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Abstract

Advanced sensory systems are the driving force behind autonomous vehicles.
They have led to such vehicles producing and processing much more content-
intensive visual data. It is foreseen that traffic consisting solely of autonomous
vehicles will enable people and goods to travel more safely. Using millimetre
wave (mmWave) frequencies for wireless communication between vehicles is
a rising research topic, both to enhance safety and reliability of autonomous
vehicles and to meet the data rate required by the content-intensive data-set
produced by their advanced sensory systems. The main goal of this thesis is to
make a stochastic analysis of the signal quality that can be achieved by vehicles
when using mmWave frequencies for the wireless communication between them.
To address this issue, the tools of stochastic geometry is used in this thesis.
Firstly, stochastic geometry provides advanced mathematical properties to
model the system fairly accurate and tractable. Secondly, resulting analytical
model helps system designers to develop insights to understand relationships
between system parameters.

The first academic contribution of this thesis is a two-fold probabilistic
connectivity analysis of an autonomous vehicle fleet for a single-lane road. In
other words, it stochastically models the connectivity probability of the sensory
data of the head and tail vehicles of the fleet shared over intermediate fleet
vehicles by using a Poisson point process and geometric probability tools. The
proposed model takes into account both the threshold of the obtained Signal-
to-interference-plus-noise ratio in terms of the critical distance requirements
and the beam misalignment issues caused by the lateral displacement of the
vehicles in the lane.

The second contribution of this thesis is a mean interference analysis for
a typical receiver if the vehicles employ in-lane and closest vehicle routing
schemes for a two-lane road. By comparing these two routing schemes, a
strategy is proposed for different antenna beamwidths and vehicle densities.
Additionally, the distribution of autonomous vehicular traffic, that is modelled
by the shifted Poisson point process, gains more realism by taking into account
platooning-based headway distance requirements.

The third contribution of this thesis is a derivation of the coverage probab-
ility and road spectral efficiency for multi-lane vehicle-to-vehicle communic-
ations, by taking into account the blockage impact of adjacent lane vehicles
and antenna-placement dependent path loss behaviour under an in-lane rout-
ing scheme. Finally, all the analytical models are verified by Monte Carlo
simulations.
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Chapter 1

Introduction

1.1 An Introduction to Autonomous Vehicles

In general, as we move ever more towards a digitally centred society, the

number of electronic devices is rapidly increasing. As such, this trend means

that the amount of data generated, transmitted, and stored is also rising.

In the vehicular and mobility services application domains, these trends and

observations are no different. For instance, currently, the average number

of sensors and electronic control units in a new vehicle is estimated to have

increased from a few, to now be around 200 [1]. This trend is largely driven by

the proliferation of new and improved sensors in image detection and processing

technologies, artificial intelligence engines, their fusion units, and the wireless

communications provisions that will provide the basis that enable autonomous

features.

The premise of autonomous vehicles is that they will safely enable a vast

number of socially diverse passengers to move from point A to point B with

a higher efficiency. This premise is fulfilled by each of the vehicle’s sensors

seeing further, faster, and with higher accuracy and precision than human

drivers. Hence, the vehicle will make subsequent smarter decisions. This thus

leads to both an increase in the number of heterogeneous sensors and the

quantity of data produced, which in turn leads to the emergence of vehicle

behaviours, such as obstacle and/or collision detection/avoidance, platooning,

situational awareness, and route planning. The ’UK Connected and Automated

Mobility Roadmap to 2030’ has appeared to accelerate the development of this

self-driving vehicle revolution [2]. Table 1.1 broadly classifies the sensors that

support autonomous driving based on their performance in terms of range, data

rate, accuracy etc. for different conditions, each with their own advantages

and disadvantages. Fusion of the data generated by those sensors eliminates

some of those disadvantages, and increases the overall quality of the produced

and processed data.
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Table 1.1: Comparison of potential sensors for autonomous driving

Sensor
Type

Range Drawback

Required
data rate
per sensor

Detection
accuracy

Detection
resolution

Brightness
dependency

Quantity

Radar ∼200 m

difficult to
distinguish
targets

up to
15 Mbps

high medium good 4-6

Camera ∼100 m

needs
computer
vision

10-700
Mbps

medium high poor 6-12

LIDAR ∼100 m high cost
10-100
Mbps

high high good 1-5

Ultrasonic ∼10 m
short
range

up to
0.01 Mbps

high low good 8-16

1.2 Wireless Communications for Connected

Autonomous Vehicles

The sensor vision of a generic autonomous vehicle is visualized in Fig. 1.1

where the sensor’s range is typically 250 m at maximum. However, this range

could be reduced to only a few meters in congested traffic. That is to say, that

whilst the community is continually striving to increase the performance and

capabilities of cameras and other imaging technologies, ultimately, they are

still limited by blockages such as buildings, foliage, and pedestrians. Hence, to

overcome such limitations, the connected autonomous vehicle (CAV) concept

has evolved. It is the connected element of this concept that is vital to the

future capability of the vehicles for one core reason – that of being able to

see beyond line-of-sight. Thus, vehicle-to-vehicle (V2V) communications are

seen as a way to provide an awareness beyond line-of-sight. For example, using

V2V communications, it may be possible to resolve blind spots, detect empty

parking spots, identify positions, directions and velocities of all vehicles in the

vicinity etc.

V2V communications in general has been a popular topic and under invest-

igation by many academics for many years now. Additionally, it is feasible to

establish a communications link from Vehicle-to-Infrastructure (V2I), Vehicle-

to-Pedestrian (V2P), as well as V2V. To maintain simplicity in nomenclature,

Vehicle-to-Everything (V2X) is now more commonly used. As a result of the

associated research, the latest V2X protocols to emerge are known as Dedicated

Short Range Communications (DSRC) which is based on IEEE 802.11p [3]

and Cellular-Vehicle-to-Everything (C-V2X) [4] as part of the 3rd Generation

Partnership Project (3GPP) Release 14. DSRC provides a communications

link between vehicles and supports up to 1 km in the best case. It operates

at 5.8 GHz with a 10 MHz bandwidth per channel [3], and the maximum data

rate in practice is between 2 and 6 Mbps [5].

2



Figure 1.1: A selection of vehicular sensors and their ranges that are typically
used in enabling Advanced Driver-Assistance System (ADAS) features [6].

C-V2X uses the cellular infrastructure of the Long Term Evolution-Advanced

(LTE-A) standard. It spans multiple bands between 450 MHz and 5.9 GHz and

achieves a data rate up to 1 Gbps [7]. The latencies of C-V2X and DSRC are in

the range of 10 ms to 200 ms [8]. Moreover, the use of recently developed and

available V2V protocol provides enough data rate for safety features such as

forward collision warnings, do not pass warnings, blind intersection warnings,

and red light violations [9].

These protocols are not able to reach the extremely high date rates that

are required for the exchange of raw camera and sensor data, anticipated to

be in the tens of Gbps [5]. Thus, the capabilities of DSRC and C-V2X for

V2X are shown to be insufficient [9] for many of the core needs of future CAVs.

Moreover, they are limited by the bandwidth they offer in comparison to the

rate of growth in sensor data, demanded by vehicle manufacturers to fully

exploit cooperative autonomy features.

To overcome this bandwidth/data rate challenge, academia proposes to use

higher carrier frequencies, in a range where plenty of unallocated spectrum

exists. These frequencies are between 30 GHz and 300 GHz GHz, commonly

known as millimeter waves (mmWave) due to the wavelength of such frequencies

being in the order of millimetres. For instance, Fig. 1.2 shows the relationship

between frequency and attenuation per km in signal power. Accordingly, it

shows that the attenuation in signal power in the mmWave band is significantly

larger than frequencies of currently used communications systems. Nevertheless,

the associated technology is still very much in the academic space, and has not

3
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Figure 1.2: Atmospheric attenuation for mmWave frequencies [10]. The green
circles highlight attenuation similar to current communication systems, i.e. the
white circle. The blue circles highlight frequencies with increased attenuation
[11].

yet been commercialised. As such, there is a great amount of debate about

its real world capabilities. A core debate for example is that on the one hand,

mmWave channels have a high path loss due to the reduction in the transmitter

and receiver antenna size which is illustrated in Fig. 1.2, and also have a high

sensitivity to blockage due to the frequency used. On the other hand, as the

antenna dimensions are inversely proportional to the carrier frequency, it is

possible to place a large amount of tiny antennas in small areas. This leads to

huge possibilities in using massive Multiple Input Multiple Output (MIMO)

techniques, which can provide highly directional beams, which have very high

signal-to-interference-plus-noise ratios (SINR) that might overcome the high

path losses.

Further, enabling connectivity amongst vehicles using mmWave, and ac-

cordingly achieving Gbps data rates, is gaining momentum as the beneficial

characteristics derived from cooperative techniques, i.e. See-Through and

Bird‘s Eye View, safety awareness, adaptive platooning or even cloud-driven

traffic networks could be possible [5, 12] where the future of the concept is

illustrated in Fig. 1.3.

To meet the extremely high data rates demanded for V2X links, utilization

of the mmWave frequency band [13] has been proposed by several individual

nations and unions. The Cooperative Intelligent Transport Systems (C-ITS)

of the European Commission has proposed the 63 GHz and 64 GHz bands for

higher capacity demand of future vehicles [14]. In the US, the Federal Com-

munications Commission (FCC) allocated the 57−64 GHz band for unlicensed

4



Figure 1.3: The concept of mmWave V2X communications through beam
steering [5]. Multi-point communications between vehicles and mmWave base
stations are possible, and a human body can act as a blockage, in addition to
buildings, foliage and other vehicles.

usage [15]. In the UK, the Office of Communications (Ofcom) proposed a

licence exemption for short-range wireless communications in the range of

57-71 GHz [16].

1.3 Quality Measures for Wireless Networks

So far, possible applications of mmWave V2X and the applicability and dis-

advantages of current communication protocols have been discussed. Four

cross-cutting and crucial quality parameters of a wireless network will now

be introduced, namely: Capacity, Coverage, Area Spectral Efficiency (ASE)

and Connectivity. The maximum achievable data rate of link is known as the

Shannon-Hartley capacity, which is given as

Capacity = � log2 (1 + SINR) , (1.1)

where

SINR =
%Cℎ>�C�A �3

−U∑
8 nΦ %Cℎ8�8−>CA�CA−>8�A

−U
8
+ #0

, (1.2)

where �, %C , ℎ>, ℎ8 are bandwidth, transmitter power, small-scale fading between

transmitter-receiver pair, i-th interferer-receiver pair, respectively. Plus,

�C , �A , 3 are antenna gains of transmitter and receiver, distance between
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transmitter and receiver, respectively. Moreover, A8 , �, U, #0 are interferer

distance to receiver, path loss intercept, path loss exponent, thermal noise

of electronic circuits, respectively. Further, �8−>CA and �CA−>8 represents the

transmitting antenna lobe gain from the i -th interferer to the receiver, and the

receiving antenna lobe gain to the i -th interferer from the receiver, respectively.

In addition, Φ is the point process that represents all the interfering nodes

which surround the receiver. Bandwidth is a scarce source for carrier frequen-

cies under 6 GHz, whereas there are massive unallocated bandwidths in the

mmWave spectrum. However, allocation of bandwidths are pre-specified and

set by national authorities and institutions, which makes capacity optimization

through dynamic bandwidth allocation less favourable. Consequently, research-

ers typically focus on optimization of SINR in (1.1) and separately shown in

(1.2). Throughout this thesis, the SINR is measured over a selected communic-

ation node, that is named typical receiver. In addition, the transmitter power,

%C , is assumed to be constants and equal for all the vehicles throughout the

thesis.

The fading of a signal between any transmitter and receiver pair in (1.2) is

classified as either large-scale fading or small-scale fading. The former estimates

the path loss over large distances, i.e. > 100 m, and diffraction caused by large

objects. The latter estimates the rapid fluctuations in the received signal over

short distances, i.e. a few wavelengths, or over a short duration [17]. As the

stochastic geometry analyzes the networks performance over the snapshots,

i.e. sampling the system parameters such as locations of the nodes, path loss,

antenna gain instantaneously, the impact of time-variance of the vehicular

network is ignored throughout the thesis.

Several random variables and carrier frequency dependent parameters can

be found within (1.2). In literature, small-scale fading is typically modelled as

Rayleigh fading and Rician/Nakagami fading [17] for carrier frequencies below

and above 6 GHz, respectively. Moreover, the distribution of antenna gains

and the distances between the interferers and the typical receiver are random

variables that need to be taken into account based on the network structure

that is being modelled. Path loss exponents are very different at sub-6 GHz

and mmWave frequencies when there are blockages, which can be modelled as

another random variable.

To simplify the analytical model, the Nakagami fading is modelled with

the gamma random variable ℎ> ∼ Γ (<, 1/<) throughout the thesis, where < is

an integer. If < →∞, the small-scale fading ℎ> becomes a deterministic value

with a mean of 1, whereas the scenario of < = 1 causes the most fluctuations

in small-scale fading, and is equivalent to an exponential distribution which

is typically used to model Rayleigh fading. The small-scale fading between

the typical receiver-transmitter pair, ℎ>, and the receiver and i -th interferer,

6



ℎ8, are both modelled by the same parameter <, but represented by different

symbols for analytical convenience.

In addition to capacity, optimization of SINR through the selection of

half-power beamwidth, antenna gain, routing scheme etc. takes place via

coverage analysis, which is the probability of the received SINR to be greater

than some threshold T , as given by

Coverage = P(SINR > T). (1.3)

Note that in this thesis, beamwidth and half-power beamwidth are used as

synonyms. In addition to capacity and coverage, throughout the generations of

cellular communications, maximizing the spectral efficiency, i.e. the amount of

bits transmitted per unit spectrum, has been a major focus point of research.

In order to present an enhanced system level efficiency metric, that takes into

account the number of vehicles and the region in which they reside, the Road

Spectral Efficiency (RSE) has been proposed. RSE is defined as the average

number of bits transmitted per unit time per unit bandwidth per unit road

section. The analytical definition of RSE is given as

RSE =
_

!F
_ log2 (1 + T ) P(SINR > T), (1.4)

where _ is the density of transmitter vehicles and !F is length of lane width sim-

ilar to Area Spectral Efficiency (ASE)[18]. Similar to the coverage probability,

because of its inclusion of SINR, the capacity and RSE are key parameters for

the analysis of vehicular communications, which can be stochastically modelled

through the optimization of multiple variables.

Furthermore, since the purpose of this research is maximizing the vision of

connected autonomous vehicles beyond line-of-sight, it is important to connect

the head and the tail vehicles of a fleet through the vehicles in-between them.

Hence, the connectivity, which counts the number of connections between the

vehicles in a fleet, is another criterion that is employed in this research,and

formulated as

PConnectivity (8 |=) = P ( 8 links are established|# (C) = =) , (1.5)

given that = vehicles exist in the fleet at a moment C.

1.4 The Stochastic Geometry Technique

The aforementioned quality measures of wireless communications typically

incorporate many random variables, and accordingly cause a highly uncertain

system response. In order to reduce the uncertainty of the system performance
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in terms of coverage and data rate, as well as to estimate the impact of channel

properties and interferers in mmWave vehicular networks, typically ray-tracing

[19], discrete-event simulators [20, 21], and the tools of different analytical

methods have been utilized. Whereas such simulators provide solid conclusions

from a given set of input parameters after numerical iteration, they fail to draw

the mathematical relations between each parameter, and thus lack a capability

to provide analytical relationships between parameters. As a result, researchers

have focused on different analytical tools to provide an insightful analysis.

Analytical models can be classified into two categories, namely deterministic

and stochastic. The Wyner model is a commonly used example for deterministic

modelling, which follows the Wyner method [22] and fixes the locations of

users in a homogeneously distributed manner to present tractable results. By

means of Monte Carlo simulations [23], it has been shown that in the case

of uplink communications for a sufficient number of users, the Wyner model

provides an accurate performance [24]. However, for downlink communications

the Wyner model is rather inaccurate. Even though, it presents more complex

analytical results, stochastic modelling is a growing trend in academic literature.

With an ambition to reveal underlying analytical relationships, researchers are

turning to stochastic geometry methods as a core methodology to capture the

stochasticity of wireless networks.

