iy,]
_77[02+IXD+IYD] i 1 e ZSIL)) = e le = _77[02+1XD+IYD]
= e lrRD — +e lsp
_ lsp 1— lsp
L ZRD lRD
1 777[02+IXD+IYD] 1 777[0_2+IXD+IYD] 777[02+IXD+IYD]
= 71 oy © 'rRD — 71 Tay © lsp +e lsp
+ lrD + lrD
1 _n[<72+1XD+IYD] 1 _77[‘72+IXD+IYD]
= —F e 'rD + 11— — e lsp
1+ 22 14 22
RD RD
2 2
I _n[o +xp+yp] I _77[0 +xp+yp]
= (B N\ Tmp 41— —BP e Tmp
lrp — lsp lrp — lsp
2 2
l _ T X Hivpl l _ et xp vyl
_ (o e (0 lsp ) TR
lrp — lsp lrp — lsD
o+ Ix iy o+ Ix v
ZRDe IRD — lSDe lsp
- . (A.2)
Ilrp —lsp

The complementary cumulative distribution function of the random variable §, denoted

Fs(+), is given by

—u/lrD —u/lsp

—lgpe
lrp —lsp

- l
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Then

P[6 > n(o? + Ix, + Iy,)] =

lrp exp {— ZRLD(O-Q +Ix, +IyD)} —lgpexp ( — ZSLD[JQ +Ix, +IYD)}
. (A3)

lrp —lsp

Plugging (A.3) into (A.1), and with some algebraic manipulations, we get (1.22).

In the case when ||S — D|| = ||R — D||, we set

P{(\hRDFZSD + |hsplsp) > nlo? + Ix, + IYD)} =P(RD,SD).

Then

o2+ Ix, + 1T
P(RD,SD) = Ejqp2 [P(\hRDF > il l;(g ol ’hSD|2>

nlo?+Ix, +Iy ]
_( : D" Yp _|hSD|2>
= ]E|hSD|2 e SD

2
2
nlo"+1x p+1yp] (_n[a +IxpHyp
(&

]
B / Isp sD +|hSD|2)
0

[e.9]

e*|hSD\2d|hSD‘2

—|hsp|? 2
+ 7][0'2+IXD+IYD] € | SD' d|hSD|

lsp
2
w41y +1y,] M7 XpHYp
e e Isp 2
= e SD 1d’h5D’
0
* |hspl? 2
+ nlo2+Ix, +1y,] € sPd|hspl
lsp
n[02+IXD+IYD] 2 nlo?+Ix  +Iy, ]
—— 2D 'D plo I I _Me M XpTYpl
= e lsp 7][ i XD+ YD] +e lsp
Isp

24 Iy 4 Iy ]] M Hxp i)
_ l1+n[o +lXD‘|' YD]‘|€ oo ‘ (A.4)
SD
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A.4. PROOF OF THEOREM 1

When the interference at the relay and the destination are generated from two independent

sets, the following expectation can be written as
Ery [emCntxp)] = By [e7*¥n By [e**p]. (A-5)

Given that E[e*!] = £;(s), we then develop the expression of the first expectation in (A.5)

as

‘CIXR (s) = E[exp(—slx,)]. (A.6)

Plugging (1.1) into (A.6) yields

Lrg (s) = Eexp( Z 5P|th]2lRm>]

Z‘G‘I’XR

= E| [[ exp ( = SP!th|2le>]

_Z‘ECI)XR

(2 E H E|hRm|2{exp<_5P|th|2le>}1
_:L‘GCI)XR

® o P -

= E| ] 1+sPle+1 p] (A7)
_Z‘eq>XR

(© _ (P _
= exp( )\X/Bll (1+sPle+1 p)}dm)

1
- x| ———d
eXp< b X/B1+1/5Ple x)

where (a) follows from having independent fading; (b) follows from calculating the ex-
pectation over |hg,|? which follows an exponential distribution with unit mean, and then

calculating the expectation over the indicator function 1; (c) follows from the probability
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generating functional (PGFL) of a PPP [Hael2b]. Then (A.5) can be expressed as

]E[X [B_SIXR]EIX [e_bIXD] = ‘C]XR (5)£IXD (b)’ (A8)
where
1
Lry, (s) =exp (— p)\X/B T (A= R||0‘)/5de>’ (A.9)
and
1
Ly, (s) =exp ( - p)\X/B T (Ao = D||a)/sPd$>' (A.10)

In the same way, when the interference originating from the Y road at the relay and the des-

tination are generated from two independent sets, the following expectation can be written

Ery [e R ]Bp, [e7"D] = Ly, (s)Lry, (b), (A.11)
where
1
Lry, (s) = exp <—p)\y/8 T+ (Afly— RHQ)/sde> (A.12)
1
Lry, (s) = exp (— p)\y/B 5 (Ally = DHa)/sde) (A.13)

After substituting all the expressions of the expectation in (1.20), (1.21) and (1.22), we

obtain (1.23), (1.24) and (1.25).