Stochastic geometry presents a way of characterizing and computing insight-

ful properties in a tractable manner, by averaging over all potential geometrical

realizations for the wireless network [25]. Furthermore, stochastic geometry

is built on random point processes, a collection of random variables in a

mathematical space. The most common point processes are variants of the

Poisson Point Process (PPP), in which the points in are distributed with the

probability distribution function of Poisson. Alternatively, in the Binomial

point process (BPP), the number of points in a space are distributed with the

Binomial distribution. Those variants can be classified by their distribution on

a plane, namely, homogeneous, clustered, or repulsive. In the homogeneous

class, points on the plane are distributed uniformly, with a typical variant being

the homogeneous Poisson point process. Alternatively, the Poisson clustered

process (PCP) and the Matern hard core point process (MHCPP) are typically

used to model clustered and repulsive point processes, respectively. In this

thesis, the original and a modified homogeneous PPP are used as they yield

tractable results. Moreover, all results of the derived analytical models are

compared and verified with Monte Carlo simulations due to their simplicity in

application, which provides a good indication of the models’ accuracies.

To the best of the author’s knowledge, so far, no stochastic geometry model

has been specifically designed for mmWave V2V networks, taking into account

appropriate small-scale fading, antenna gains and their alignment probabilities,
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node distribution, and both a channel and a blockage model. Hence, stochastic

geometry will be the foundation of this thesis.

1.5 Thesis Outline

Motivated by the above reasons, the quality of mmWave communications for

CAV applications is evaluated in this thesis, primarily through the quality

measures of coverage; rate coverage as a metric of capacity; ASE; and connectiv-

ity. Practical issues around mmWave communications in the CAV application

context are also examined and included to maximise the impact of the research

herein. Tractable, and where possible, closed-form mathematical derivations

supported with numerical results are provided to enable the discussion and

subsequent analysis.

In Chapter 2, a background chapter is provided that classifies different

stochastic geometry models, path loss measurements in mmWave channels, and

probabilistic blockage models from existing academic literature. In addition, it

defines a general relationship between antenna gains, beamwidth and angular

alignment error. Further, it ranks the modelling of small-scale fading in terms

of its complexity and accuracy. Finally, several characteristic tools of stochastic

geometry are presented that are utilized throughout the thesis.

In Chapter 3, the coverage is modelled using a grid-like representation

of the city layout, and the impact of types of road structure, for instance

crossings and parallel roads, is investigated. This simplified model is proposed

to reduce the complexity of the analytical model. This chapter reveals the key

factors that effect the coverage performance. Firstly, the impact of antenna

placement on vehicles and the blockage effect of the surrounding vehicles are

discussed. Secondly, the relationship between the direction in which vehicles

point their beams and the level of interference that the typical receiver suffers

is investigated. Thirdly, the trade-off between antenna gain and beam align-

ment probabilities are discussed. Furthermore, the coverage performance of

existing vehicular communications protocols is compared to mmWave vehicular

communications and analysed for a scenario in which each vehicle participates

in communications simultaneously. Through investigation and analysis, this

chapter sheds light on the possible challenges of mmWave vehicular communic-

ations and becomes a guide for the following chapters. The key results of this

chapter have also been presented in IEEE Communications Letters [26].

Building on the coverage model for a single-lane road in Chapter 3, which

presents an analysis for individual pairs of transceivers, Chapter 4 approaches

the quality of mmWave communications on such road from a holistic perspective

which is named connectivity in this thesis. Moreover, a measurement-based

model for the lateral displacement of in-lane vehicles is proposed. Hence, the
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relationship between the reciprocal beam alignment of a receiver-transmitter

pair and the in-lane lateral displacement of vehicles is analysed. Secondly, using

the tools of geometric probabilities and stochastic geometry, a SINR-based

critical transmission range for mmWave vehicular communications is modelled.

This range determines if a receiver vehicle is in a reachable distance from

a transmitter. Thereafter, the beam misalignment probability and critical

transmission range are combined into one model and their interdependence

is investigated. This chapter presents a beamwidth adjustment strategy that

optimizes connectivity for different vehicles densities and road curvatures. The

key results of this chapter have also been presented at the flagship conference

of IEEE GLOBECOM 2019 [27].

Chapter 5 investigates the mean interference for the typical receiver on

a two-lane road layout for various routing schemes. By building on Chapter

3, the impact of routing schemes and beamwidth is analysed in detail, and

the number of adjacent lanes is gradually increased. Two baseline routing

schemes are analysed, namely the in-lane and the closest vehicle routing scheme.

Since homogeneous PPP allows points to be very close or even to be on top

of each other, this contradicts with the real-world distribution of vehicular

traffic. Hence, this chapter addresses it by utilizing the headway distance

specifications for platooning. Additionally, a framework is presented that

compares two routing schemes for different vehicular densities. Finally, by

means of investigating different antenna gain alignments, the analytical model

is further simplified. The key results of this chapter have also been prepared

to be submitted.

Chapter 6 builds on the motivations and methodologies of Chapters 3 and 5,

presenting the coverage probability, rate coverage and road spectral efficiency

for a four-lane road layout under an in-lane routing scheme. In addition to

taking account the impact of routing behaviour and the increased number of

lanes, the presented model gains realism through the addition of the blockage

impact of vehicles that are located in adjacent lanes. Furthermore, this impact

is diversified for different path loss characteristics, namely, LOS (Line-of-Sight),

OLOS (Obstructed-Line-of-Sight) and NLOS (Non-Line-of-Sight). Finally, the

interdependencies of antenna gain, beamwidth and the received interference

will be interpreted. The key results of this chapter are currently also under

review in Elsevier Vehicular Communications.

Chapter 7 concludes this thesis through summarising the research and

detailing its envisaged impact. Potential future work is also proposed, which

includes guidance on the expansion of the connectivity quality measure into

multi-lane scenarios. As future work, the multi-lane coverage analysis could

be enhanced for the alternative routing schemes. Furthermore, the trade-off

between different routing schemes in terms of rate, latency and sustainability
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of network topology is another direction to be explored. Moreover, different

beamwidth optimization schemes and the impact of co-existing autonomous

and conventional vehicles on the wireless communications system performance

could also be investigated.

The most important contributions of the thesis from a system level point

of view could be summarized as follows:

• It has been shown that mmWave V2V communications provides fairly

comprehensive performance as a system, even if any interference mitigat-

ing techniques are not implemented. Moreover, use of mmWave amongst

vehicles provides significantly better data rate compared to off-the-shelf

protocols.

• It is found that the system performance is heavily affected by the vehicles

located in their own lane and adjacent lanes, and limited by the LOS

and main-to-main antenna lobe aligned interferers. Further, the coverage

performance of mmWave V2V networks are density-insensitive.

• It is revealed that there is a beamwidth optimization regime to maximize

connectivity in a single lane mmWave V2V network for different vehicular

densities and road curvatures.

• Inserting a platooning based headway requirement as a hardcore sep-

aration between subsequent vehicles into homogeneous Poisson Point

Processes to model the distribution of autonomous vehicles provides fairly

realistic results.
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Chapter 2

Review of Stochastic

Geometry and Vehicular

mmWave Communications

In this chapter, the current state-of-the-art thinking in mmWave channel mod-

elling, V2V communications and their intersection in stochastic geometry is

presented. In addition, this chapter summarizes various approximation tech-

niques for small-scale fading, blockage modelling, antenna gain and beamwidth

relationship models known in the field.

In general, stochastic geometry has been used to model performance of

cellular and device-to-device networks. For instance, [28] stochastically mod-

elled uplink performance of cellular network using stochastic geometry and

compared the resulting model with deterministic technique. Furthermore, [29]

has modelled downlink SINR distribution of heterogenous cellular network.

Plus, [30] has investigated the relationship between offloading and resource

allocation among macrocells and small cells to improve rate of cell edge users.

Moreover, [31] has modelled the offloading from cellular to Wi-Fi by using two

Poisson point processes to reveal optimum traffic offloading for maximization of

SINR and rate coverage. In addition, [32] has derived coverage probability and

energy efficiency of homogenous and heterogenous cellular network for different

sleeping policies of macrocells. Plus, [33] has modelled outage probability

for heterogeneous cellular networks with flexible cell association. Moreover,

[34] has modelled orthogonal and non-orthogonal spectrum sharing between

device-to-device and cellular networks. Similarly, [35] has investigated the

cognitive radio based device-to-device communications under cellular networks

for random spectrum access and prioritized spectrum access policies. Fur-

thermore, [36] has proposed a random network model for a device-to-device

communications underlaid cellular network by utilizing stochastic geometry

and develops centralized and distributed power control algorithms.
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Neverthless, the aforementioned well-known works do not adress specifically

mmWave vehicular communications. Accordingly, Table 2.1 is presented to

summarize the current leading literature on stochastic geometry models for

mmWave and vehicular communications, and classify them based upon channel

models, blockage models, radio access technologies, and node distributions.

Clearly, Table 2.1 shows that there is no specifically designed analytical model

for mmWave V2V communications that takes into account the path loss model,

blockage model, radio access technology and the node distribution. Moreover,

it can be inferred that there are still open research questions on the exact

modelling of interferences caused by surrounding vehicles located in different

lanes on urban roads, and how blockages affect the system performance.

Stochastically, coverage modelling of wireless networks depends on several

assumptions. For instance, the classification of these models is based on block-

age modelling, directionality of antenna beams, carrier frequency, clustering of

nodes, and/or by their applicability to either ad hoc or cellular type networks.

Since radio wave propagation at mmWave frequencies differs significantly for

LOS and NLOS cases, researchers are driven to propose different blockage

models for all these different scenarios.

2.1 Channel Characteristics of mmWave Propaga-

tion

The propagation path loss, P!, of mmWaves has been modelled using various

mathematical models. These mathematical models include several parameters

such as the 3-D Euclidean distance between transmitter and receiver, antenna

heights, directionality of antenna beams, and density of obstructions. One of

the most commonly implemented propagation path loss models for mmWave,

is the close-in (CI) path loss model [45], described by

P! [dB] = P! (30) + 10U log10(3/30) + -f< , for 3 ≥ 30, (2.1)

where P! (30) is the CI free space path loss (FSPL) in decibels at a separation

distance of 30 between the transmitter and receiver pair. P! (30) is considered

as the immediate path loss after the beam leaves the antennas in free space

and anchor point in order to standardise all measurement campaigns. It is

typically formulated as

P! (30) = 10 log10

(
4c 5230
2

)2
, (2.2)

where 30 is usually taken as 1 m. Also, 2, 52, and 3 are the speed of light,

carrier frequency and distance between transmitter and receiver, respectively.
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In addition, U is the path loss exponent that is obtained from a minimum mean

square error (MMSE) fit to a large data set resulting from various measurement

trials. -f< is a zero-mean Gaussian random variable with a standard deviation

of f< in dBs. It is used to model large-scale signal fluctuations due to large

obstructions between the transmitter and receiver [44]. Throughout the thesis,

the deviation in the path loss models is ignored for the analytical convenience.

Alternatively, other proposed path loss models, such as the floating intercept,

or alpha-beta-gamma model stated in (2.3) forms part of the 3GPP WINNER

2 model [46, 47] formulated as

P! [3�] = 10U log10(
3

30
) + V + 10W log10(

52

1 GHz
) + -f< . (2.3)

In (2.3), U and W are coefficients that represent the dependence of path loss on

distance and frequency, respectively, V is an optimized offset value for path

loss in dB, and -f< is a zero-mean Gaussian random variable with a standard

deviation of f< [48]. The advantage of this model is that it provides a realistic

best fit to measured data using least-squares regression [11]. However, it is only

valid for the scenario types on which the measurements have focused, and is

less applicable in new scenarios not previously considered as key to commercial

deployment.

Table 2.2 summarizes typical path loss exponents and standard deviations

of both LOS and NLOS cases for mmWave V2V and Peer-to-Peer (P2P)

communications to be used in (2.1). In Table 2.2, the column named NLOS-

best contains the lowest measured path loss for a single antenna beam at both

the transmitter and receiver [44]. Note that, the path loss exponent in Table

2.2 differs a lot between LOS and NLOS cases. Therefore, this determines that

the coverage and connectivity modelling of mmWave communications must be

handled differently for LOS and NLOS cases. Throughout the thesis, (2.1) and

the channel parameters in Table 2.2 are converted to use Watt as the unit of

power. In addition, the fundamental difference between V2V and conventional

Table 2.2: Measurement-based path loss parameters for mmWave vehicular
and P2P networks [44] with f< in dB and distances in meters.

P2P Directional Path Loss Models (30 = 1 m)

LOS NLOS NLOS-best

Freq.
Tx
height

Rx
height

PLE f< PLE f< PLE f<

38 GHz
1.5 m 1.5 m

2.0 3.8 3.9 10.6 3.3 7.7
60 GHz 2.2 2.0 3.6 9.0 3.3 9.2

V2V Directional Path Loss Models (30 = 1 m)

LOS NLOS NLOS-best

Freq.
Tx
height

Rx
height

PLE f< PLE f< PLE f<

60 GHz 1.5 m 1.5 m 2.5 3.5 5.4 14.8 5.0 10.9
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(a) Actual LOS region (b) LOS ball

Figure 2.1: mmWave LOS ball method classification [37] with (a) an irregular
shape of an actual LOS region in-between buildings that are modelled as
another random process, (b) Approximation of the LOS region using LOS ball
method.

channel models is the Doppler shift due to the mobility of vehicles. Doppler

shift and coherence time characterize fading speed and frequency selectiveness

[49]. For instance, the maximum Doppler shifts of V2V channels are in the

range of 10 Hz - 20 kHz when the carrier frequency is in the range of 3 - 60 GHz

[50, 51]. However, those results are based on omnidirectional links, whereas

[52] states that directional beams decrease the Doppler shift. Moreover, the

use of an automated frequency control (AFC) loop at the receiver side can

significantly compensate a Doppler shift [51]. Therefore, in this thesis and

similar to [8], the effect of mobility on performance, i.e. Doppler shift, is not

taken into account in the mathematical derivations.

Given that significant path loss differences exist between LOS and NLOS

channels, it is also necessary to differentiate between LOS and NLOS interferers

in the analytical model. Accurate modelling of the blockage that is caused

by an NLOS link has recently been explored in the academic literature. For

instance, [37] proposes the LOS ball method, which assumes that all the nodes

within a specific radius from the receiver are assumed as LOS, with the rest

of the nodes classified as NLOS interferers, as is illustrated in Fig. 2.1. The

radius of the LOS ball is adjusted so that it includes the same average number

of LOS base stations in the network as a receiver can see. Due to the linear

distribution of vehicles in traffic, the LOS ball blockage classification is not

suitable for modelling blockage in vehicular terms. In contrast, in mmWave

V2V communications, the surrounding vehicles are the cause of blockage

and interference. This makes mmWave V2V communications fundamentally

different from mmWave ad hoc and cellular communications.

Alternatively, [39] proposes a probabilistic LOS model where the probability

16



Figure 2.2: LOS model depending on communications distance and density of
buildings [39], where green stars are the typical receiver and transmitter pair,
and red triangles and blue rectangles are interferers and blockages, respectively.

of being a LOS link exponentially decreases with distance from the typical

receiver and transmitter pair as shown in Fig. 2.2. In this method, the

buildings, i.e. the source of blockage, are modelled as another PPP, and each

point in the process is independently marked by width, length and orientation.

In other words, each point in the process is modelled as the center point of

rectangular random shape and marked with random width,,1 , and length, !1.

Hence, the probability of establishing a LOS link in an outdoor environment

[53] is PLOS = 4
−V13, where 3 is the communications distance and V1 is given

as

V1 =
2_1 (E (,1) + E (!1))

c
, (2.4)

where _1 is the density of buildings of PPP, and E (,1) and E (!1) are the

expected values for the average width and length of the buildings, respectively.

Obviously, this widely used blockage model is designed for a city-layout and

cellular communications, and does not meet the unique requirements of mm-

Wave vehicular communications, such as the distribution of vehicles, and the

blockage impact of in-lane and adjacent lane vehicles.

On the other hand, [8] proposes a probabilistic LOS model based on the

density of large vehicles and the number of lanes for use as a V2I coverage

model, as shown in Fig. 2.3. Yet, this large vehicle dependent model is

specifically designed for V2I communications and does not take into account

V2V communications, which is the topic of interest in this thesis. Hence, a
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Figure 2.3: Lane and large vehicle dependent mmWave LOS model [8], where
the dark rectangles represent large vehicles. The central lane is modelled as
the user lane in which no large vehicle blockages exists.

stochastic geometry based blockage modelling for mmWave vehicular networks

is required.

Finally, whereas it is possible to extend the vision of CAVs through the

combination of vehicle-to-infrastructure and infrastructure-to-vehicle commu-

nications, this would push system designers to equip both vehicles and road

side units (RSUs) with mmWave transceivers. Even though communications

with RSU infrastructure have their own advantages, it will increase the total

cost, since for mmWave V2V communications it is sufficient to only equip the

vehicles with mmWave transceivers.

Table 2.3: Comparison of Nakagami small-scale fading models

Methods
Approximation
Level

Tractability Closed-Form

Gil-Pelaez
Inversion Theorem [54]

Exact Low No

Hamdi‘s
Lemma [55]

Exact Medium No

Faà Di Bruno‘s
Lemma [56]

Exact Low No

Alzer‘s
Lemma [57]

Approximation High Yes

Treat as
Rayleigh

Approximation High Yes
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2.1.1 Wireless Network Modelling Techniques in Literature

One of the main steps in the derivation of a coverage probability is the modelling

of small-scale fading. Whereas, in stochastic geometry literature, the small-

scale fading is modelled with either an exponential random variable, or gamma

random variable for sub-6 GHz and mmWave frequencies, respectively. Table

2.3 summarizes techniques to model Nakagami small-scale fading in terms of

their complexity and accuracy. The modelling of Nakagami fading is carried

out using the Gil-Pelaez Inversion Theorem [54], Hamdi’s lemma [55], and Faà

di Bruno’s lemma [56]. For tractability reasons, Alzer’s lemma [57] is also used

within this thesis.

Academic literature has proposed several methods to overcome the mathem-

atical challenges of stochastic geometry analysis of wireless networks. Firstly,

limiting the model by only considering the most dominant = interferers, is a

widely used approach to reduce the complexity. Typically, the nearest [58] or

the strongest interferer = nodes are taken into account to provide a lower bound

on performance modelling. Secondly, the probability distribution function of

the aggregate interference power is approximated with commonly used distribu-

tions, such as Gaussian and shifted log-normal distributions [59]. Nevertheless,

currently no standard exists on how to choose the optimal distribution [60].

Thirdly, the use of the Plancherel-Parseval theorem evaluates the distribution

of the aggregate interference by integrating the Fourier Transform of an inter-

ference’s distribution [61]. Even though this technique provides exact results,

it complicates the model and causes the loss of tractability, which is the major

advantage of stochastic geometry.

2.2 Antenna Gain Modelling

As steering of directional antenna beams is proposed to overcome high path loss

and the impact of blockages, it is necessary to present a model that describes

the relationship between antenna beamwidth and the antenna gain. Thus, the

main lobe antenna gain, �<, and side lobe antenna gain, 0 < 6B ≤ 1, are used

to express such directional beam steering [62]. Hence, the general formula for

the antenna alignment and beamwidth dependence of the gain is given as

�8−> 9 =


�< =

2c−(2c−q)6B
q

, if |\8−> 9 (f) | ≤ 0.5q,

6B, otherwise.
(2.5)

with q the half-power beamwidth as illustrated in Fig. 2.4. \8−> 9 (f) is the

alignment angle error in angular degrees between the 8-th transmitter and 9-th

receiver. Further, Fig. 2.5 shows the relationship of the beamwidth and the

alignment error where the boresight is the centre of the main lobe. If the angle

19



Figure 2.4: Visual representation of a sectored antenna gain model, and main
and side lobe gain in relationship to the half-power beamwidth. Note that, an
actual antenna pattern is simplified with the sectored model.

Figure 2.5: Illustration of the antenna alignment and potential interference.
The rectangles and dashed lines represent vehicles and centres of the lanes,
respectively.

between the boresight of the interferer and the location of the receiver, \8−>A , is

smaller than 0.5q, the interferer interferes with the receiver through the main

lobe gain. Similarly, if the angle between the boresight of the receiver and the

location of the interferer, \A−>8, is larger than 0.5q, the receiver multiplies the

signal strength of the interferer with its side lobe gain.

Hence, this leads to four different beam alignment scenarios between an in-

terferer and the receiver, namely, main-to-main (�<�<), main-to-side (�<6B),

side-to-main (6B�<) and side-to-side (6B6B) lobe alignment. Because the

main-to-side and side-to-main scenarios are mathematically equivalent, three

independent alignment scenarios remain.

The next step is to realistically model the probability of the aforementioned

alignment probabilities. Considering that mmWave V2V communications

typically take place between vehicles that are located in the same or adjacent

lanes, this causes the alignment angle between the vehicular antennas to
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depend on the ratio of the lane width and distance in the direction of travel

between the vehicles. Given that this ratio is quite small because the horizontal

distance between the vehicles is much larger than the lane width, the alignment

angle will be small too. It is assumed that a vehicle wants to communicate

with another vehicle in front of it or to its rear. It is also assumed that a

vehicle will less likely communicate with RSUs and pedestrians. Hence, it

is likely that the boresight angle distribution will accumulate near 0° and

180°. This causes the aforementioned alignment cases, �<�<, �<6B, 6B6B

to have different probabilities. To address this, the density of interferers is

thinned with the probabilities that represent the lobe alignment probabilities.

For the most dominant interference probability case �<�<, that is P�<�< .

This is a function of the node’s beam misalignment angle \8−> 9 (f), which is a

random variable distributed two-peak truncated normal distribution, with its

probability distribution function illustrated in Fig. 2.6, as described by

P�<�< =
1

2

∫ q

2

− q2

1√
2c
4
−G2
2f2

f
2

(
erf

(
c/2√
2f

)
− erf

(
−c/2√
2f

)) 3G (2.6)

where

erf (I) = 2
√
c

∫ I

0
4−C

2
3C.

Thus, two truncated normal distributions with standard deviation f, and zero-

mean and c-mean, respectively, are combined. P�<�< is normalized through

dividing the distribution by 2, because of the combination of two equivalent

truncated normal distributions. Therefore, with this model, a parametric

angular error model is proposedin Fig. 2.6 which illustrated the relationship

between probability distribution function (PDF) and alignment angle error, in

order to cover different communications scenarios, in which the increase of f

corresponds to an increase in inter-lane V2V or V2I communications.

2.3 Tools of Stochastic Geometry

In order to provide a basis for point processes and stochastic geometry which

are employed throughout the thesis, this section describes a selection of char-

acteristics.

1. One-dimensional PPP: The definition of 1-D PPP [63] with uniform

density _ is a point process in Euclidean space R such that for every

bounded range [0, 1), # ( [0, 1)) has a Poisson distribution with mean

_ (1 − 0), where # is the number of points in the given interval:

P(# ( [0, 1)) = :) = 4−_(1−0) (_ (1 − 0))
:

:!
. (2.7)
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Figure 2.6: The relationship of the alignment error between the transmitter
and receiver pair and its probability distribution function for different standard
deviations f.

2. Slivnyak-Mecke‘s Theorem: For a PPP,

P!> ≡ P, (2.8)

which is equivalent to the reduced Palm distribution of a PPP corres-

ponding to the distribution of the PPP itself, i.e. it states that an extra

point added to the point process does not change the distribution of

the other points of the PPP [64]. Similarly, removing a node does not

change the statistical characteristics of the PPP. This property enables

deleting the corresponding transmitter of the typical receiver from the

process, or conditioning that the typical receiver is located at the centre

of the coordinate system, without this having an effect on the statistical

modelling.

3. Independent Thinning: Given that Φ is a PPP, independent thinning

is the random removal of points from the process with a probability

of ?. The resulting point process after the removal operation is still a

PPP. This property becomes significantly useful when the LOS/NLOS

and different alignment probabilities of the interferers are independently

classified.

4. Superposition: Given that Φ1,...Φ8 are 8 independent homogeneous

PPPs, with densities of _1,..._8, respectively, the union of all PPPs,

∪�
9=1Φ 9 , is another homogeneous PPP with density _ =

∑�
9=1 _ 9 . This

property is typically used for multi-tier cellular communications, and

also enables the union of previously separated PPPs for LOS/NLOS and
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antenna alignment probabilities.

5. Displacement: If the points of a PPP are randomly and independently

displaced by a transformation matrix, the resulting point process is

another PPP. Mathematically, if a translation matrix, "G8 , is applied to

a PPP, Φ, the resulting PPP will be

Φ̄ = {G8 n Φ : G8 + "G8 }. (2.9)

The mobility of vehicles inherently causes a displacement of points, hence

this makes the application of a PPP a suitable process in the vehicular

domain.

6. Campbell‘s Theorem: Given that Φ is a stationary PPP with density

_ on Euclidean space R3 with dimension 3, for non-negative 5 Campbell‘s

theorem [65] then states that

E

(∑
GnΦ

5 (G)
)
= _

∫
R3
5 (G) 3G, (2.10)

var

(∑
GnΦ

5 (G)
)
= _

∫
R3
5 2 (G) 3G. (2.11)

This property provides a solution for the sum of the interfering powers

of each interferer in the network after being subject to path loss.

7. Probability Generating Functional (PGFL): Given that Φ is a

stationary PPP with density _ on R3, for non-negative 5 PGFL [64] then

states that

E

(∏
GnΦ

5 (G)
)
= 4−_

∫
R3
(1− 5 (G))3G . (2.12)

This delivers a solution for the product of the interfering power of each

interferer in the network after being subject to path loss.

8. Moment generating function (MGF) of aggregate interference:

It presents a mathematical substitute to calculate the moments of a

random variable instead of handling directly with probability density

functions or cumulative distribution functions. The analytical formulation

is presented as

"� (B) = E
(
4−B�

)
, (2.13)

where � and B are the sum interference and a dummy variable, respectively.

The general expressions of "� (B) for several different point processes

are given in [63]. If evaluation of the mean and variance of a random

variable is not straightforward, then the model can be simplified by taking
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derivatives of a moment generating function of the random variable. Then,

the mean and variance of � can be calculated as

E (�) = 3"� (B)
3B

|B=0, (2.14)

var (�) = 3
2"� (B)
3B2

|B=0. (2.15)

.

2.4 Conclusions

Given the potentially high socio-economic impact that CAVs may entail, and

the subsequent motivation to thus enhance their connectivity provisions, this

chapter has methodically identified:

• An absence from within the community for the provision of a stochastic

geometry based model that is specifically designed for mmWave V2V

communications.

• That furthermore, whilst various incumbent models exist, they may only

account for some specific aspects of the channel or scenario, and none

accommodate a more holistic, measurement-supported, accountability of

path loss model, blockage models, directional beam forming and node

distribution.

Thus, over the following chapters, I will build upon this foundation, and contrib-

ute new knowledge related to the acceleration of mmWave V2V communications

utilizing the tools of stochastic geometry.
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Chapter 3

A Grid-based Coverage

Analysis of Urban mmwave

Vehicular Ad Hoc Networks

In this chapter, a tractable coverage model, specifically designed for urban

vehicular ad hoc networks, is presented to aid a better system design. This is

achieved through the use of a model based upon grid lines, which simplifies the

analysis. This chapter sheds a light on the criteria that affect the performance

of mmWave V2V communications. It is found, that even in scenarios with a

large number of interferers, mmWave vehicular communications can establish

reliable links with a SINR threshold of around 5 dB, with a coverage probability

of approximately 0.8 at 50 m separation between a typical transmitter and a

typical receiver where typical adjective corresponds to selected transmitter and

receiver pair that system performance is measured over. These results, and

their inference towards the design and deployment of an urban vehicular ad hoc

network (VANET), are critical to the development of future V2V applications

and services.

Further, this chapter examines mmWave V2V communications from a city

level perspective. According to the analysis presented in this chapter, mmWave

V2V communications are sensitive to the routing behaviour of vehicles, the

blockage characteristics of the metallic bodies of vehicles and the transceiver

antennas’ half-power beamwidths. It will also be shown, that reducing the

complexity of the problem from a city-layout to a multi-lane single road,

provides a significant simplification in modelling and highly accurate results as

is confirmed by comparison with Monte Carlo simulations.
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Figure 3.1: Graphical representation of the proposed PPP-distribution of
vehicles roads in a grid-based city layout. The typical receiver and transmitter
are depicted as red and blue diamonds, respectively. The neglected, own
lane and vertical lane interferers are represented as black, green, and purple
diamonds, respectively. The yellow and white beams illustrate the transmitting
and receiving vehicular antennas, respectively.

3.1 Introduction

Intuitively, urban ad hoc vehicular communications networks can only exist

within the bounded urban corridors formed along the roads by buildings,

foliage etc. Empirical evidence for the strong influence of the urban corridor

on the coverage of the transmitter has been provided by measurements in

[66], performed at a carrier frequency of 55 GHz and involving a transmitter

antenna with a 10◦ beamwidth installed on the top of a building and a mobile

receiver vehicle with a 20◦ beamwidth. Strong signal propagation is limited to

the street in which the transmitter is installed and the streets at right angles to

this street, whereas propagation at parallel streets is negligible [66][67]. Hence,

within this chapter, the signal propagation at the road of interest and vertically

intersected roads are taken into account whereas signal propagation from the

parallel roads to the road of interest is neglected as illustrated in Fig. 3.1.

Another challenge in mmWave V2V communications that needs to be

addressed, is the modelling of NLOS effects due to obstructing vehicles between

the typical transmitter and receiver. According to measurements carried out at

77 GHz in [68], an obstructing vehicle has no effect on the communication as

gap between the vehicle’s under-body and the road surface forms a wave-guide.

Contrary to that conclusion, measurements carried out at 60 GHz in [69] state
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that an obstructing vehicle could cause a typical 8 dB additional path loss,

which corresponds to a 6.3 times smaller signal. This contradiction is probably

caused by these measurements being carried out under different conditions,

such as carrier frequency, antenna placement, beamwidth. For this reason,

two different coverage models are proposed in this chapter which have been

peer-reviewed by the IEEE community, based on two different measurement

results. Moreover, this chapter applies a grid-based distribution to model

V2V communications in urban ad hoc networks, thereby defining a tractable

coverage model for mmWave vehicular communications, which:

• is based on the Manhattan distance to represent the distance between the

typical transmitter, typical receiver and interferers, which is the sum of

the vertical and horizontal grid components. Rather than using Euclidean

distance, it has been shown in [70] that path loss in an urban environment

is closely related to the graph/Manhattan distance and street oriented

path loss models for mmWave communications are proposed.

• models that LOS and NLOS separation takes place when the receiver-

transmitter distance is larger than the inverse of the density of vehicles

per line, _−1. This is considered as the first case of interest herein, and

will be referred to as LOS-NLOS.

• models LOS and NLOS links for vehicular communications based upon

a grid-based distribution, where vehicles on the same line have LOS

communications links and line-to-line communications are defined by

NLOS links. This is considered to be the second case of interest herein,

and will be referred to as LOS-always.

By considering both cases of interest, (LOS-NLOS and LOS-always), this

chapter enables a considerably higher quality analysis of the effects of linear

clustering of vehicles and the extreme blockage effects of the surrounding

buildings.

3.2 Blockage and Antenna Models

In the model, the blockage of mmWave V2V communications depends on the

relative position of the typical transmitter, typical receiver and interferers on

a grid. LOS-NLOS separation takes place at the position of the obstructing

vehicle between typical transmitter and typical receiver. Therefore, it is assumed

that the nearest obstructing vehicle is located at a distance of _−1 m from

the typical receiver because of the homogeneous PPP. In other words, if the

density of vehicles is 0.02 and on average two vehicles exist per 100 m, then the

average distance between two consecutive vehicles is 50 m, which is equivalent
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to _−1. Similarly, the location of the next consecutive vehicle is _−1 and it also

acts as a blockage. To address the blockage relationships, the following path

loss model is proposed,

P! (A, _) =



�1


�A−U! if A ≤ _−1 and nodes are on the same road for A > 1,

�A−U# otherwise.

�2


�A−U! if nodes are on the same road for A > 1,

�A−U# otherwise.

(3.1)

where P! (A, _) and A are the path loss function and Manhattan distance

between any transmitter/interferer-receiver pair, and � is the path loss intercept

modelled as (4c 52/2)−2 where 52 and 2 are the carrier frequency and speed

of light, respectively. For case �1, the path loss is LOS until the position of

A = _−1. Alternatively, case �2 defines the path loss for a communications link

between either the typical transmitter and the typical receiver, or the interferer

and the typical receiver subject to LOS fading if both are positioned on the

same grid line. For both cases, if one is positioned on a vertical grid line and

the other on a horizontal grid line, the communications link is subject to NLOS

fading. If both are located on parallel streets, it is defined that communication

is not possible and that interference is negligible.

The vehicles on a single line form a homogeneous PPP, with a Poisson-

distributed number of nodes and a uniform distribution of the nodes on the

line. The origin is defined as the typical receiver location, and related changes

of the probability model are prevented by using Slivnyak’s theorem and PPP.

A clear illustration of the relative positions of typical transmitter-receiver and

interferers in the proposed blockage model in Fig. 3.1. Note that the impact of

the location and blockage of the typical transmitter is omitted in this chapter,

to enable a tractable baseline for comparison in later chapters where the model

is refined to include such effects.