A.5. PROOF OF THEOREM 2

When the interference at the relay and the destination are generated from the same set,

the equality in (A.5) does not hold true. Then, the expectation in left side of (A.5) will be
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expressed as

E]X |:e_(SIXR+bIXD):| H E‘h‘Q SPth|2le+bP|hD12lDI:|‘|

rzedx

b
1—pld
(1 + sPlm)(1 +bPlpy) p] “")

= ex — A / SPZRJI + bPlD:c
- P TP sPln, | 1+ 0Plp,

= P +1-p
$€(D 1+8Ple)(1+bPlDI)
= exp(

_ SbPQZRxle -
(1 + sPlg,)(1 4+ bPlp,)

_ exp | — oA /d:): exp | — oA /d:v
- PLTPAY T 1/sPig, | P\ 7P Js 1+ 1/bPip,

8bP2lRach$
)\ / d . A-14
e <p . B (1 + SPlRm) (1 =+ bPlDz) x) ( )

Then (A.14) can be written as
o [e—(sfxfbfxla)} — Li ()Lre, D)px(s,8) = Liy 1, (5:0). (A.15)
Following the same steps, we obtain
Biy | U0t 0)| = L1y (), Doy (5.8) = Ly, (D) (A16)

After substituting all the expressions of the expectation in (1.20), (1.21) and (1.22), we
obtain (1.26), (1.27), and (1.28).
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A.6. Outage probability of DT transmission

The outage probability expression of DT is given by
P(Opr)) =1 —P(O{pr)) = 1 —P(SIRsp > ©1). (A.17)
To calculate P(SIRsp > ©1), we proceed as follows

hspl?l
P(SIRsp > ©1) = Er [P{’ISD’SD > @1}
x + 1y

S}
= By lp{|hSD|2 > lsillj(IX + IY)}]. (A.18)

Since |hsp|? follows a gamma distribution, its complementary cumulative distribution func-

tion (CCDF) is given by

I'(m,2X)

Fingpl2(X) = P(lhsp|* > X) = ng) (A.19)
Hence o
m
r(m, MTW;(IX +1y))
P(SI > =E . A2
(S Rsp > @1) Ix, Iy [ F(m) ] ( O)
The exponential sum function when m is an integer is defined as
ml(mX)F Tm,mX)
o T 1
€(m) = Z =e . (A.21)
. I'(m)
Then
L(m, tX)  mx% 1 mX P
T ¢ " (=) - (A.22)
(m) i ko
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The equation (A.20) then becomes

P(SIRsp > ©1) = E MmOy S L O )
(SIRsp > ©1) = Er 1, eXp(— MZSD( x + Y)) X 2 y(MZSD( x + Y))
m—1
B 1 /mOi\Fk m 61 k
=y (MZS ) Brty lexp ( ~ulsp (Ix +IY)>(IX ) ]
(A.23)
Applying the binomial theorem to (A.23), we get
m—1 k k
P(SIRsp > ©) Z o CEry [exp( G[Ix + Iv]) X_,; <n> Ixkn Iy”], (A.24)
where G = mn 61.
plsp
To calculate the expectation in (A.24), denoted Z(Ix, Iy), we process as follows
Z(IX,Iy) = E1X7[Y[ —GlIx =Gy Z < )kan Iyn‘|
Mk
= Z < )EIX ]Yl GIXD e_GIYIXk_n IYn]
n=0 n
@ <= (k
0 & () .. [ oty oo 1
n=0
@ zk: k ndk_nﬁfx (@) (_1)ndn£IY (G)
= \n dFra "G
k k—n n
d" "L (G)d"Lr, (G)
k IX Iy
= A.25
e e

186



Appendix A. Appendix to chapter 1

where (a) follows from the independence of the PPP on the X road and the road Y; (b)

follows from the following property

-9l fN| _ (_
Erle o IN] = (-1) o
dL(g)
= (-1 A.26
OV (4.26)
Then
m © m ©
o mOy. ko (k dk_nLIX(MlS;)dnEIY(Mls;)
P(SI > = — (- . A2
= A S Uy
plsp wlsp
Plugging (A.27) into (A.17), we get (1.35).
A.7. Outage probability of RT transmission
The outage probability of RT is expressed as
P(OrT)) = P(Osgr UOgp) = 1 —P(O5 N O%p). (A.28)
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To calculate the probability P(O$r N O%,), we proceed as follows

[ [ |hsr!lsr \hrp*lRD
P(O%, N 0% = [ P ‘7 >0y ————= >0
( SR RD) Ix,Iy | {IXR +IYR - 2 IXD +IYD - 2

[ ) S)
= Erc1y P{\hSR\Z > ﬁ(IXR + Ivy), |hrp|* > é(IXD +IYD)H
] m O m O
T (m, =2 (I + Iv)) - T, 2= (I + D)
= Ei; KSR % HLIRD
o L'(m) L'(m)
— [ m®2 m@2
= Erg1 | exp ( " ilon (Ixp + IYR)) exp ( = np (Ixp + IYD))

© k,m© !
DIV @ ;(IXR + Ivy)) <ZLZR; (Ixp + Ivy,)) 1

( ,LLZS n=0 \""
0, L[ .
xE exp ( — Ix, + 1T > Iy "y fl. (A.29
Ix,Iy P ( MZRD [ Xp YD]) = (f) Xp Y; ] ( )

Then, following the same steps as in A.6, we obtain (1.41).

188



Appendix A. Appendix to chapter 1

A.8. Outage probability of HT transmission

The outage probability of HT is expressed as
P(O(HT)) = P(OSD N OSR) + P(OgR N ORD)-
The probability P(Ogp N Oggr) can be expressed as follows

P(OspNOsg) = 1—P(O5pUOSR)

= 1-P(05p) — P(OSR) + P(OSp N OSR). (A.30)

The expression of P(O$p,) and P(O$R) can be acquired following the same steps as in A.6.
The probability P(OgD N OgR) is calculated following the same steps as in A.7.

To calculate the probability P(OgR N Ogrp), we proceed as follows

| |hsrlPlsr o |*lrp
P(OS = E P Ihsallsn 2 Ty & v
(O$r N ORrD) Ix, Iy _ {IXR Ty, © @2ﬂ Ix, + Iy, < Oy

[ ) S
= Eicny P{\hSR\2 > é(IXR + Iy,) () Ihrp|? < ZR%(IXD +1YD)H

m © m ©
T (m, TQ(IXR +Ivy)) r(m, %(IXD +Iv,))
= E;.; KSR 1— HLRD
o I'(m) I'(m)
m O
T(m, (I, + Ivy))
= E;.; HUiSR 1
XHY F(m)
m O m O
F(m, ] Z(IXR + IYR)) F(m, TZ(IXD + IYD))
—E;. KSR % K IRD
o I(m) I'(m)

(A.31)

The first expectation in (A.31) is calculated following the same steps as in A.6. The second

expectation in (A.31) is calculated following the same steps as in A.7 .
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A.9. PROOF OF PROPOSITION 1

In order to calculate the Laplace transform of interference originated from the X road at

T, we have to calculate the integral in (1.46). We calculate the integral in (1.46) for B =R

and o = 2. Let us take k = sP/A?, t, = ncos(fr) and t, = tsin(fr), then (1.46) becomes

1

= — pAxk d

and the integral inside the exponential in (A.32) equals

1 T

dx .
/Rk—i—t%—i—(w—tgg)Q 12 4 k

Then, plugging (A.33) into (A.32) we obtain

Lry, (s) :exp<—p/\Xk t >

2
2+ k

(A.32)

(A.33)

(A.34)

Finally, substituting k£ and ¢, in (A.34) yields (1.50). Following the same steps above, and

without details for the derivation, we obtain (1.51).

To calculate Lr,_(s) for oo = 4. we get

1

‘C[XT (5)

1
= exp —p/\Xs/
( R3—|—< t12/+($—t1)2)4

and the integral inside the exponential in (A.35) equals

o <_ S Svay tz>2>4/sdx>

da:) ,

1 \/2,/ty4 + 54 2t,2 (/t,2 + s — %)
dox = .
/Rs%-( t2 *

+ (z —tg)?) 2¢/tyt + s
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Then, plugging (A.37) into (A.35), and substituting ¢, by ¢sin(fr) yields (1.58). Following

the same steps, we obtain (1.59).

A.10. PROOF OF PROPOSITION 2

We calculate the integral in (1.46) for B = [-Z, Z] and o = 2. We use the same change of

variables as in Proposition 1, then we get

+Z 1 J +Z 1 J
/_Z 1+ (Aljlx = T)?)/sP T /_Z L4124 (z —t,)?/k v
/+Zl 2+ (x —ty)? [k

z 1+t2—|—($—tz)2/k‘

dx

— 27— tE-t) (A.38)
- /z k:+t2 Tz —t)2 '

The integral in the last equality in (A.38) equals

+Z 24 (z—t,)? 27, /62 + k
[ w - 2
—z k44 (z—t,)? 2 4 k
karctan(z—i_tm)—karctan(z tw)
t2+k t2+k
— [(A.39)
t2+k

Then plugging (A.39) into (A.38) yields (1.52). Following the same steps above, we obtain
(1.53).
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Appendix to chapter 2

B.1. NOMA Outage probability of D; and D, using direct

transmission

In order to calculate P(Op,), it is more convenient to express it as a function of a success

probability IP’(O%I). Then P(Op,) is expressed as
P(Op,) =1 - P(05,). (B.1)
We calculate ]P’(O%l) as follows

P(SIRp, > O1)

|hsp, [*lsp, a1
= Ein 1, |P >0
o [ { \hsp,|*lspyag + Ixp,, + Iy, '

P(05,)

(B.2)

= Enn [P{WSDJQZSDl (a1 = ©1a2) > O1[Ix, + Iyp | H (B.3)

We can see from (B.2) that, when ©1 > ay/as, the success probability P(0%, ) is always

zero, that is, P(Op,) = 1. Then, when O < a;/ag, and after setting G; = 01/(a; — O1a2),

193



Appendix B. Appendix to chapter 2

we obtain
G
P(0%,) =Er, .1y [IP’{lfLSDlI2 > 7@5 [Ixp, + Ivp, ] H
1

Since |hgp,|? follows an exponential distribution with unit mean, and using the indepen-

dence of the PPP on the X road and Y road, we get

G G
]P’(Ogl) =E;, |exp| — —1IXD1 Er, |exp | — —1[yDl .
ZSDl lSDl

Given that Ele*!] = L;(s), we finally get

G G
o 1 1
P(Op,) = Lix,, (lSD1 )ﬁIYDl (ZSD1 ) (B.4)

Plugging (B.4) into (B.1) yields (3.66).

In the same way, we express P(Op,) as a function of a success probability IP’(O%Q), that is
P(Op,) = 1 - B(05,). (5.5)

The probability P(Ogrz) is expressed as

P(0p,) = P({Op, 1 U On,}) = P(Op, , N Op,). (B.6)
Following the same steps as for P(Ogl), we obtain
hsp,|*lsp,a1
P(05,) =E P o5, s, >0
( Dg) Ix,fyl {‘hSD2|2lSD2a2 +IXD2 +IYD2 = Y1
2
N 2|hSDQ\ lspyas > e, b,
Blhsp,|*lsp, a1 + Ixp, + Iyp,
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When O; > aj/az, then P(Op,) = 1, otherwise we continue the derivation. We set Oy =

2R2 _ 1 and Go = O3/(az — O28ay), then

G
P(ng) = IEIX,IY [P{‘hSD2’2 > 71[IXD2 + IYDQ}

lsp,
G

m‘hSDQP > ZJ[IXDQ +IYD2}}]- (B_’?)