3.3 Coverage Analysis

The definition of the signal-to-interference-plus-noise-ratio (SINR) is presented

in (3.2) with transmitter power %C , small scale fading random variable between

typical transmitter and receiver ℎ0, distance between typical transmitter and

receiver 3, and path loss exponents for LOS links U!, distance A8, small-scale

fading random variable for interferers ℎ8, path loss exponents for NLOS links

U# , noise power #0, and main and side lobe gains �< and 6B, respectively.
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In addition, the antenna gain relationships and half-power beamwidths are

defined as in (2.5). ΦLOS+NLOS/{I} defines the group of all LOS and NLOS

interferers, excluding the typical transmitter at position I. Moreover, it is

assumed that the beams of the typical transmitter and receiver are defined to

be perfectly aligned. The SINR is then given as

SINR =
%C�<�<ℎ>P! (3, _)∑

8 nΦLOS+NLOS/{I } %C�8−>CA�CA−>8ℎ8P! (A8 , _) + #0
, (3.2)

where �8−>CA and �CA−>8 are the antenna gains between the interferers and the

typical receiver, as explained in detail in Chapter 2.

The coverage probability is the likelihood that the received SINR is greater

than a specified threshold T . For simplicity, all interference related terms are

represented by �. The coverage probability is defined as

P2 = P

(
%C�<�<ℎ>P! (3, _)∑

8 nΦLOS+NLOS/{I } %C�8−>CA�CA−>8ℎ8P! (A8 , _) + #0
> T

)
, (3.3)

which could be rewritten as where � =
∑
8 nΦLOS+NLOS/{I } %C�8−>CA�CA−>8ℎ8P! (A8 , _)

P2 = P

(
ℎ> >

T
%C�<�<P! (3, _)

(� + #0)
)
, (3.4)

which can be translated into

P2 = 1 − P
(
ℎ> <

T
%C�<�<P! (3, _)

(� + #0)
)
. (3.5)

In the model, small-scale fading is defined to be Nakagami fading as

described in Chapter 2, which implements a gamma-distributed random variable

as it is regarded as the most appropriate candidate model for small-scale fading

[39]. Alzer’s lemma [57], which is introduced in Chapter 2, is used in order to

calculate the probability term in (3.5), which states that when ℎ0 ∼ Γ(<, 1/<)
for an integer <, the probability term is tightly bounded with

[1 − 4−0I<]< < P(ℎ0 < I), where 0 = (<!)−1/<. (3.6)

Hence, by applying Alzer’s lemma and the expected value operation, the

following is obtained,

P2 < EΦ

(
1 −

(
1 − 4

−0T<
%C�<�<P! (3,_)

(#0+� )
)<)

. (3.7)

Equation (3.7) can then be written as

P2
(0)
<

<∑
==1

(
<

=

)
(−1)=+1EΦ

(
4

−0=T<
%C�<�<P! (3,_)

(#0+� )
)
, (3.8)
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where (a) is the binomial expansion of the terms in the expected value. Equation

(3.8) can be written as

P2
(1)
<

<∑
==1

(
<

=

)
(−1)=+1 E��

(
4−B=��

)
︸          ︷︷          ︸

Own Road and L�

E+1

(
4−B=�+1

)
︸           ︷︷           ︸

Left Vertical Road and L+1

E+2

(
4−B=�+2

)
︸           ︷︷           ︸

Right Vertical Road and L+2

(
4−B=#0

)
︸    ︷︷    ︸
Noise Term

, (3.9)

where (b) in (3.9) is extending the terms in the expected value for each path,

i.e. the horizontal and vertical roads at both sides of the typical receiver. E�� ,

E+1 and E+2 are the expected value operators for interferences of horizontal, left

and right vertical roads, respectively. Note that the same notation is applied

for their Laplace transforms. Similarly, �� , �+1 , �+2 represent the aggregate

(sum) interference of the horizontal, left and vertical roads, respectively. For

simplicity, the product operator is included for each antenna gain case, and

the Laplace transform for horizontal road interferers is represented as

L� = E��

(∏
Φ�

Eℎ8

(
4−B=%Cℎ8�<�<P! (A ,_)

))
︸                                            ︷︷                                            ︸
Main-to-Main Lobe Alignment Interference

·E��

(∏
Φ�

Eℎ8

(
4−B=%Cℎ8�<6BP! (A ,_)

))
︸                                           ︷︷                                           ︸
Main-to-Side Lobe Alignment Interference

·E��

(∏
Φ�

Eℎ8

(
4−B=%Cℎ86B6BP! (A ,_)

))
︸                                         ︷︷                                         ︸
Side-to-Side Lobe Alignment Interference

. (3.10)

Equation (3.10) distributes the expected values for each antenna gain case and

small-scale fading random variables, with B = 0T<
%C�<�<P! (3,_) . Equation (3.10)

can then be written as
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L�
(2)
= E��

(∏
Φ�

(
1 + B=%C�<�<P! (A, _) <−1

)−<)
︸                                                      ︷︷                                                      ︸

Main-Main Lobe Alignment Interference

·E��

(∏
Φ�

(
1 + B=%C�<6BP! (A, _) <−1

)−<)
︸                                                     ︷︷                                                     ︸

Main-Side Lobe Alignment Interference

·E��

(∏
Φ�

(
1 + B=%C6B6BP! (A, _) <−1

)−<)
︸                                                   ︷︷                                                   ︸

Side-to-Side Lobe Alignment Interference

, (3.11)

where (c) is the Moment Generating Function, which is introduced in Chapter

2, of the gamma random variable and Φ� corresponds to the PPP of the

horizontal road. Equation (3.11) can then be written as

L�
(3)
=

∏
8 n�'8

4−P8_C (
∫
' (1−(1+B=%C�8P! (A ,_)<−1)

−<)3Aℎ)

︸                                                       ︷︷                                                       ︸
Receiver Side Interference

·
∏
8 n�$8

4−0.5_C (
∫
' (1−(1+B=%C�8P! (A ,_)<−1)

−<)3Aℎ)

︸                                                         ︷︷                                                         ︸
Other Side Interference

(3.12)

where (d) is the Probability Generating Functional of the PPP that is introduced

in Chapter 2. �'8 = {�<�<, �<6B} are the antenna gain cases from the

interferers that are located at the receiver beam side, see Fig. 3.1, with a

probability of P8 = {P�<�< , 1 − P�<�<}. �$8 = {�<6B, 6B6B} are the antenna

gain cases from the interferers that are located at the other side of the receiver

beam with a probability of 0.5 in each case. Note that the interference of

interferers that are located at the receiver beam side are multiplied by the

main lobe gain of the typical receiver in all cases. Hence, the 6B6B case does

not exist at the receiver beam side. Furthermore, the probability of P�<�< is

shaped by (2.6) and characterized by the f parameter. Since the beamwidth of

the side lobe is typically much wider than the beamwidth of the main lobe, it is

assumed that the interferences that are located at the other side of the receiver

beam will be multiplied by the side lobe gain of the typical receiver which

eliminates the probability of main-to-main lobe interference from the other side

of the receiver beam, see Fig. 3.1. Hence, the probability of interferers at the

other side of the receiver beam, which also point their antenna beams towards
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the typical receiver, and accordingly their complementary probability, is 0.5.

Therefore, by integrating (3.12), Laplace transforms of LOS-NLOS (case 1)

and LOS-always (case 2) of a horizontal road are given as

L��1

(4)
=

∏
8 n�'8

4P8_C (&(Aℎ ;U! ,Amin,_
−1)+&(Aℎ ;U# ,_−1,Amax))

·
∏
8 n�$8

40.5_C (&(Aℎ ;U! ,Amin,_
−1)+&(Aℎ ;U# ,_−1,Amax)) , (3.13)

L��2
=

∏
8 n�'8

4P8_C& (Aℎ ;U! ,Amin,Amax)
∏
8 n�$8

40.5_C& (Aℎ ;U! ,Amin,Amax) . (3.14)

Operation (e) in (3.13) is the integration of the binomial expansion and following

some algebra where &(A;U, A1, A2), can thus be given as

&(A;U, A1, A2) = A
(
2�1

(
−1

U
, <;

U − 1

U
;−B=<−1%C�8�A−U

)
− 1

)�����A2
A1

, (3.15)

where 2�1 is the hyper-geometric series and formulated with dummy variables

for |I | < 1 as

2�1 (0, 1; 2; I) =
∞∑
==0

(0)= (1)=
(2)=

I=

=!
, (3.16)

where (0)=, (1)=, (2)= are the rising Pochhammer symbols, which are given by

(0)= =


1, = = 1,

0(0 + 1) · · · (0 + = − 1), = > 1
. (3.17)

Even though 2�1 is known as an infinite series, it is observed that after four

iterations it quickly converges to a final value. Hence, the & function can be

approximated by

&Approx.(A;U, A1, A2) = A
(
1 + −U

−1<

1 − U−1

(
−B=<−1%C�8�A−U

)
1!

+ −U
−1(1 − U−1)<(< + 1)
(1 − U−1) (2 − U−1)

(
−B=<−1%C�8�A−U

)2
2!

+ −U
−1(1 − U−1) (2 − U−1)<(< + 1) (< + 2)
(1 − U−1) (2 − U−1) (3 − U−1)

(
−B=<−1%C�8�A−U

)3
3!

− 1

)�����A2
A1

.

(3.18)

It is observed that the most dominant terms in (3.18) are the first two terms.

The resulting terms of A−2U and A−3U cause significantly smaller multipliers

in the 3-rd and 4-th terms, even for short distances. Hence, it is possible to
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process (3.18) by substituting B resulting as

&Intuitive(A;U, A1, A2) =
(
<(<!)−1/<=T�8�A1−U
(U − 1)�<�<P! (3, _)

)�����A2
A1

. (3.19)

Equation (3.19) can be shortened to make it more insightful for the main-to-

main lobe interference scenario, with A2 > 3 and < = 1 in the LOS-always case

such as

&Intuitive(A;U, A1, A2) =
(
T A
U − 1

(
3

A

)U)�����A2
A1

. (3.20)

Considering that & is the exponential term in the Laplace transforms, its small

fluctuations cause large variations in the resulting probability. Note that, the

ratio of
(
3
A

)U
acts as a break point in order to hold the requirement of A1 > 3

or A2 > 3 in (3.18). Equation (3.20) shows that the & function is independent

of the path loss intercept �. Furthermore, the SINR threshold, T , has a large

impact on the system design, and the path loss exponent has a very large

impact on & in addition to being exponentially dependent on distance related

parameters.

Similarly, by applying the same steps for vertical roads, L+1�1 ,�2
and

!+2�1 ,�2
are the Laplace transforms of the vertical roads for both the LOS-

NLOS and LOS-always cases, and are represented as

L+1�1 ,�2
=

∏
8 n�E18

42_C0.5&(Aℎ1+AE1 ;U# ,Amin,Amax) , (3.21)

!+2�1 ,�2
=

∏
8 n�E28

42_C0.5&(Aℎ2+AE2 ;U# ,Amin,Amax) , (3.22)

with Aℎ1 and Aℎ2 being the horizontal random variable distances between

the typical receiver and the vertical roads at both sides of it, and AE1 and

AE2 representing the vertical fixed distances between NLOS interferers and

the road on which the typical receiver is located, as visualized in Fig. 3.1.

�E18 = {�<�<, �<6B} and �E28 = {�<6B, 6B6B} correspond to the antenna

gain combinations from the left and right vertical roads, respectively, with

a probability of 0.5. If the beams of the interferer vehicles that are located

on vertical roads are pointed towards the horizontal road, then it is assumed

that they interfere with their main lobe gain, otherwise with their side lobe

gain. Note that the probability of vehicles communicating with a vehicle in

front of them or to their rear is assumed to be 0.5. Furthermore, Amin and Amax

are the integration limits of the communications distance, and it is assumed

that the minimum distance is 1 m and the maximum distance is 250 m as the

mmWave signal will be highly attenuated after several hundred meters. The
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Figure 3.2: Dependence of the coverage probability on the distance for various
f, with markers and lines representing the results from mathematical models
and simulations, respectively. Parameters used: T = 5 dB, _C = 0.01, _ = 0.02,
%C = 1, AE1 = 80 m, AE2 = 20 m, q = c/6, 6B = 0.1 [62], 52 = 60 GHz, U! = 2 and
U# = 4.5 [48].

thermal noise and bandwidth are −174 dBm/Hz and 500 MHz for all results.

L��1
and L��2

are Laplace transforms for the horizontal roads for LOS-NLOS

and LOS-always, where the density of active transmitters on horizontal and

vertical roads, _C , is assumed to be half of _, as there are equal number of

transmitters and receivers.

The final coverage analysis equation for LOS-NLOS is obtained after

insertion of (3.13), (3.21) and (3.22) into (3.9). Similarly, the final equation for

LOS-always is obtained after insertion of (3.14), (3.21) and (3.22) into (3.9).

3.4 Simulation Results

A comparison of the obtained analytical equation with Monte Carlo simulations

is shown in Fig. 3.2, 3.4, 3.5 displaying a good match between both methods

with a mean squared error smaller than 10−4, and providing additional insight

in the coverage of mmWave vehicular communication. The simulations are

carried out by distributing random nodes on grid-lines and calculating the

SINR for each case more than 106 times. The limit of the simulation varies

between [−250 m 250 m] for all roads.

The results in Fig. 3.2 represent dense traffic with an interferer vehicle at

every 100 m, and display the 3-dependence of both the analytical models and

the Monte Carlo simulations for various f. The Probability Density Functions
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Figure 3.3: Dependence of the coverage probability on the distance for various
f, with markers and lines representing the results from mathematical models
and simulations, respectively. Parameters used: _C = 0.0075, _ = 0.015, %C = 1,
AE1 = 80 m, AE2 = 20 m, q = c/18, 6B = 0.1 [62], 52 = 60 GHz, U! = 2 and
U# = 4.5 [48].
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Figure 3.5: Dependence of the coverage probability on the SINR threshold
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6B = 0.1 [62]. Path loss exponents for mmWave and VANET are U! = 2,
U# = 4.5 [48], U! = 2, U# = 3, respectively.

of the azimuthal angle for three chosen f values are also displayed in Fig.

2.6 in Chapter 2. The steep decrease of the LOS-NLOS results for distances

larger than 50 m is due to the transition from LOS to NLOS communications

at _−1, after which the coverage rapidly approaches zero. The LOS-always

results display a gradually decreasing coverage with distance, with the highest

coverage obtained when the largest f is used for P�<�< in (2.6). In addition,

for all cases it is apparent, that interferences from vertical roads only have a

limited effect on the coverage, with the largest NLOS interference occurring

for small AE1 or AE2 , and the smallest interference occurring when the typical

receiver is located at equal distances to both vertical roads. As expected, it

is evident that for 3 ≤ _−1 the LOS-NLOS case outperforms the LOS-always

case for all 3, because of the reduced number of LOS-interferers.

The plots in Fig. 3.3 represents the inter-vehicular distance between the

typical transceiver pair and coverage for less dense traffic, narrower beam and

higher SINR thresholds. As the decrease in density causes larger inter-vehicular

distance, the LOS-NLOS transition of �1 takes place at 66.6 m which is 50 m in

Fig.3.2. In addition, the accuracy of &Approx. function for the valid convergence

interval of hyper-geometric function is illustrated. Finally, it is shown that the

system performance is not dependent on being < an integer for �1 and �2.
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Fig. 3.4 displays the dependence of the coverage probability on the density

of interferers for two beamwidths q, with the highest coverage being obtained

for smallest q. Increasing the beamwidth results in a reduced gain and a higher

interferer beam alignment probability, which both decrease the quality of the

communications link. The black markers and line represent the scenario in

which the distance between typical transmitter and receiver is parametrized

as 3 = _−1; when vehicles between the typical transmitter and receiver are

absent. Thus, the increase in density causes a shorter link distance between

consecutive vehicles. Hence, in this scenario, a good communications link is

always present and slightly density-insensitive, because the positive effect on

the quality of the communications link by the exponentially decreasing path

loss with decreasing 3 overcomes the negative effect of increased interference

due to increased density, _.

The results in Fig. 3.5 present the SINR threshold dependence of the cov-

erage probability for various 3 and for mmWave communications, LOS-NLOS

and LOS-always, and VANET. The latter comparison was made by assigning

< = 1, lower path loss exponent U! and U# [71], 10 MHz bandwidth for noise

power calculation, equal lobe alignment probabilities and assigning �< = 6B = 1

due to omnidirectionality. These results show, that in dense vehicular com-

munications networks, due to large U! and U# , mmWave communications

significantly outperform lower carrier frequency communications protocols,

such as VANET, because of the reduced effect of nearby interferers. NLOS

mmWave communications only show poorer coverage performance compared

to NLOS VANET communications when 3 ≥ _−1.

3.5 Conclusions

In this chapter, a tractable coverage model for urban mmWave ad hoc vehicular

networks is presented for two different cases. It is shown that line processes

can be used to model vehicular networks, which simplifies the analysis. The

mathematical model, verified by Monte Carlo simulations, shows that urban

mmWave ad hoc vehicular networks could potentially support fully connected

traffic, unlike VANET which is more sensitive to an increase in density of

transmitters. The analysis shows that by using mmWave, it is possible to fulfill

the connectivity needs of a dense traffic scenario, under the condition that

communications takes place with vehicles on the same road.

Further, this chapter has shown that mmWave V2V communications are

much more sensitive to surrounding LOS interferers, which means that inter-

ferers that are located at the adjacent lane of the typical receiver will have a

significant impact on the coverage performance. Hence, narrowing the focus

of research into the effects of interferers surrounding the typical receiver, and
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eliminating the interferences from vertical roads from the model will provide a

significantly simpler model as well as fairly accurate results. In addition, this

chapter has shown that how vehicles route and point their antenna beams, and

how their manufacturer places mmWave antennas on vehicles, has a significant

impact on system performance, due to resulting blockage effects. This will be

addressed in the following chapters.
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Chapter 4

Connectivity Analysis for

mmWave V2V Networks:

Exploring Critical Distance

and Beam Misalignment

In this chapter, an analytical analysis is presented on the connectivity perform-

ance of Vehicle-to-Vehicle communications by using millimeter wave carrier

frequencies, by taking into account its challenges of high path loss and beam

misalignment. In comparison to Chapter 3, where the link quality of selected

transmitter and receiver pairs is analysed, this chapter models the number of

connections within a set of vehicles in a single lane. It thus focuses on the

probability of reliably sharing the vision of the front vehicle of an autonomous

platoon or fleet to the rear vehicle.

The connectivity analysis is carried out in two dimensions; first, an ana-

lytical and parametric critical transmission range is developed based on sys-

tem parameters such as, vehicle density and Signal-to-Interference-Plus-Noise

(SINR) ratio threshold, and second, the beam misalignment probability caused

by the in-lane lateral displacement of vehicles is determined . The analysis is

carried out for antennas with half power beamwidths of 3◦, 6◦, 10◦, 20◦, and

45◦, resulting in different beamwidth regimes depending upon road curvature

and vehicle density. For low/medium vehicle density on low-curvature roads,

the sensitivity of the network connectivity to the beamwidth is relatively

small. On the other hand, the narrowest beamwidth is the best performer in

terms of maximizing connectivity in low/medium vehicle density scenarios on

high-curvature roads, and the wider beamwidth is the best performer for high

vehicle density on low-curvature roads.
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4.1 Introduction

Cooperative driving in the context of connected and autonomous vehicles

(CAVs) is a leading automotive research theme within both academia and

industry due to its significant and timely potential to enhance and improve

safety, traffic flow, fuel consumption and emissions [72]. Fundamentally, co-

operative driving is built on the capability to exchange inertia, LIDAR, radar

and video, sensor data amongst the vehicles through a wireless channel, with

typical implementations as platooning and cooperative adaptive cruise control

[73]. Thus a situational, real-time, beyond line of sight awareness is enabled

without equipping the vehicles with high-cost, long-range sensors or installing

frequent roadside units.

The key metric for the reliability of cooperative driving is connectivity, the

number of connected/disconnected links between a set of vehicles. In V2V

communications, disconnected links can occur frequently due to the high-speed

mobility of the nodes, thus rapidly changing the network topology and the

dynamic node population [74]. The body of literature has investigated V2V

connectivity in the frame of 802.11.p and other sub-6 GHz protocols [3] and

builds on distance-shortcomings, i.e. the distance between successive vehicles

being longer than the critical transmission range, which is the maximum

distance that can enable a reliable link between a transceiver pair

The exchange of giga-byte quantities of data created by LiDAR and cameras

is an overwhelming requirement for the aforementioned protocols. Therefore,

one of the primary solutions to provide higher data rates, is to use millimeter

wave (mmWave) carrier frequencies and directional antenna beams [75]. In

addition to distance-based disconnectivity, the use of directional beams will

introduce beam misalignment disconnectivity due to the vehicles’ mobility

Disconnectivity of sparse vehicular ad hoc networks based on empirical

data was studied in [76] and the critical transmission range for connectivity

was studied in [77]. In [78], the mean cluster size and probability of forming

single clusters for vehicular ad hoc networks was investigated. In [79] the

effect of headway distance, acceleration, association time (i.e. connection

setup time), relative speed of vehicles, transmission range and message/data

size on V2V connectivity was investigated. Moreover, [80] studied multi-hop

vehicular connectivity in an urban scenario utilizing GPS traces extracted

from San Francisco Yellow cabs. Furthermore, [81] analyzed the relationship

between connectivity probability of V2V network, transmission distance and

threshold. In [82] analysed the connectivity characteristics and proposed a

connectivity-aware MAC protocol for platoon-based VANETs. In addition, [83]

investigated the influence of the user behavior and other system parameters on

the connectivity probability of V2X networks. Plus, [84] designed a dynamic
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cooperation scheme to generate an adaptive multi-hop V2V for maintaining

connectivity and throughput when a vehicle located outside of the RSU’s

coverage region. In [85], a routing decision algorithm to optimize connectivity

of V2V networks by taking into account locations of RSU is proposed. Finally,

[86] investigated the effect of adverse weather on connectivity probability of

V2V networks.

However, mmWave communications has not been considered in these works

as the focus was on developing an analytical model for a system based on sub-6

GHz communication systems. Hence, [87] considered mmWave communica-

tions and used the obstacle size and route relay window relationships to obtain

the best connectivity between hops. In vehicular mmWave communications,

[88] studied the performance of dual-hop vehicle-to-vehicle (V2V) communic-

ations and the best cooperative vehicular relay selection, however, this work

was not specifically designed for vehicular connectivity. Nevertheless, [89]

investigated interference impact of intra-cluster vehicles network on mmWave

V2V connectivity and proposed dual-slot transmission scheme to maximize

connectivity.

Connectivity through mmWave V2V communications has several trade-

offs. For example, an increase in vehicle density results in shorter distances

for multi-hop communications and thereby improves connectivity, but at the

same time it increases the overall interference and deteriorates connectivity

performance. In addition, wider beamwidths imply less beam misalignment

and thereby improves connectivity, but at the same time it reduces the antenna

gain and results in a weaker signal strength, which worsens connectivity. On

the other hand, decreasing the beamwidth makes misalignment more likely

and thereby worsens the connectivity, but at the same time it increases the

antenna gain which causes more powerful signal reception, which results in

better connectivity.

To reveal the effective factors on connectivity of mmWave V2V networks,

the contributions of this chapter, which has been peer-reviewed by the IEEE

community, can be summarized as

• An analytical model is presented and validated by Monte Carlo simula-

tions, which shows the reaction of connectivity performance according

to a change of vehicle density, beamwidth, SINR threshold and antenna

gain.

• A two-dimensional connectivity probability is introduced that includes a

variable critical transmission range based on SINR-threshold and beam

misalignment probability caused by the in-lane lateral displacement of

vehicles.
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• Beamwidth optimization strategies are introduced which show that; (i) the

narrowest beam is not the best performer for high-density traffic and low-

curvature roads, (ii) connectivity performance has a minor dependence on

beamwidth for low and medium vehicle density on low curvature roads,

(iii) significant changes in connectivity performance typically occur only

for beams narrower than 10◦.

4.2 System Model

In this chapter, a unidirectional, and single-lane, vehicular traffic flow is taken

into account between two adjacent road side units (RSUs) which are located

at the road intersections. The separation distance, �, between two RSUs is

illustrated in Fig. 4.1. The primary purpose of this set-up is the enabling

of cooperative driving through the passing of LIDAR and other sensor data

between each vehicle in the network and the RSUs by implementing multi-

hop data transmission. It is assumed that each vehicle is equipped with two

mmWave transceiver antennas with corresponding directional-beamforming-

providing capabilities. It is assumed that the array antennas that provides

directional beams can be modelled as single antenna from system point of

view. For convenience, the package of array antennas are mentioned as singular

antenna throughout the thesis. One of the antennas is assumed to be the

transmitter, and the other a receiver at any moment. It is assumed that each

vehicle passes data packages to the closest vehicle at its rear and located in

the same lane. Differing from Chapter 3, the direction of data propagation is

now one-way, i.e. from front to rear. Furthermore, each vehicle behaves both

as a transmitter and a receiver at any moment, as illustrated in Fig. 4.1.

The CI path loss model [90] is used in this chapter, which is introduced in

Chapter 2. The path loss exponent is found to be approximately 2 in the most

recent measurements [91] when the carrier frequency is set to 60 GHz.

Empirical Vehicular Ad Hoc Networks (VANET) studies have shown that

the number of vehicles that passes an observer point follows a Poisson distri-

bution [76, 92]. Given that a road segment is defined by D = [0 �] where a

vehicle enters the network at position G = 0 and leaves at G = �. By using order

statistics and conditional distributions [93], it is revealed that the positions

of each vehicle on the road segment [0 �] forms as a PPP, in particular for

sparse vehicular traffic.

The curvature of road, beamwidth and density of vehicles strongly affects

the probability of vehicles interfering with each other. Fig. 4.1 shows the

distribution of interferers for the same road curvature and beamwidth, with a

lower number of interfered vehicles in Fig. 4.1a compared to Fig. 4.1b, due to

fact that the former has a lower vehicle density.
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Figure 4.1: Graphical representation of vehicles distributed on a curvy road.
The intended receiver for the transmitter vehicle, E8, is E8+1. In (a), note that
E5, the vehicle in the red circle, is an interfered node as it also stays in the
propagation region of beam of E3. In (b), 3 vehicles are interfered.

Intuitively, vehicles travelling on a straight road will interfere with each

other as they will likely stay in the beam propagation region. Also, it is clear

that an increased beamwidth will cause higher interference to other vehicles as

can be visualized from the comparison of Fig. 4.2 and Fig. 4.1, in which the

number of vehicles is the same, but the road curvature is different. Thus, the

f parameter is introduced in order to model the aforementioned issues where

f and the probability of being interfered with, are inversely proportional.

Since the interference of the main lobe and side lobe gains are different, it

is necessary to thin the density of transmitter/interferers. P�<�< , P�<6B , and

P6B6B are the probability of main-to-main, main-to-side, and side-to-side lobe

gain interferers, respectively. In addition, the aforementioned probabilities are

dependent on whether the interfering beams propagate towards the receiver’s

beam side or its other side. For instance, P�<�< can only be formed by

Figure 4.2: Graphical representation of the relationship between interference,
beamwidth and road curvature. Note that in (a) the antenna beam of E1
interferes with E3 and E4, whereas in (b) it does not interfere with any vehicles.
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the vehicles that are located on the receiver vehicle’s beam side as both the

interferer and receiver beams have to align. The thinning probability of main-

to-side lobe interference from the receiver beam side is modeled as 1 − P�<�<
whereas the thinning probability of side-to-side lobe interference from the

other side is modeled as 0.5. This is due to the assumption of unidirectional

data flow, leading to half of the interferers being located at the other side of

the receiver’s beam and directing their beams towards the other side of the

receiver vehicle. Thus, P�<�< is modelled as a two-peak truncated Gaussian

random variable as in Chapters 2 and 3, and other gain combinations are

given as P�<6B = 1 − P�<�< , P6B6B = 0.5. The relationship between the main

lobe gain and beamwidth is modelled as in (2.4). In Chapter 3, (2.6) is used

to model V2X communications, hence employs much larger f values. In

this chapter, (2.6) represents beam alignment probabilities based on the road

curvature. Considering that most road curvatures are relatively small due

to safety concerns for driving, this chapter uses much smaller f parameters

accordingly.

4.2.1 Distance-based Connectivity

The connectivity analysis in this chapter is built on two fundamental branches,

namely distance and beam alignment. To be able to connect two consecutive

vehicles over a mmWave channel, the receiver vehicle must be located in the

critical transmission range of the transmitter vehicle. For the distance-based

connectivity analysis, the critical transmission range of transmitter vehicles, A2,

is modelled based on a pre-set SINR. In other words, if the receiver SINR is

greater than some pre-set threshold, T , then the maximum distance between

consecutive transmitter and receiver pairs that provides a robust and reliable

link for SINR ≥ T is set as the critical transmission range. The expected value

of SINR is given as

E

(
%C�<�<�A

−U
2

� + #0

)
≥ T , (4.1)

where %C , �, U, #0 are transmitter power, path loss intercept, path loss

exponent, and zero-mean Gaussian noise magnitude, respectively. Also, � is the

sum of all interferences and defined as
∑
8 nΦ/{I } %C�8−>CA�CA−>8�A

−U
8

excluding

the corresponding transmitter that is located at I. Note that small scale fading

is ignored for the purpose of analytical simplification. Also, the blockage

effect of obstructing vehicles is omitted due to fact that the transmitter and

receiver antennas are placed on the roof of the vehicles. By extracting the

transmitter power, antenna gain and path loss from the expected value in (4.1),
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the following is obtained,

%C�<�<�A
−U
2 E

(
1

� + #0

)
≥ T . (4.2)

After rearranging (4.2) by converting the inequality to equality, the critical

transmission range is defined as

A2 =

(
%C�<�<�E( 1

�+#0
)

T

)1/U
. (4.3)

To calculate the expected value in (4.3), by means of moving the integral into

the expected value, it is rewritten as

E

(
1

� + #0

)
= E

(∫ ∞

0
4−B (�+#0)3B

)
, (4.4)

where the expected value can be moved into the integral as

E

(
1

� + #0

)
=

∫ ∞

0
E

(
4−B�

)
4−B#03B. (4.5)

Thereafter applying the probability generating functional (PGFL) which is

introduced in Chapter 2, results in

E

(
1

� + #0

)
=

∫ ∞

0
4−B#04

_P�<�<
∫
'

(
4−B%C�

2
<�A

−U−1
)
3A

×4_P�<6B
∫
'

(
4−B%C�<6B�A

−U−1
)
3A+_P6B6B

∫
'

(
4−B%C6

2
B �A

−U−1
)
3A
3B. (4.6)

Finally, the expected value of the inverse of the interference and noise is

rewritten and presented as

E

(
1

� + #0

)
=

∫ ∞

0
4−B#0

∏
8 nΦ�

�83B, (4.7)

where Φ� set corresponds to {�<�<, �<6B, 6B6B} for antenna gains and

{P�<�< , P�<6B , P6B6B } for their probabilities in

�8 = 4

_P8

©­­­«Amax.

©­­«
E
1+ 1U

(
B%C�8 �

AUmax.

)
U

−1
ª®®¬−Amin.

©­­­«
E
1+ 1U

(
B%C�8 �

AU
min.

)
U

−1
ª®®®¬
ª®®®¬,

where E1+ 1
U

is the exponential integral and can be expressed as

E1+ 1
U

(
B%C�8�

AUmax.

)
=

∫ ∞

1

4
−C B%C�8 �

AUmax.

C1+
1
U

3C,
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Figure 4.3: Characterization of alignment and misalignment regions of vehicular
antenna beams in a single-lane road layout.

and Amax. is chosen as a high number, such as 10�, in order to take into account

the interference of vehicles outside the connectivity region, D, whereas Amin. is

chosen as 1 m. Insertion of (4.7) into (4.3) finalizes the critical transmission

range. Note that by presenting a solution for the inverse of the sum of

interferences in (4.7), this also provides a generic solution for the inverse of

sum of random variables which is a variant of Campbell‘s Theorem that is

presented in Chapter 2.

4.2.2 Misalignment-based Connectivity

The beam misalignment of the transceiver pair can only be caused by in-lane

instantaneous lateral displacement of the vehicles. It is assumed that the

average lane-width is 3.65 m, and the average car width is 1.7 m. Since the

transceiver antennas are placed at the centre-top of the vehicles, the lateral

displacement range of the antennas is modelled as
[
−

(
3.65−1.7

2

) (
3.65−1.7

2

) ]
,

which approximately corresponds to [−1 1]. Lateral displacement measure-

ments of [94] have a similar range as shown in Fig. 4.3. In addition, [95] has

measured lateral distribution of vehicles on UK highways and formed 23 bins.