SDo

Finally, P(0%,) equals
G G
C N\ max max

P(Op,) = ﬁ[XD2 (ZSDQ )ﬁ]YD2 ( lsn, ), (B.8)

where Gmax = max(G1, G2). Plugging (B.8) into (B.5) yields (3.67).

B.2. NOMA Outage probability of D; and D, using

cooperative transmission
To calculate P(O(y)), we proceed as follows
_ C
= 1-P({SIRg, < O1USIRp, ., <61})

= 1- P(SIRRl >0;NSIRp, ,, > 01)

= 1-P(SIRg, > ©1) x P(SIRp, > O1). (B.9)
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We calculate the probability P(SIRg, > ©1) as

’hSRPlSRal
P(SIRR, > © = E P >0
( Ry Z 1) Ix, Iy [ { ‘hSR‘ZlSRa2 IYR 4 IYR =¥l

= Einy [P{MSRFZSR(al — 010a2) > O1[Ix, + Iyy] H

(B.10)

We can notice from (B.10) that, when ©; > aj/ag, the probability P(SIRg, > ©;) is
always zero, that is, P(SIRg, < ©1) = 1. Then, when O; < aj/ag, and after setting

G1 = 01/(a1 — O1a2), the expression becomes
2. G1
IPJ(SIRR1 >01) = Eryry [P \hsr|” > @[IXR + IYR] :

Since |hgr|? follows an exponential distribution with unit mean, and using the independence

of the PPP on the roads X and Y, we get

G G
P(SIRRl Z @1) = EIX [exp ( - MZIXR>]E]Y [exp ( - ZS;IYR>‘| .

Given that Ele*!] = L;(s), we finally get

G G
P(SIRp, > 1) = L1y, (ZS;)c,YR (lS;) (B.11)

The probability P(SIRp, > ©1) can be calculated following the same as for P(SIRg, > ©1).

In the same way we express P(0(y)) as

P(O)) = 1 —P(0G)), (B.12)
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where IP’(O(CQ))iS given by

P(0G) = P(Og, N 0%,)

= P(0%,)P(0%,). (B.13)
The probability P(OgQ) is expressed as
P(0%,) =P(SIRp, , > ©1 NSIRp, > Oy). (B.14)

Following the same steps as for IP’(O%I), we get

hrp, |*lrD,a1
P(O%.)=FE P kR, 2 >0
( Dg) IX,IY[ {|hRD2|2lRD2a2 +IXD2 +IYD2 1

N |hrD, [*lRD, 02 > 0,
Blhrp,|2lrDya1 + Ixp, + Ivp, —

When ©1 > ay/as or ©2 > as/fa; , then P(Op,) = 1, otherwise we continue the derivation

We set Gy = 09/ (a2 — ©2a1), then expression becomes

G
P(0%,) = Ery.1y [P{lhRDglz > lmi [Ixp, + Ivp,]

2

G
() |hep,* > liZ[IXD2 +IYD2]H-
RD

2

Finally, P(03,) equals

G G
C o\ “max max
P(Op,) = E[XD2 ( InDs )L:IYDQ ( LD, ), (B.15)

where Gax = max(G1, Go).

The probability P(ng) can be calculated following the same steps above.
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B.3. NOMA average achievable rate of D, using direct

transmission

To compute Tp,, we proceed as follows

TDI = EIXJY |:10g2 (1 + SIRD1>:|
@ / Er 1, [IP{ log, <1+SIRD1) >u} dv
v>0
(b) log2(1+%)
&) / Er 1, IP’{SIRDl > v 1} do, (B.16)
v=0

where (a) follows from E[X] = [ _,P(X > v)dv when the random variable X' is positive,
and (b) follows from lim(, 1. - (0,0)1082 (1 4+ SIRp,) = logy(1 + ¢). Then following
1 1

the same steps as in B.1, we obtain (2.44).

B.4. NOMA average achievable rate of D, using cooperative

transmission

The expression of Tp, is given by
o1 1
Tp, = E|min {5 logy(1+SIRg, ), 5 logs (1 + SIRDH)}

- E l; log, (1 + min {SIRg,,SIRp, ,, })] :
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Then computing the expectation with respect to the interference distribution yields

1
To, = / / E[Q log, <1+min{SIRRl,SIRDH1}>] Fro(21) fry (22)dz1d 2
21>0 J2z9>0

\hsrl*lsr a1

lspas + IXR + IyR ’

\hgD, [PlrD, a1 })]
\hrD, [PlrD, a2 + Ixp, + Iy,

1 .
=Er..1, [2 log, (1 + min { PRE

1 . |hsr|’lsr a1
= IP’{ lo <1 + min )
/v>o g 082 { \hsr|*lsras + Ix, + Iy,

oy,
\hrDy [PlRD a2 + Ixp + Iyvp,

) /%1052(1+Z2)P{mm \hsr|?lsr a1
v \hsr|?lsgas + Ix, + Iy,

\hgp, [*lrD, a1 2%
3 } >2°Y —1|dv
\hrD, [*lrD a2 + Ix, + Ivp,
(© /51‘%2(1*3;) { \hsr|*lsr a1
v

> 220 1
\hsr|*lsras + Ix, + Iy,

=0

Mo ey,
\hrDy [PlRD A2 + Ixp + Iy,

/;lOgQ(lJ"Z;) [ |hSR|2lSR a
v |hsr|*lsraz + Ix, + Iy,

> 2% 1}
=0

hip, |21
x IP’[ 2' RD:["IRD, @1 > 2% 1} dv, (B.17)
\heD, |*lrD a2 + Ix, + Iy,

where (a) follows from E[X] = [ . P(X > v)dv when the random variable & is positive,
(b) follows from lim(; 1) (0,0) 5 1082(1 + min{SIRR,, SIRp, ,}) = 5 logy(1 4+ %), and (c)
follows from P(min{a,b} > ¢) = P(a > c¢Nb > ¢). To calculate the probability in (B.17), we

proceed as in B.2 and we obtain (2.52). Following the same steps above, we obtain (2.53).
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B.5. NOMA outage probability using MRC

The outage probability related to Dy, denoted P(O(l)), is expressed as
_ C
P(Ow)) —P(BDl ﬂADl) —l—]P’(.AD1 OCDI). (B.18)

First, we calculate the probability IP’(A% .nc D1) as follows

Plhsg|*lsra1
P(AS NC = K P >0
(ARl Dl) Ix: Iy [ { Plhsg|?lsgaz + Ix, + Iy, + o2 !

P (lhspy *lspy + |hrDy [PlrD,) a1 <o
P (|hsp, *lsp, + |hrp, [PlrD,) a2 + Ixp, + Ivp, + 02

= Eio 1y |}P’{ P’hSRyzlSR(al — O1a2) > @1[IXR + Iy, + 02] n

P (|hSD1’2lSD1 + ’hRD1’2lRD1) (a1 — ®1a2) < O [IXDl + ]YDl + 02] }1

(B.19)

When 0 < aj/ag, and after setting G; = 01/(a; — O1az), then

G
P(-A% mCDl) = Ernny lp{ |hSR|2 2 é[IXR + vy +J2/P] ﬂ

(Ihspy Pisp, + ke, Plrn, ) < G [Ixp, + Ivp, +02/P]H~

(B.20)

Since |hggr|? follows an exponential distribution with unit mean, we get

G
]P’(Ag1 ﬁCDl) =Er.1, lIP’{ exp <ZS;[IXR + Iy, +02/P]) }

x1— {]P) (‘hSD1’2lSD1 + |hRD1’2lRD1> > Gy [IXDl +[YD1 + 02/P} }] (B.21)
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We write the second probability in (B.21) as
P((S > Gl[IXDl + IYDI + UQ/PD7

where 0 = |hrp,|*lrD, + |hsp, |*lsD, -

The complementary cumulative distribution function of the random variable §, denoted

Fs(.), is given by

—u/lrD, —u/lsp,

—lsp,e
lrp, — lsp,

_ I
Fs(u) = RD.C

Then, we have

P(|hsp, [*lsp, + |hrD, PlrD, > G1(Ix,, + Ivp, +0°/P)] =

G G
lrp, exp [f lRiDl(IXD1 + IYD1 + 0'2/P):| —lgp, exp ( — lsiDl[IXDl + IYDl + UQ/P)}
1 1

lrp, — lsp,
(B.22)

201



Appendix B. Appendix to chapter 2

Plugging (B.22) into (B.21) yields

G
IP’(A%I OCD1> = Ei. 1y [exp (lS;UXR + Iy, + O'Q/P])

lrD,
lrp, — lsp,

G
{ lnp, exp (= ——(Ixy, + Iy, +02/P))
x<1—

G
lsp, exp ( — lSDl [IXDl + IYDl + UQ/PD }~|

1

lrD, — lsp,
G G
Ery.1y [exp <ZS;[IXR + Iy, + UZ/P]) —exp (lS;[IXR + Iy, + UQ/P]>

G
lrD, exp ( - lil[IXDl + Iyp, + UQ/P])
« RD;

lrD, — lsp,
G
lsp, exp ( - lsig[IXDl + IYDl + 0'2/PD
_ 1
lrp, —lsp, )]

Given that Ele*!] = L;(s), we finally get

G G o2G
C - 1 1 1
(4 nen) =t (157 ) n (i) o (= 7
Gl G1 O'2G1
~ L (m)“% (m) exp ( B PzSR>

Gl Gl _ 02G1
lRDlﬁIXDl <IRD1)£IYD1 <1RD1) P ( PlRDl)

lrD, — lsp,

G1 G1 _ o*Gy
ZSD1£IXD1 <lSD1 )EIYDl <ZSD1> P ( PZSD1>

lrp, —lsp,

(B.23)
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The probability IP’(B Dy N ADl) can be expressed as

IP’(BD1 mADl) = 1- P(Bgl UAgl)

= 1-P(BG,) — P(AD, ) + P(B5, N A, ). (B.24)

The probabilities in (B.24) can be calculated following the same steps above.

In the same way, we calculate P(O(y)) as

2 2
P(Og) = P H U BDQ_A@Z-)} n { U ARx@i)H
=1 ;
{ ﬁACi(Gi)} N { OCDQ_Z.(@i)H . (B.25)
=1 ;

+P

7[{Geeionfr{Yauen]

Il
—_
|
=
—
—
DL
3
50
o
—_
(@
—N—
w
b
JQ
o
—_—
[

= 1-P [rg] B%M(@z)] ~-P [ﬁ A%(ez)]
+P { r21 B, Z(@»} n { N A%xez)H
- . (B.26)

The first two probabilities in (B.26) can be calculated in a straightforward manner as above.
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The last probability in (B.26), that we denote by Py, is expressed as

Plhsp,|*lsp,a1
2 5 2 6,
P‘hSD2’ ZSD2CL2 —+ IXD2 =+ IYD2 + o

——"

N Plhsp,|*lsp,as
BP|hsp,|?lsp,a1 + Ixp, + Iy, + o2

> Oy

Plhsg|*lsral
ﬂ 2 5 2> 01
P’hSR’ lsras + IXR + IyR + o

P|hsg|*lsras
ﬂ 2 5 = Oz
,BP|hSR| lsrai + IXR + IYR +o

When 01 < aj/az and O < ag/fai,we get

G
Pr=Ery 1, [P{|hSD2|2 > lil[IXDQ + IYDQ + JQ/P]
SDso

Go
() 1hsp,|* > @UXDQ + Iyp, + 0%/ P]
G
n |hSR|2 > é[IXR —l—IYR —|-0'2/P]

V

\Y

G
m |hsr|? > é[IXR + Iyy —i—a?/P]H.