Therefore, the probability distribution of this lateral displacement is modelled

as Gaussian with mean ` = 0 and standard deviation W = 0.32. In this set-up,

the probability of the centre of the vehicle to be located at the position of

−1 or 1 is 0.009. Since the PPP is applied, the average distance between two

consecutive vehicles is _−1. Thus, half of the width of the transmitter beam’s

alignment zone at the receiver’s location is _−1 tan
(
q

2

)
due to the fact that

the alignment zone of the beam widens with distance, as is shown in Fig. 4.3.

Therefore, the probability of the receiver antenna to be located in the alignment
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Figure 4.4: Graphical representation of the circular distribution of vehicular
distances. The red arc, '2, shows the case where critical transmission range
is shorter than the required distance to satisfy SINR threshold. On the other
hand, the green arc, '2, represents the case in which the required distance is
shorter than the critical transmission range.

zone of the transmitter beam is given as

P� =

∫ 1

−1

4

−H2C
2W2√

2cW2

©­­«
∫ HC+_−1 tan

(
q

2

)
HC−_−1 tan

(
q

2

) 4
−H2A
2W2√

2cW2
3HA

ª®®¬3HC , (4.8)

where HC and HA are the locations of transmitter and receiver, respectively and

(4.8) can be simplified as

P� =
1

2

∫ 1

−1

4

−H2C
2W2√

2cW2

(
erf

( HC + _−1 tan
(
q

2

)
W
√

2

)
− erf

( HC + _−1 tan
(
q

2

)
W
√

2

))
3HC . (4.9)

It is geometrically straightforward to prove that if the receiver is located in

the alignment region of the transmitter, then the transmitter is located in the

alignment region of the receiver.

4.3 Connectivity Analysis

The probability of entirely covering a unit circle with finite arcs of equal length,

where the arcs are uniformly and independently distributed, has been studied

thoroughly in the literature [96, 97], also providing the distribution of the

gaps, i.e. any point that is not covered by arcs. Interestingly, the resulting
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mathematical models can be used as a base for V2V connectivity, in which

the clockwise initial points of any arc can be modelled as the locations of

the transmitter vehicles, and the length of the arcs can be modelled as the

critical transmission ranges. Moreover, the occurrence of any gaps can be

modelled as disconnected links. By adding misalignment probabilities to the

analytical model in order to make it suitable for mmWave V2V networks, a

two dimensional connectivity model is obtained. The arc-based analytical

conversion is carried out as follows. First, the distance between two consecutive

vehicles at any moment C as shown in Fig. 4.1 is normalized by � and

redistributed on a circle as shown in Fig. 4.4. In other words, the locations

of vehicles in Fig. 4.1 are mapped onto a unit circle, and hence inter-vehicle

distance between consecutive vehicles in Fig. 4.1 are transformed into curve

segments in Fig. 4.4. Accordingly, the distance threshold, A2 defined in (4.3)

for the given SINR threshold T , is also mathematically transformed. Then,

the consecutive inter-vehicle distance is scaled by � for each vehicle, thus = + 1

links is given as

A28 (C)
4
=
AE8 (C)
�

, 8 = 1, 2, ..., = + 1. (4.10)

Similarly, the scaled SINR-based critical transmission range, '2, is obtained

by using A2/�. The probability of the 8-th arc in Fig. 4.4 to be longer than

the scaled critical transmission range, which causes disconnectivity regardless

of the connection state of other links, is represented as

P= (8)
4
= P

(
A28 (C) > '2 , 8 = 1, 2, ..., = + 1|# (C) = =

)
. (4.11)

Since disconnectivity can occur due to failure to reach the critical trans-

mission range and due to beam misalignment, it is necessary to examine them

individually. The probability that the 8-th link is solely disconnected by failure

to reach critical transmission distance is given as [96]

P3 (8) = (1 − 8'2)= for 8 ≤ b'−12 c . (4.12)

The probability of misalignment-based disconnectivity between two consec-

utive vehicles in a network of = vehicles is given as

P< (8) = (1 − P�)8 P=+1−8� . (4.13)

By combining (4.12) and (4.13), the probability of the 8-th link to be discon-
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nected is given as

P= (8) =

∑8
9=0

( 8
9

)
(1 − P�) 9 P8− 9� (1 − (8 − 9)'2)

=, if 8 − 9 ≤ b'−12 c

0, if 8 − 9 > b'−12 c
.

(4.14)

The probability of exactly 8 disconnected links in the whole network is modelled

[97] as

P̂= (8) =
(
= + 1

8

) =+1−8∑
9=0

(
= + 1 − 8

9

)
(−1) 9 P= (8 + 9) . (4.15)

Finally, by changing the upper limit of the sum operators [74], the probab-

ility of 8 disconnected links caused by failure to reach the critical transmission

range and/or caused by misalignment is summarized as

P̂= (8) =


(=+1
8

) ∑ b'−12 c−8
9=0

(=+1−8
9

)
(−1) 9 P= (8 + 9) ,

if 8 ≤ b'−12 c

0, if 8 > b'−12 c

. (4.16)

4.4 Analysis and Discussion

In this section, the connectivity performance, validated by Monte Carlo sim-

ulations with more than 106 iterations, is analytically analysed by means of

counting the number of disconnected links in a network by changing parameters

such as vehicle density, curvature based interference rate, SINR threshold and

beamwidth. In addition, the effect of beamwidth is investigated for 5 different

angles, 3◦, 6◦, 10◦, 20◦, 45◦ in order to sample from narrow to wide beamwidth.

The parameters of the analysis are set as follows: 6B = 0.1, %C = 1 W, and

#0 = −86.86 dBm for 500 MHz. The vehicle density per lane is gradually in-

creased from Fig. 4.5, Fig. 4.6, and Fig. 4.7. Accordingly, the number of links

are calculated by using _� + 1 which includes both RSU links. as links of two

RSU. Zero disconnected links means that the vehicular network is end-to-end

connected.

The f, which is implemented in (2.6) in order to control main-to-main

lobe gain interference probability, P�<�< , is used accordingly to shape the

probability of main-to-side and side-to-side lobe interferences. A lower f

implies that a vehicle’s beam is more likely to propagate in the same lane,

which results in more interference to vehicles in the lane. On the other hand, a

higher f implies that the vehicle’s beam is more likely to propagate out of the

lane, which results in less interference for those vehicles. In order to analyze

two cases, f is set as 1 or 5, which simulates low- and high curvature roads,

respectively. For instance, in the f = 1 case, the main-to-main lobe interference
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Figure 4.5: Low vehicle density case where triangle markers and horizontal lines
show the analytical and simulation results, respectively. Average inter-vehicle
distance is 200 m where � = 1000 m.

probabilities of 3◦, 6◦, 10◦, 20◦, 45◦ beamwidth scenarios, P�<�< (f), are 0.43,

0.49, 0.5, 0.5, and 0.5, whereas, in the f = 5 case they are 0.12, 0.23, 0.34, 0.47,

0.5, respectively. Because of the assumption that beams propagate towards the

vehicles only from the front, the maximum probability of main-to-main lobe

interference is set as 0.5. Also, since the road curvature and vehicle density

have a stronger effect for narrow beamwidths, a higher variance is implemented

for 3◦ and 6◦.

Fig. 4.5 illustrates the connectivity performance for 6 links in a scenario

in which the average distance between consecutive vehicles is 200 m, which

results in a wide alignment zone that covers most of the lateral displacement

of the receiver vehicle. It can be noticed that the probability is almost zero to

have 0, 4, 5, or 6 disconnected links, whereas there is a finite probability to

have 1, 2, or 3 disconnected links. When the SINR threshold is increased to

be 10 dB, the probability values change and shift towards a higher number of

disconnected links, which is represented in Fig. 4.5b. It can be observed that

such a shift occurs for all cases in which the SINR threshold is increased.
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Figure 4.6: Medium vehicle density case where triangle markers and horizontal
lines show the analytical and simulation results, respectively. Average inter-
vehicle distance is 100 m where � = 1000 m.

Figs. 4.5a and 4.5b illustrate that connectivity performance has a low

sensitivity to beamwidth regardless of SINR threshold. However, in Figs. 4.5c

and 4.5d, the implementation of higher f results in less interference, thus

narrowing the beams clearly maximizes the connectivity. Interestingly, in Fig.

4.5c, 3◦ beamwidth almost provides an entirely end-to-end connected network

as the probability for zero disconnected links is almost 1. Furthermore, the

difference in connectivity performance between different beamwidths becomes

more distinct for higher SINR threshold as is shown in Fig. 4.5d. Also note that

the deteriorated connectivity performance in Figs. 4.5b and 4.5d in comparison

to Figs. 4.5a and 4.5c is mostly caused by the shorter critical transmission

range due to the higher SINR threshold; the beam misalignment probability is

of minor importance.

In general, increase in the number of vehicles on the road increases the total

interference for each vehicle, and subsequently causes a decrease in critical

transmission range and an increase in the number of disconnected links. Fig.

4.6 shows the connectivity performance for medium vehicular density and in
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Figure 4.7: High vehicle density case where triangle markers and horizontal lines
show the analytical and simulation results, respectively. Average inter-vehicle
distance approximately is 15 m where � = 500 m.

general, presents similar results as Fig. 4.5. However, note that due to an

increased number of vehicles the plots in Fig. 4.6 have maximum disconnectivity

probabilities for a higher number of disconnected links in comparison to Fig. 4.5

due to the increase in the number of vehicles. In other words, introducing more

hops into the network increases the number of disconnected links and decreases

their absolute probabilities. Note that the narrowest beamwidth provides the

best connectivity in low/medium vehicle density scenarios regardless f and T .

In Fig. 4.6c and 4.6d it can be noticed that decreasing the beamwidth

increases both the signal power and the interference component in SINR.

Interestingly, in low and medium vehicle density cases, the results imply that

most of the disconnected links are caused by failure to reach the critical

transmission range rather than by misalignment. For instance, in the set-up of

Fig. 4.6c, the critical transmission range for beamwidths of 3◦, 6◦, 10◦, 20◦,

and 45◦ are approximately 430 m, 230 m, 150 m, 110 m, and 99 m, respectively.

Thus, under the conditions of this scenario, only the critical transmission range

of a 3◦ or 6◦ wide beam is substantially greater than the average inter-vehicle
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distance, _−1 = 100 m.

Fig. 4.7 presents results of the high vehicle density case, which could be

an implementation of platooning, and provides different inferences compared

to Fig.4.5 and Fig. 4.6. For instance, in Fig. 4.7a, 3◦ provides the worst

connectivity, whereas a 20◦ beamwidth provides the best connectivity, with

marginal differences to 10◦ and 45◦, which illustrates the scope for beamwidth

optimization. This phenomenon is caused by the closest consecutive vehicle

being too close to enable transmitter beam expansion, hence not all in-lane

lateral displacements of the receiver vehicles can be compensated for. Similarly,

in Fig. 4.7b, the 6◦, 10◦, 20◦, and 45◦ beamwidth scenarios display an almost

identical connectivity performance, in contrast to the worst performance of the

3◦ beamwidth.

The 6◦ beamwidth is the best performer in Fig. 4.7c. In this scenario, the

critical transmission ranges for 3◦, 6◦, 10◦, 20◦, and 45◦ are approximately

66 m, 36 m, 24 m, 17 m, and 16 m, respectively, and the average consecutive

vehicle distance is 15 m. Nevertheless, the misalignment probabilities are 45◦

are 0.37, 0.075, 0.0043, 0.0018, and 0.0018, respectively. This phenomenon

implies that with increasing beamwidth the cause of the disconnected links

changes from misalignment to failure in reaching the critical transmission range.

Hence, even though 3◦ provides a substantially greater critical transmission

range, its tendency to misalignment hence makes a 6◦ beamwidth a better

choice. Also, note that in some cases there is a trade-off between the number

of disconnected links and their probabilities. For instance, in Fig. 4.7d the 6◦

beamwidth provides less disconnected links with a higher probability, whereas

the 3◦ beamwidth provides more disconnected links with a lower probability. As

a comparison, [89] has also investigated the four-lane connectivity of mmWave

V2V networks with graphical approach. Their finding is that neutralizing

intra-cluster interference significantly improves the performance which is also

compatible with finding of this thesis.

4.5 Conclusions

In this chapter, an analytical connectivity analysis of mmWave V2V networks

was presented. The resulting analytical model was based on a parametric

critical transmission range and a beam misalignment probability caused by the

lateral displacement of vehicles, and was validated by Monte Carlo simulations.

In addition to stochastic geometry, geometric probability tools were used, that

had been developed to calculate the probability of covering all gaps of a circle by

uniformly and independently distributed arcs. In order to maximize connectiv-

ity, it has been shown that there are different beamwidth regimes depending

upon road curvature and vehicle density. In general terms, on low curvature
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roads and for low/medium vehicle densities, the connectivity performance is

nearly independent of the beamwidth. Moreover, for high vehicle density and

low-curvature roads, wide beamwidths outperform narrow beamwidths. For

other scenarios the best performance is obtained with narrowest beams. Plus,

the system performance varies slightly when beamwidths larger than 10◦ are

employed. Furthermore, increase in vehicle density causes more number of

disconnected links, yet with less probability of occurrence. Finally, the trade-off

between critical transmission range and misalignment probability has been

characterized such that, increase in beamwidth results less misalignment based

disconnectivity, yet more failure to reach critical range disconnectivity.
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Chapter 5

Routing-Based

Mean-Interference Analysis of

mmWave V2V Networks

As it is discussed in Chapters 2 and 3, the performance of mmWave V2V

communications significantly depends on routing behaviour and the probability

of being interfered by surrounding vehicles. Further, the models presented in

the previous Chapters 3 and 4 are limited to single-lane traffic. In this chapter,

in order to provide a higher degree of fidelity and bring the model closer to

reality, the number of lanes in the model is gradually increased. In addition to

coverage and connectivity, the mean-interference affecting the typical receiver

is analysed to present an alternative perspective.

In this chapter, an angle-dependent, mean-interference model for two-lane

traffic is presented, based on a shifted and hardcore distance-separated Poisson

point process, that compares two baseline routing schemes, namely in-lane and

closest vehicle routing. It is revealed that closest vehicle routing outperforms

the in-lane routing scheme in every scenario, with smallest differences for low

vehicle density and wide antenna beamwidths. Although this Chapter assumes

that all the interferences are attenuated by LOS path loss, the in-lane routing

scheme can be substantially improved if in-lane interferences are attenuated by

NLOS path loss due to the metallic body of vehicles.

It is also found that the probability of the closest vehicle being located in

the adjacent lane, approximately follows 4−_ℎ2
2 where _ and ℎ2 are the density

of vehicles and the hardcore distance between vehicles designated by platooning

rules, i.e. minimum headway distance. In addition, it is found that the impact

of main-to-side and side-to-side antenna lobe gains on the mean-interference is

minor compared to the main-to-main antenna lobe gain. Hence neglecting the

former cases provides a significant simplification to the model, without losing

much accuracy.
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5.1 Introduction

Vision-sharing through wireless communications amongst vehicles is a continu-

ous process rather than event-triggered, such as a red traffic light. Given that

mmWave communications are dependent on constant beam searching, steering

and alignment, and thus sensitive to blockages [45], mmWave links tend to be

fragile. Moreover, the unpredictable movement of vehicles and accordingly, the

dynamically changing network topology is another beam alignment challenge

to overcome.

Beam optimization and performance analysis of mmWave communications

in the vehicular domain has recently received a lot of interest from the aca-

demic community. For instance, [98] proposes a dynamic beam management

framework for V2I communications utilizing traffic signals and road topology.

Furthermore, [99] presents a stochastic geometry framework that models the

performance of mmWave V2I communications for a mixture of traffic consisting

of platoon-autonomous and manned vehicles, in which only platoon-autonomous

vehicles use mmWave. Additionally, [100] proposes a 3D-beam alignment-based

routing scheme for mmWave V2X communications. Furthermore, [101] presents

a latency and reliability analysis for various relaying schemes of mmWave V2V

communications, and [102] proposes a low-latency scheme that focuses on an

information-centric methodology, in which frequently used packages are cached

at the edge of the network. In addition, [103] presents a mathematical analysis

for a proactive V2V- or V2I-mode selection, in order to overcome dynamic

blockages in vehicular traffic.

Yet, the aforementioned routing schemes tend to be too complicated to

sustain in high mobility traffic, considering the requirements of constant beam

alignment. In addition, difficulties due to the speed difference between vehicles,

overtaking, and lane changing, require adjustments of the network topology

beyond the capabilities of current methods. Furthermore, high path loss caused

by blockages of mmWave communications will be a problem if the vehicles

need to communicate through a blocking vehicle.