(G1,G2)

max
:EIXJY [P{|hSD2|2 > [IXD2 + IYD2 + O'Q/P]

lsp,

G1,G
ﬂ |hSR|2 > W[IXR + Iyy +U2/P] }] (B.27)

Finally, we obtain

2 2 2
G G G
C ) C ) o max max . max
v [{ ZQ BD?i(G)Z)} " {zq ARZ(@Z)}] N £IXD2 ( lsp, )LIYD2 ( lsp, ) P ( Plsp, )

where Gax = max(G1, Ge).

The second probability in (B.25) can be calculated following the same steps above.
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C.1. Outage probability of ACN protocol

The probability P[Oacn(D1)] is expressed as
P[Oscn(D1)] = 1= P[OFon(D1)]- (C.1)
The probability P[OS(D1)] is given by
P[Ofen(D1)] = P (DTSp, ) + {P(DTsn,) x P (RTS 5, 1, ) | - (C.2)
To calculate P (DTgD1>, we proceed as follows
P(DTEp, ) =P (SIRsp, , > 6"). (C.3)

Plugging (3.1) into (C.3), we get

hsp, |*lsp, a1 (1)
( SDl) IX,IY[ {‘hSD1’215D1a2+IXD1 +IYD1 =1

= Ernon [P{\hSDJQZSDI(al —01"ay) > 6V [Ix,, + IYDI]H- (C.4)
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We can see from (C.4) that, when @51) > ay/ag, the success probability P (DTgD1> =0.

Then, when @gl) < a1/ag, and after setting g}” = @gl)/(al — @gl)ag), we get

g(l)
P (DTng) =Erc .1y [P{\hSDJQ > lle Uxp, +1Ivp ] ¢l

1

Since |hsp,|? follows an exponential distribution with unit mean, and using the indepen-

dence of the PPP on the road X and Y, we obtain

G G
P(DT§D1> =E;, lexp(— lle Ix,, | |Ep |exp | — lle Iy, ||

1 1

Given that Ele*!] = £;(s), we finally get

(1) (1)
C o gl gl
]P (DTSD1) — EIXDl <ZSD1>£IYD1 < > (05)

Following the same steps, we obtain

To calculate P (RTg Do, D1)’ we proceed as follows

P (RTS p, p, ) =P (SIRsp, , > ©f) x P (SR > 6f). (C.7)

—_

The probability P (SIRSD%1 >0 2)) can be acquired following the same steps above, and

it is given by

(2) (2)
g g
o >0f) <o, (0 )on (2,) o
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The probability P (SIR(OMA) > @(2)) can be easily calculated, and it is given by

(2) (2)
(OMA) @)\ _ O O
P (SIRD2D1 > C'-')1 ) - 'CIXDl (ngDl )['IYDI <lD2D1 > . (Cg)

In the same way, we express The probability P[Oacn(D2)] as a function of a success

probability P[0y (D2)] as follows
P[Oacn(D2)] =1~ P[Ofon(D2)]- (C.10)
The probability P[OSqx(D2)] is given by
P[OSon(D2)] =P (DTSDQ) + {P(DTSD2) x P (RTg,Dl,m)} : (C.11)

To calculate P (DTgD2>, we proceed as follows

2
P (ﬂ SIRsp, , > @5“)

=1
= P (SIRSD%1 > @gl) N SIRSD272 > @gl)) . (C.l?)

P (DTS, )

Following the same steps as for P (DTgD1>, we get

) |hsp,|*lsp,az

2
\hsp,|“lsp,a1 > @g 7
IXDz + IYDQ

\hspy|*lspyaz + Ixp, + Ivp,

> @S)}.

When @(1) > ay/ay, then P (DTSDQ) = 0, otherwise we continue the derivation. We set

P(DTSp,) = Eryry [IP’{

g(l) @(1 /az, then

g( ) g(l)
P (DTSp,) = Eryry [P{WSDQF lsl [Lxp, + Ivp, ], lhsp,|* = ZSLD[IXD2 +Ivp,] ¢ |-
2
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Finally, P (DTgD2> equals

. N (N
P (DTSDQ) = Lry,, (lsz)2 )EIYD2 (ZSD2 ) (C.13)

where G = max(G\", g{M).

To calculate P (RTg,Dl,Dg), we follow the same steps as in PP (RT%:D%Dl).

C.2. NOMA outage probability of mmWave vehicular

networks

To calculate P(O(y)), we express it as a function of a success probability P(Oﬁ)), where
P(Ogl) is expressed as

P(O)) = 1 —P(Of)). (C.14)

The probability P(Og)) is expressed as

IP’(O(CI)) =1-P(0%, N 0%,) =P(0% )P(0F)), (C.15)
where
052 U {Zsen(SIREY > 0,)) (C.16)

Z€{LOS,NLOS}

03, & U {Zro, n(SIRY? > 0))}. (C.17)
7€{LOS,NLOS}
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We calculate The probability IP’(O%) as

P(0%,) = > Enn []P’{ Zsr N (SIRY? > @1)”
Ze{LOS,NLOS}

= > P(Zsg) EIX,IY P{ SIRY? > @1”
Ze{LOS,NLOS}

— > P(Zsr) Ergpy P{ Ponl 75 1o - 91”