So far, there are two baseline routing [104] schemes that easily provide

LOS links which are considerably simple to sustain in the dynamic network

topologies for mmWave vehicular connectivity. The first scheme is In-Lane

Routing (ILR) which sends information packages to nearest vehicles in the

own lane, and the second scheme is Closest-Vehicle Routing (CVR) which

establishes links with the nearest vehicle regardless of the lane [104]. In terms

of stability and lifetime of links, both routing schemes have inherent advantages

and disadvantages. For instance, the network topology in the ILR scheme

occasionally changes, which solely happens if a vehicle changes its lane, whereas

changes in the network topology of the CVR scheme take place more frequently.
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In addition, typically the traffic flow in the (UK’s) right lane flows faster than

in the left lane. Hence, a link between a vehicle in the faster lane that is paired

with a vehicle in front of it in a slower lane will be broken after the slower

vehicle has been overtaken, and the faster vehicle has become the new front

vehicle. Thus, compared to CVR, the ILR scheme provides better stability

and better link lifetime performance. However, as can be observed from Fig.

5.1, the CVR scheme causes less interference compared to the ILR scheme, as

a considerable part of the interferer’s antenna beams are directed away from

the road’s direction, after a point at which the closest vehicle is located in

the adjacent lane. On the contrary, the interferer’s beams in the ILR schemes

always remain directed along the road which results in a stronger interference

for other vehicles. Thus, ILR provides a more stable network topology and

longer link lifetime, whereas CVR provides a better signal quality. The purpose

of this chapter is to investigate the behaviour of the mean-interference in both

schemes, and to discover the regime in which one scheme outperforms the other

for various vehicular densities and antenna beamwidths. The contributions of

this chapter are,

• It is observed that CVR outperforms ILR in all cases, but the difference

in performance decreases with increasing beamwidth. Additionally, the

mean-interference of ILR is much more sensitive to increased vehicular

density. Also, the impact of main-to-side and side-to-side lobe alignments

is minor, so neglecting these alignment cases significantly simplifies the

analytical model.

• The strongest interfering vehicles are located in the own lane if the ILR

scheme is applied. The ILR scheme can be improved significantly with the

application of advanced interference management techniques, with the

allocation of orthogonal resource blocks to in-lane interferers, and with

the conversion of LOS interferers to NLOS interferers through antenna

placement on a vehicles such that signals are attenuated by their metallic

bodies. This sustainability potentially makes ILR preferable over the

CVR scheme.

• Unlike the main body of the existing literature in which the probabil-

ity of main-to-main, main-to-side, and side-to-side lobe alignments are

hypothetically and roughly modelled, in this work an angle-dependent

beam alignment probability model is given for mmWave V2V networks.

Even though the model is presented for two-lane roads only to enhance

the readability of this chapter, it will be explained how the model can be

extended to more lanes.
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Figure 5.1: Graphical representation of a) the ILR and b) the CVR routing
scheme, and the angle-dependence of the interferences in them. Case 1 and 2 in
b) classify the scenarios in which the transmitter (green) to the typical receiver
(white) is either in the own lane or the adjacent lane, respectively. Vehicle
types A and B represent own lane interferer vehicles (red) that are paired
with receivers in the own lane or adjacent lane, respectively. Similarly, vehicle
types C and D represent adjacent-lane interferer vehicles that are paired with
receivers in the adjacent lane or the own lane (w.r.t. to the typical receiver),
respectively.
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5.2 System Model

It is assumed that each vehicle is equipped with two antennas, one at the

front and one at the back. The front and back antennas act as a receiver and

a transmitter, respectively, in order to provide a continuous vision-sharing

data stream between vehicles. In both routing schemes, it is assumed that

the direction of data propagation is always from front to back following the

traffic flow, as the vision of the front vehicle is most important to the following

vehicles. It is also defined that the typical receiver is located in the lane named

’own lane’, !>F=, which is placed at the origin {0, 0}, as shown in Fig. 5.1.

The corresponding typical transmitter can be located in either of the lanes,

depending upon its location and employed routing scheme.

The main lobe gain, �<, of any transmitter is given as

�8−> 9 =


�< =

2c−(2c−q)6B
q

6B

, (5.1)

where 6B and q are side lobe gain and half-power beamwidths respectively, and

where 0 < 6B ≤ 1. Note that (5.1) is a version of (2.5) without restrictions by

\8−> 9 (f). The mean-interference notation is E
(
�own + �adj.

)
, in which �own and

�adj. are the sum of interferences caused by vehicles that are located in their

own and adjacent lanes, respectively.

The sums of own and adjacent lane interferences are given as

�own =
∑

8 nΦown

%Cℎ8�8−>CA�CA−>8�G
−U!
8

, (5.2)

�adj. =
∑

8 nΦadj.

%Cℎ8�8−>CA�CA−>8�H
−U!
8

, (5.3)

where Φown, Φadj., %C , ℎ8, �, U!, G8, and H8 are the set of interferers at each

lane, transmitter power, small-scale fading, path loss intercept, LOS path loss

exponent, distance to the typical receiver from its own lane, and adjacent lane

interferers, respectively, and �CA−>8 and �8−>CA are the reciprocal antenna gains

of the typical receiver and interferer. Since it is assumed that �own and �adj.

are independent, E
(
�own + �adj.

)
can be written as E (�own) + E

(
�adj.

)
.

The small scale fading is modelled as Nakagami Chapter 2 and follows

ℎ8 ∼ Γ(<, 1/<). Moreover, since ℎ8 is an independent random variable, the

expected value can be written as

E (�own) = E
(∑
8 nΦ

%CE (ℎ8)�8−>CA�CA−>8�G
−U!
8

)
(5.4)
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and E (ℎ8) = < 1
<
= 1 because of the gamma distribution. Thus, the sums of

the own and adjacent lane interferences are simplified as

�own = %C�
∑

8 nΦown

�8−>CA�CA−>8G
−U!
8

, (5.5)

�adj. = %C�
∑

8 nΦadj.

�8−>CA�CA−>8H
−U!
8

. (5.6)

In the original homogeneous PPP, the points can fall onto each other or

be located very close to each other. However, due to the physical dimensions

of vehicles and the headway distance, a homogeneous PPP does not reflect

the distribution of vehicles very accurately. Therefore, in this chapter the

distribution of vehicles is modelled with a variant of PPP, which shifts the

positions of vehicles if they are within a set hardcore distance from the typical

receiver. Commonly, a traffic flow follows a 2-second rule, which is defined as

being the headway distance that a vehicle will travel within 2 seconds at its

current speed. Hence, the average headway distance is defined as 2E, where

E is the speed of vehicles in m/s. Then, the density of the distribution, _, is

modelled as 1
2E . Hence, in the following simulations, the speed components at

the x-axis are transformation from density of vehicles. For instance, the case

for the of speed 90 km/h, i.e. 25 m/s, corresponds a simulation of PPP for a

density of 0.02, in practice. Accordingly, the analytical and simulation results

do not include speed-related phenomenons such as Doppler spread.

Nevertheless, it is assumed that the distance of the closest vehicle to the

typical receiver has to be larger than a set hardcore distance, ℎ2, depending

upon the headway distance between consecutive vehicles. Accordingly, ℎ2 is

calculated as ℎCE where ℎC is minimum headway time between consecutive

vehicles. As future traffic flows of autonomous vehicles will include platooning,

a 0.5 second headway time is allocated for safe truck platooning [105]. For

example, given that the speed of the traffic flow is 90 km/h, i.e. 25 m/s,
the average headway distance, density, and ℎ2 are 50 m, 0.02 and 12.5 m for

0.5 second minimum headway time, respectively. Note that this approach offers

a conversion between speed and density, which is applied throughout this

chapter. Thus, in the following numerical simulations, if the distance between

two consecutive vehicles is shorter than ℎ2, then this distance is increased to ℎ2

by shifting the positions of the vehicles, whereas in the analytical model, only

the closest vehicle is shifted by ℎ2. In this chapter’s discussion, it is shown that

the distribution of future autonomous traffic can be modelled with a simple

shifted homogeneous PPP without the use of more complex repulsive point

processes, such as Matérn hard-Core point process [106].
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5.2.1 In-Lane Routing Based Mean-Interference

As is depicted in Fig. 5.1a, for ILR the corresponding transmitter of the typical

receiver will always be located in the receiver’s own lane. So, the receiver

beam of the typical receiver will be aligned in a direction along its own lane.

This also implies that any interference must also originate from its own lane,

and thus the interferences will be multiplied by the main lobe of the typical

receiver. Similarly, the beams of their own lane interferers will be multiplied

by the interferer’s main lobe gain due to the ILR scheme.

Note that since the typical transmitter is located within the receiver’s own

lane, this has an impact on the distribution of the vehicles in that lane. Given

that the distribution of the typical transmitter’s position located in the own

lane is _4−_(AG−ℎ2) , where AG is the distance between the typical receiver and

transmitter, then the own lane interference has to be calculated for each AG.

Note that the distance of the closest point to the center follows exponential

distribution when homogeneous PPP is employed. As shifted homogeneous

PPP is employed, resulting distribution corresponds to _4−_(AG−ℎ2) . Similarly,

the mean interference of the vehicles located in the own road, E
(∑

Φown
G
−U!
8

)
,

is calculated as
∫ ∞
AG
_G−U!3G by using Campbell’s theorem [106]. Accordingly,

the mean-interference of �own can be expressed as

E (�own |AG) = %C��<�<
∫ ∞

ℎ2

_4−_(AG−ℎ2)
∫ ∞

AG

_G−U!3G3AG . (5.7)

Assuming that the LOS path loss exponent for mmWave communications is

U! = 2 [45], (5.7) can be modified as

E (�own |AG) = %C��<�<_24_ℎ2Γ (0, _ℎ2) , (5.8)

where Γ is the incomplete gamma function [107]. From (5.8) it can be observed

that E (�own |AG) scales with _2. Since _ is inherently smaller than 1 for vehicular

networks due to the dimensions of the vehicles and the headway distance, _2

causes a smaller coefficient than _ which decreases the interference. On the

contrary, 4_ℎ2 is a coefficient that represents the shift of the vehicle distribution,

and displays that an increase in vehicle density increases the interference

exponentially. Also, note that (5.8) is not specifically dependent on beamwidth,

excluding the impact of beamwidth on antenna gains as in (5.1).

The mean-interference of vehicles that are located in the adjacent lanes

has to be separated depending upon the locations of the interferers. Referring

to Fig. 5.1a, if any interferer is located in the expansion region of the beam

with an angle of qℎ, which is half of the beamwidth q, then its interference is

multiplied with the main lobe gain. Note that this relationship is reciprocal

from the interferer’s point of view and the location corresponding typical
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transmitter has no impact on the distribution of adjacent lane vehicles.. Then

the resulting antenna gain is �<�< if the location of the interferer is beyond
!F

tan(qℎ) , otherwise it is 6B6B. By utilizing Campbell’s theorem [106] as in (5.7),

the resulting mean-interference of vehicles located in the adjacent lane is

E
(
�adj.

)
=

∫ !F
tan(qℎ )

0

%C�6B6B_(
G2 + !2F

) U!
2

3G +
∫ ∞

!F
tan(qℎ )

%C��<�<_(
G2 + !2F

) U!
2

3G, (5.9)

where !F is the lane width. For U! = 2, (5.9) becomes

E
(
�adj.

)
=

%C�6B6B_ tan−1
(
G
!F

)
!F

�����
!F

tan(qℎ )

0

+
%C��<�<_ tan−1

(
G
!F

)
!F

�����∞
!F

tan(qℎ )

.

(5.10)

By inserting the limits of the integral, and given that

tan−1
(

1

tan (qℎ)

)
=
c

2
− qℎ for qℎ ≤

c

2
, (5.11)

(5.10) can be written as

E
(
�adj.

)
=
_%C�

!F

©­­­­«
Minor Impact︷           ︸︸           ︷
6B6B (

c

2
− qℎ)+�<�<qℎ

ª®®®®¬
. (5.12)

It is shown in (5.12) that E
(
�adj.

)
is a simple closed-form equation. Furthermore,

E
(
�adj.

)
is inversely proportional to the lane width, and it scales with _ instead

of _2. Interestingly, the c
2 − qℎ term in (5.12) is decreasing with increasing

beamwidth, accordingly reducing the impact of the side-to-side lobe interference

and increasing the effect of main-to-main lobe interference. Yet, it is observed

in (5.1) that the change in main lobe gain is more dominant, thus the increase

in beamwidth will eventually reduce the total interference. Note that this

method can be applied for any number of lanes, by applying =!F instead of !F

for the =-th lane. Eventually, the total mean-interference of the ILR scheme

can be expressed as

EILR (� |AG) ≈ %C��<�<_
(
_4_ℎ2Γ (0, _ℎ2) +

qℎ

!F

)
. (5.13)

5.2.2 Closest-Vehicle Routing Based Mean-Interference

The mean-interference of the CVR scheme is heavily dependent on the location

of the typical transmitter in terms of its lane and its distance to the receiver.

The probability distribution function of the distance of the closest vehicle to
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Figure 5.2: Probability of the closest vehicle being located in the own lane
versus the speed of the traffic.

the typical receiver in its own lane is

5A- (AG) = _4−_(AG−ℎ2) , (5.14)

where A- and AG represent the random variable and its sample. Note that the

probability distribution of the closest vehicle in the adjacent lane, from the

typical receiver’s point of view, can be modelled with a homogeneous PPP,

as the typical receiver has no impact on the distribution of vehicles in the

adjacent lane in terms of headway distance. Hence, the probability distribution

of the vehicles closest to the location {0,−!F } is given as

5A-adj.

(
AGadj.

)
= _4

−_AGadj. , (5.15)

and the random variable that represents the distance of the vehicle closest to

the typical receiver is given as A. =
√
A2Gadj. + !2F . The cumulative distribution

function of A. under the assumption of AH ≥ !F , can then be written as

P
(
AH > A.

)
= P

(√
A2H − !2F > AGadj.

)
. (5.16)

Thus, the CDF of A. becomes

P

(√
A2H − !2F > AGadj.

)
=

∫ √A2H−!2
F

0
_4
−_AGadj. 3AGadj. , (5.17)
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which results in

�A.
(
AH

)
= 1 − 4−_

√
A2H−!2

F ←→ 5A.
(
AH

)
=
_AH4

−_
√
A2H−!2

F√
A2H − !2F

, (5.18)

where �A.
(
AH

)
and 5A.

(
AH

)
are the CDF and PDF of A. respectively. Thereafter,

the probability of the closest vehicle being located within the typical receiver’s

own lane is calculated as

P (A. > A- ) =
∫ ∞

!F

5A.
(
AH

) ∫ AH

ℎ2

5A- (AG) 3AG3AH . (5.19)

Changing the variable AH =
√
A2G + !2F , (5.19) can be written as

P (A. > A- ) =
∫ ∞

ℎ2

_4−_AG
(
1 − 4−_

√
AG

2+!2
F 4_ℎ2

)
3AG , (5.20)

which includes an analytically unsolvable integral due to the square root term.

However,
√
AG

2 + !2F can be approximated as 06AG + 0B!F with a very high

accuracy if AG ≥ !F [108], which requirement holds since the threshold distance,

ℎ2, is typically larger than !F . For example, the minimum headway distance

for a 50 km/h traffic flow is approximately 6 m[109], and the typical lane width

is 3 m. Even in the extreme case that the corresponding transmitter is located

in the 4-th lane, which means that the total lane separation between the

pair is three lane widths and equal to 9 m, and thus larger than ℎ2, then

the approximation error for the distance between the typical receiver and the

vehicle closest to it, is only 1 m. Therefore (5.20) can be approximated as

P (A. > A- ) ≈ 4−_ℎ2 −
4−_06ℎ2−_0B!F

06 + 1
, (5.21)

where 06 = 0.9343 and 0B = 0.4269 are approximation constants that were

obtained through multiple regression in [108]. Moreover, (5.21) can be enhanced

with a corresponding transmitter that is located in the =-th lane by means

of replacing !F with (= − 1)!F . In (5.21) it is observed that for a two-lane

network, P (A. > A- ) can be approximated further as

@own =
4−_ℎ2

2
. (5.22)

Thus, the probability of the closest vehicle being located within the typical

receiver’s own lane follows (5.22). Hence, the probability of the closest vehicle

being located in its own lane exponentially decreases with an increase in

vehicle density. Fig. 5.2 shows P (A. > A- ) for different lane widths and speeds.

Moreover, the probability of the closest vehicle being located in the adjacent
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lane of the typical receiver is @own = 1 − @own, where the over-line notation

represents the complementary probability.