Ze{LOS,NLOS} lhsrl?rgr”Yas + Ixy + Iyy

= Z P(Zsgr) E[X’[Y P |hSR| TSR a; — Oraz) > @1[IXR+IYR]}‘|.
Zc{LOS,NLOS}

(C.18)

We can notice from (C.18) that, when ©1 > aj/ag, the success probability IP)(O%I) is always
zero, that is, P(Og,) = 1. Then, when ©1 < a;/az, and after setting ¥; = ©1/(a; — O1a2),

then

P(0%,) = > P(Zsr) Ery 1y [IP’{ |hsr|* >
Ze{LOS,NLOS}

[Ixp + Iy H

—az
Tsr T

Since |hsg|? follows a gamma distribution, its complementary cumulative distribution func-

tion (CCDF) is given by

m
T(mz, "2 X)

FlbeRIQ(X) =P(lhsr|* > X) = T T(mg)

(C.19)
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hence
my, Uy
F(mz, m([&gs + I%?S))
P(OG)= >  P(Zsr) EIXJY[ SRF(m ) 1
Ze{LOS,NLOS} ’

my Wq
(mz, = Lo NGO + 109)
prsg'Y
X Ery1y F(mz)
mz W1 g K
F(mz7 Py (Ix, + IYR))
= Z P(Zsr) H EIX7Iyl S?(m ) 1
Ze{LOS,NLOS} Ke{LOS,NLOS} Z
(C.20)
The exponential sum function when my is an integer is defined as
my—1 (Mmz k mz
Clma) = D G ),() _ ey X), (C.21)
= k! I'(my)
then
F m ,mX m mZ_l 1 X k
D(mz, 2 X) O N (L (C.22)
['(mz) = K ow

We denote the expectation in equation (C.20) by £(Ix, Iy ), then £(Ix, Iy) equals

—1
mz Vi K K " 1 my WUy K K k
Ex, I = E exp | — —— ~Uxp T 1 X ——ar + I
m—1
L mgz Uy \F my U, K K Kk
- ) E exp (- — = (IR, + I3) ) (IR, + I55,)" |-
=0 k! (N rggz’r) IX’IYl p( MT‘;%ZT( Xr YR))( Xr YR)

(C.23)
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Applying the binomial theorem in (C.23), we get

my—1 1

B mz ¥y
Elx, Iy) = kz::o k! (/LT’_&ZT)

k
my \Ill k
><IEIXJY [exp ( ZT XR + IYR ) Z ( > IXR (IYR) ‘|

'U'TSR n=0 n
my— 1 k}
1 k k n n
- ¥ i Q"Er, 1, [exp( Q¥ + 15 )z% n) 7K (IF) ]
k:O n=
(C.24)
v
where Q) = mﬁiaz} To calculate the expectation in (C.24), we use the following notation
HTSR
]:E(IXR?IYR) - EIX,IY [6 XR YR Z < ) IXR (IYR) ]
Then,
k —QI¥ —QIK k—n n
E(IXR,IYR) = Z (n)EIXJY le QIXR € QIYR(I§R) (I§I§R) ]
n=0
. k -QI% K \k—n QI K \™
S (A et e R A
k "Lk (9 d"Lx (9
(i) Z k (_1)k_n I§R( )(_1)n I§R( )
= \n d¥Q d"Q
k ALk () dULx ()
k [X IY
= (-1F - . C.25
Y (B) e c29)
where (a) stems form the following property
QI TN NdNEI [679 IIN]
eIV = (-1) G
dV L (Q)
= ()N —= C.26
(N (C.26)
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Finally, we obtain

L 4
mz—1 k d* L (m%ial) d"Lx (m%ial)
21 myz W1 \k k X prgp?Y Ve purgp? T
EIx, Iy) = ) E(_TZT) my, U mz, ¥ ‘
k=0 " HTsr n=0 \""/ gk-n(—2£_L) dn(—22 1)
prsp” Y prsp”T
(C.27)
Then plugging (C.27) in (C.20) yields
mL—l
1 mz V1 \k
P(0%,) = > P(Zsr) 11 > g(*TZT)
7c{LOS,NLOS} Ke{LOS,NLOS} k=0 "~ HTsR
L\ v
AP L (2 Ly g (2L
ko (k Ixpprg2y Bt urgozy
x ) SR SR _ (C.28)
n=o \"" dk*n(mziqjl) dn(L%)
KTSR" prsp”Y

The expression of dk_”ﬁl§ (5)/d*"(s) and d”ﬁg; (s)/d"(s) are given by (1.62) and (1.63).
The probability P(Ogl) can be calculated following the same steps above.
In the same way we express P(O(y)) as a function of a success probability IP’(O(%)), where
IP’(O(C;)) is given by
P(O)) = 1 —P(0f)). (C.29)

P(0G) = 1-P(0%, N 0%,)
= 1-P(0%,)P(0%,), (C.30)
where
5. c U (2] {Zsr N (SIRE? > ©,)}, (C.31)
Ze{LOS,NLOS} i=1
and

2
0%, 2 U M {Zrp, N (SIRG?. < ©))}. (C.32)
Ze{LOS,NLOS} i=1
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To calculate IP)(O%) we proceed as follows

P(OfR,)

S Enn [P{ ﬁ{zSRm(SIRggz)z@i)H

Ze{LOS,NLOS} i=1

- Y. P(Zsr) Ery, ,Y[ { mSIRmz H

Z€{LOS,NLOS}

- S P(Zsg) IEIXJYl { SIRE > ©; NSIRYE? > GQH
Ze{LOS,NLOS}

(C.33)
Following the same steps as for P(Ogl), we get
P(OS.) = Er, 1, |P hsrlrsp* Yar > 0, |hsrl*rspYas o, L.
: O hsrlPrgntYas + I, + Iy, 0 Ixp+ Iy T

When ©; > aj/ag, then P(Opr,) = 1, otherwise we continue the derivation We set ¥y =

©2/ag, then

Uy Uy
P( 0%2) = EIXJY lp{|hSR|2 e Zy UXR + IYR] |hSR|2 ooz UXR + IYR] }‘|
SR Tsr

max (¥, ¥
Ery,ry [P{|hSR|2 = T(ZIT2) [Ixp + Ivy] H
SR

Following the same steps above, IP’(O%Q) equals

mL—l
1 mz Ymax \ k
P(0%,) = > P(Zsr) 11 > i (— _704”)
Ze{LOS,NLOS} Ke{LOSNLOS} k=0 ' HTsp
—n mz Vimax n mz Vmax
K "Ly (=) A (=)
XZ Roprgp”T Roprgp” T (C.34)
n=0 n dk,n(mz \IjmaX) dn(mz \Ijma)() ’ ’
prsp”T prsp” Y

where Uy, = max(¥y, ¥s). The probability IP’(O%Q) can be calculated following the same
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steps above.

C.3. Laplace transform expressions considering two lanes

The expression of the Laplace transform of interference originated from the X5 road at M

is given by
+00 1
Lry, (s)=exp| — p)\Xz/ (e = M%) dx |, (C.35)
oo (2= M]J*)
s
where
|z = M| = \/m2, + (z = ma, )2, (C.36)

and mg, and my, are the coordinate of M at the X, and Y5 road.

For av = 2, (C.35) becomes

+o00 1
Liy,,, (s) =exp < - p/\Xzs/ da:) : (C.37)

oo S+ m%m + (z — my,)?

and the integral inside the exponential in (C.37) equals

+oo
/ L dr— —" (C.38)

2 2 2
—oo S+ mMZ, 4 (T —myy) s+mg,

We express my, and my, as a function of m and 60, as follows
My, = mcos(Onr) — dxp, .y (C.39)

and

My, = msin(Oy) — dyy,,4- (C.40)

Substituting (C.40) in (C.38), then in (C.37) yields (3.64). Following the same steps we
obtain (3.65).
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C.4. NOMA outage probability using multiple relays

To calculate the outage probability at D;, denoted P(O(l)), we proceed as follows

anelay

- Y ¥p (OD1 n Vf”)

=0 L0
Vi

anelay

> S r(0n,VV)R(VY). (C.41)

=0 L,
Vs

The probability IP’(V](cl)) equals

PV) = [ P(SIRsg., >©1) [[ P(SIRsg,., < ©1)
iey) igvi)

hsn. |PlsR,
H EI}(,IY [P{ ’ SRl’ S5k, %1 Z@l}]

\hsr; [Plsr,a2 + Ixp, + Iy,

ieviV
|hsr,|*lsr;a
) . b ; g <O . C.42
'Hl IX,Iyl { |hSRj|2lSRja2+IXR' —|—IYR_ 1 ( )
J¢Vfc) j J

Following the same steps as in Appendix B.2, we obtain

Gy
H H(&-)(@) H (1_7"(1%1-)(7.))- (C.43)
ievit) Cojgvit ’

The probability P(Opl / V}l)) equals
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P(0p, Vi) = I P(SIRr.p,., < ©1)
ieV}l)
G
- 1—Hipp (—1)). C.44
I (=00 (70) (C.44)

Plugging (C.43) and (C.44) into (C.41) we get

anelay Gl G1 G1
Pom) = X 3 I Hoo (o) (=Moo (7 5) T (1= Hiry (20)
=0 1,1 .-\,1) i i1 - #y,(1) J
Vf ZGVf jﬁéVf
anelay
G1 G1
= 1-H —)H —) ). C.45
kl;ll ( (Rk) (lSRk ) (D1) (leDl )) ( )

To calculate the outage probability at Dy, denoted P(O(y)), we proceed as follows

anelay

]P’(O(Q)): Z Z]P)(ODQQV!?))

g:O V((]2>

anelay

= > Y P(0n,VP)R(V?)

g=0 Vg(z)

anelay

= Y Y P(0p,., U0p, ,VP)R(VD). (C.46)
920 V.t(JQ)

The probability P(V{?) equals
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P(V;Q)) = H P(SIRSRZ._>1 > QIHSIRSRZ-_,Q > @2)
iev?

x ] P(SIRsg,., < ©1|JSIRsg,_, < ©2)
itV

hap |2lap. h l
I Ersy [IP’{ |hsr;|“lsr,a1 > ﬂ| sr; [*lsr;az 292}]

) |hSRi|2lSRia2 + IXR,L- + IYR IXR + IYR
ey
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(C.47)
Following the same steps as in Appendix B.2, we obtain
P(V)) = H max 1 — Mg (S C.48
H (Rz ZSR- H ( - (RJ)(ZSR )> ( : )
eV ’ QV(2> J
g g
The probability IP’(ODz_)1 U Op,_,,/ Vf)) equals
<0D2H1 U ODQQQ/V(Q)) H P SIRR Doy < 0, USIRR Doy < @2)
iey?
g
Gmax
= T (1-Hoa () (C.49)
@) RiDs
1€V

Plugging (C.48) and (C.49) into (C.46) we get
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" geden Ginax Cimax
P(Oe)= > > Il H(Ri)(ils )(1_H(D2)(7ZRD
g=0 Vf) ier) R; i 2
anelay
Gmax Gmax
= 1= H gy (221, (22
IT (1= o (g Haow ()
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