As is depicted in Fig. 5.1b, the antenna gain combinations �<�<, �<6B

and 6B6B are dependent upon the angles between the transmitter-receiver pairs

and their antenna beamwidths. In Fig. 5.1b, V represents the angle between a

pair of one transmitter and one receiver if the pair is located in an adjacent

lane to the typical receiver. For instance in Case 1, if half of the beamwidth,

qℎ, is wider than V of the B-C pair, then the beam of vehicle B will interfere

with the typical receiver with its main lobe antenna gain. Furthermore, \ in

Fig. 5.1b represents the angle between adjacent lane interferers and the typical

receiver. Similarly for Case 1, if qℎ is larger than the angle difference V − \ for

vehicle D, then the beam of vehicle D will interfere with the typical receiver

with main lobe gain. Thus, a stochastic characterization of the distributions of

the angles is required. The CDFs of V and V − \ describe the probabilities of

the antenna gain combinations. The CDF of V can be written as P (qℎ > V),
which becomes

P
©­­«qℎ > sin−1

©­­«
!F√

˜AGadj.
2 + !2F

ª®®¬
ª®®¬ = P

(
˜AGadj. > !F cot (qℎ)

)
, (5.23)

where ˜AGadj. is the in-lane, inter-vehicle distance. Since it is an exponentially

distributed random variable, (5.23) becomes

�V = 4
−_!F cot(qℎ) ←→ 5V =

_!F

sin2 (V)
4−_!F cot(V) , (5.24)

where �V and 5V are the CDF and PDF of V, respectively. It can be seen

that (5.24) shows the probability of being interfered with by the main lobe

from any own lane vehicles that establish inter-lane links with adjacent lane

vehicles, such as vehicle B in Fig. 5.1b. Furthermore, note that this probability

is closed-form, increasing with beamwidth and exponentially decreasing with

vehicle density.

In addition to V, the CDF of \ can be written as P (qℎ > \) which becomes

P
©­­«qℎ > sin−1

©­­«
!F√

A2Gadj. + !2F

ª®®¬
ª®®¬ = P

(
AGadj. > !F cot (qℎ)

)
, (5.25)

where AGadj. is the distance of any adjacent lane vehicle to {0,−!F }. As AGadj.
is uniformly distributed because of the homogeneous PPP, (5.25) becomes

�\ = 1 − !F cot (qℎ)
'

←→ 5\ =
!F

' sin2 (\)
, (5.26)
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versus the beamwidth, where !F = 3 m and E = 90 km/h.

where ' is an arbitrary large number to limit the uniform distribution and

simulation. The CDF of V − \, �V−\ , can be expressed as P (qℎ > V − \) which

can be written in terms of 5V and 5\ as

�V−\ =

∫ c/2

sin−1
(
!F
'

) !F

' sin2 (\)

∫ qℎ+\

0

_!F4
−_!F cot(V)

sin2 (V)
3V3\, (5.27)

which becomes

�V−\ =

∫ c/2

sin−1
(
!F
'

) !F

' sin2 (\)
4−_!F cot(qℎ+\)3\, (5.28)

Plots of �V, �\ , �V−\ are shown in Fig. 5.3, from which it can be observed

that \ is always smaller than qℎ, excluding very narrow beams. Furthermore,

as �V and �V−\ perform very similarly, �V can be used instead of �V−\ in a

two-lane road layout, as it is closed-form.

The calculation of the mean-interference of the CVR scheme is carried

out in the form of E
(
�own, adj. |A:

)+9
8

where :n{G, H}, 8n{1, 2}, 9n{�, �, �, �}. A:
represents the distance between a typical transmitter and receiver pair under

the condition that the closest vehicle, i.e. the typical transmitter, is in the

typical receiver’s own lane (: = G, 8 = 1) or the adjacent lane (: = H, 8 = 2).
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8 depicts the case number of the CVR scheme, and 9 represents the type of

vehicle based on its location and routing as shown in Fig. 5.1b. Then, the final

mean-interference of the CVR scheme, E
(
�own + �adj.

)
, becomes

E
(
�own + �adj.

)
= E (�own |AG)+�1 + E (�own |AG)+�1 + E

(
�adj. |AG

)+�
1 + E

(
�adj. |AG

)+�
1

+E
(
�own |AH

)+�
2 + E

(
�own |AH

)+�
2 + E

(
�adj. |AH

)+�
2 + E

(
�adj. |AH

)+�
2 (5.29)

.

Case 1

The mean-interference calculation causes by own lane vehicles for Case 1 of

the CVR scheme is similar to the ILR scheme. E (�own |AG)+�1 can be developed

as in (5.8),

E (�own |AG)+�1 = %C�@own@own�<�<_
24_ℎ2Γ (0, _ℎ2) , (5.30)

where the first @own term represents the probability that the typical transmitter

is located in the own lane, i.e. Case 1. The second @own term models A-type

vehicles, i.e. interferers that are located in the own lane.

For Case 1, a B-type vehicle interferes with its main lobe antenna gain with

a probability of �V, and with its side lobe gain with a probability of �V, thus

the mean-interference for such vehicles is

E (�own |AG)+�1 = %C�@own@own_
24_ℎ2Γ (0, _ℎ2) (�V�<�< +

Minor Impact︷    ︸︸    ︷
�V�<6B ). (5.31)

A C-type vehicle in the adjacent lane interferes with the typical receiver

with its main lobe gain if its beam covers the location of the typical receiver as

in the ILR scheme. Note that if this condition is satisfied, then automatically

the received interference will be multiplied by the main lobe gain of the typical

receiver. Hence, the �<�< state will hold if the location of a C-type interferer

is beyond !F
tan(qℎ) as shown in (5.32). Then (5.33) depicts E

(
�adj. |AG

)+�
1 for

U! = 2.

E
(
�adj. |AG

)+�
1 is calculated similar to E

(
�adj. |AG

)+�
1 . However, the probability

of D-type vehicles interfering with the typical vehicle with their main lobe

gain is characterized by �V−\ , and the main lobe gain multiplication at the

typical receiver’s side depends on the area covered by its antenna beam. If qℎ

is larger than V− \ at the interferer side, then the resulting antenna gain at the

interferer side is �<, and otherwise it is 6B. Similarly, if its location is beyond
!F

tan(qℎ) , the resulting gain at the typical receiver’s side is �<, and otherwise it
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E
(
�adj. |AG

)+�
1 = %C�@own@own

( ∫ ∞

ℎ2

_4−_(AG−ℎ2)
∫ !F

tan(qℎ )

AG

6B6B_(
G2 + !2F

) U!
2

3G3AG

+
∫ ∞

!F
tan(qℎ )

�<�<_(
G2 + !2F

) U!
2

3G

)
(5.32)

E
(
�adj. |AG

)+�
1 =

%C�@own@own_

!F

(
�<�<qℎ

+

Minor Impact︷                                                                    ︸︸                                                                    ︷
6B6B (

c

2
− qℎ) −

∫ ∞

ℎ2

_4−_(AG−ℎ2)6B6B tan−1
(
AG

!F

)
3AG

)
(5.33)

E
(
�adj. |AG

)+�
1 =

%C�@own@own_

!F

(
�V−\�<�<qℎ +

Minor Impact︷           ︸︸           ︷
�V−\�<6Bqℎ

+

Minor Impact︷                                                                        ︸︸                                                                        ︷
�V−\�<6B

(
c

2
− qℎ −

∫ ∞

ℎ2

_4−_(AG−ℎ2) tan−1
(
AG

!F

)
3AG

)

+

Minor Impact︷                                                                      ︸︸                                                                      ︷
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(5.34)

is 6B. Thus, four different outcomes exist in terms of antenna gains, �<�<,

�<6B, 6B�< and 6B6B, as shown in (5.34) when U! = 2.

Case 2

Since the antenna gain and the distance of the own lane interferers to the typical

receiver are independent random variables in Case 2, the distance component

of the mean-interference in the expected value can be extracted and evaluated

separately. First,the distance component of the mean-interference is calculated

as

E

( ∑
8 nΦown

G
−U!
8
|Ay

)
2

=

∫
5A.

(
AH

) ∫
5A- (AG) 3AG3AH . (5.35)
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With the change of variable AH =
√
A2G + !2F , the mean-interference can written

as

E

( ∑
8 nΦown

G
−U!
8
|Ay

)
2

=

∫ ∞

0
_4−_AG

∫ ∞

max
(√
ℎ22+!2

F ,AG

) _G−U!3G3AG . (5.36)

As the closest vehicle in the typical receiver’s own lane cannot be closer than

AG , because it is already conditioned that the closest vehicle is in the adjacent

lane, the limit of the internal integral has to start from either
√
ℎ22 + !2F or AG

whichever is larger. After algebraic operation, (5.36) becomes for U! = 2

E

( ∑
8 nΦown

G−28 |Ay

)
2

= _2

(
1 − 4−_

√
ℎ22+!2

F

_
√
ℎ22 + !2F

+ Γ

(
0, _

√
!2F + ℎ22

))
. (5.37)

Interference of A-type vehicles that are located in the own lane, conditioning

that the closest transmitter is located in the adjacent lane, can be expressed

as

E
(
�own |Ay

)+�
2 = %C�@own@own

(
�<�<�V + 6B�<�V

)
E

( ∑
8 nΦown

G−28 |AH

)
2

. (5.38)

Similarly, the interference of B-type vehicles that are located in the own lane,

can be expressed as

E
(
�own |AH

)+�
2 = %C�@own

2
(
�2
<�

2
V + 26B�<�V�V + 62B�V

2
)
E

( ∑
8 nΦown

G
−U!
8
|Ay

)
2

.

(5.39)

The calculation of the mean-interference of C-type vehicles for Case 2, E
(
�adj. |Ay

)+�
2 ,

needs to be handled differently depending on whether the vehicle closest to the

typical receiver is located beyond !F
tan(qℎ) or not. If the closest transmitter is

located before !F
tan(qℎ) , then the C-type interferers between the closest vehicle

and !F
tan(qℎ) will impact the typical receiver with 6B. Additionally, if the closest

vehicle is located beyond !F
tan(qℎ) , then all the interferers beyond the location

of the closest vehicle will impact the typical receiver with �<. Similarly, �V−\

controls the probability of the typical receiver multiplying its interference with
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�< or 6B. The following shows the general equation for E
(
�adj. |AH

)+�
2 ,

E
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and (5.41) is the algebraically simplified version of (5.40), stated as
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The mean-interference of D-type vehicles for Case 2, E
(
�adj. |AH

)+�
2 , is de-

pendent on, E

(∑
8 nΦadj.

(√
G2
8
+ !2F

−U!
)
|AH

)
2

which can be expressed as
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which becomes after algebraic manipulation

E
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When (5.43) is combined with �V−\ from both the typical receiver and interferer
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Figure 5.4: Mean-interference versus the half-power beamwidth for various
vehicular speeds, where !F = 3 m, 6B = 0.1, < = 3, ℎC = 0.5 s.
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Finally, the total mean-interference of the CVR scheme can be approximated

as follows
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Figure 5.5: Mean-interference versus the minimum headway time for various
lane widths, where q = 15◦, 6B = 0.1, < = 3, E = 90 km/h.
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5.3 Discussion

The results obtained through analytical modelling and Monte Carlo simulations

are presented in Fig. 5.4, 5.6 and 5.7, and display only minor differences

between both methods. The Monte Carlo simulations are carried out by means

of a random distribution of nodes on two lines as an application of shifted

PPP. In each case, the mean-interference is calculated for more than 105

times, and the typical simulation limit is set at 5 km. Note that the presented

mean-interference results in Figures 5.4- 5.7 are in Watt.

In Fig. 5.4, it is observed that the half-power beamwidth and mean-

interference are inversely proportional for both the ILR and CVR schemes.

Intuitively, one might expect that increasing the beamwidth increases the

probability of being interfered for the typical receiver, thus, the resulting

interference should be higher when the beamwidth is increased. Even though an

increase in beamwidth increases the probability of being interfered, conversely,

this causes a decrease in �< which has a dominant effect on the system’s

performance. Moreover, in Fig. 5.4, the transition from a low vehicle density,

_ = 0.015, to a high density, _ = 0.036, and the relation between vehicle density

and speed explained earlier, causes a significant mean-interference increase

in the ILR scheme especially for narrow beamwidths, whereas this transition

causes a much smaller increase in the mean-interference when the CVR scheme
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is employed. In other words, the CVR scheme is much more resistant to

changes in beamwidth and vehicular density. Intuitively, if the receiver of any

transmitter is located in the adjacent lane, which is only possible in the CVR

scheme, then the antenna beam of that transmitter will be directed away from

the the road’s direction after some point, which can be observed from the

relationship of B- and C-type vehicles in Case 1, Fig. 5.1b. On the other hand,

the beam of any transmitter/interferer in the ILR scheme will always remain

directed along the road as in Fig. 5.1a.

In Fig. 5.5, the relationship between mean-interference and minimum

headway time relationship for different lane widths is examined. In this setup,

the hardcore distance between two consecutive points from point processes

point of view can be travelled by minimum headway time in x-axis of Fig.

5.5 given that speed of vehicles is 90 km/h. It is observed that the mean-

interference is increasing with decrease in minimum headway time. The

reason of this phenomenon is that shorter minimum headway time reduces the

distance between interferer and typical receiver, hence causes higher interference.

Additionally, this trend is valid for both routing schemes. Remember that the

analytical model implements the shifted homogeneous PPP and the simulation

implements hard-core PPP. Accordingly, those two methods produce similar

results for minimum headway time requirements typically less than 0.6s. As

an illustration of this phenomenon, there is a diversion between analytical and

simulation results of CVR scheme after 0.6s in Fig. 5.5.

In Fig. 5.6, it can be clearly observed that an increased vehicle density

increases the mean-interference. Even though the CVR scheme outperforms

the ILR scheme under all conditions, a comparison of Fig. 5.4 and 5.6 reveals

a strategy in which a transition from the CVR scheme to the ILR scheme is

meaningful. Considering that in the CVR scheme it is harder to sustain a link

for a long duration due to the fundamental behaviour of traffic patterns, and

that the scheme causes a topologically more complex network, if the difference

in performance between CVR and ILR is small, then switching to the ILR

scheme is the smarter and simpler choice. Hence, as is inferable from Fig. 5.4

and 5.6, for low density and wide beamwidths the ILR scheme is the preferred

choice.

Additionally, Fig. 5.6 illustrates that in comparison to main-to-main

antenna beam alignment, �<�<, both main-to-side alignment, �<6B, as well

as side-to-side alignment, 6B6B, have a minor impact on the system performance,

even for considerably wide beamwidths and large side lobe gain. Whereas

for q = 30◦ and 6 = 0.7 the ratio of �</6B is only 6.14, and for 6 = 0.1 and

q = 30◦ this ratio is 109, the arrow markers in Fig. 5.6 show that the analytical

results for these parameters, neglecting all �<6B and 6B6B cases and replacing

�V−\ with �V, match very well with the simulation and analytical results that
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include them. Hence, the system designers should focus on interferences that

arise from main-to-main alignments. Moreover, this enables discarding all

main-to-side and side-to-side alignment components from the analytical results,

and using the closed-form �V instead of �V−\ , which results in a significantly

simpler analytical model.

Finally, Fig. 5.7 depicts the system performance in the dependence of

the mean-interference on the speed of the vehicle types. In this analysis, the

employed analytical model is an approximation for 3!F , the fourth lane case;

6B6B and �<6B alignments are discarded; �V−\ and @own are replaced by �V

and (5.21). The good match between the simulation results and the analytical

approximation shows that the shifted PPP-like model and the discarding of

�<6B and 6B6B alignments are appropriate. Furthermore, Fig. 5.7 illustrates

that the presented model can be extended for a larger number of lanes. In the

CVR scheme, A-type and C-type vehicles are the most interference generating

vehicles, whereas the largest difference between the simulation and analytical

approximation occurs for D-type vehicles. However, since the impact of D-type

vehicles is minor, the resulting total interference does not change significantly.

Noticeably, the own lane interferers in the ILR scheme are more powerful than

the adjacent lane interferers. Likewise, the interferers which typical transmitter

and receiver pair is located in the same lane cause more interference when the

CVR scheme is employed.

5.4 Conclusions

In this chapter, the performances of two baseline routing schemes, namely, In-

lane Routing and Closest Vehicle Routing, for mmWave V2V communications

are analytically modelled in terms of their mean-interference. Moreover, it

is shown that under the platooning based headway requirements the shifted

homogeneous PPP can fairly produce accurate model to represent distribution

of autonomous vehicles on roads. Furthermore, it is found that the impact of

main-to-side and side-to-side lobe gain interference is shown to be negligible.

That leaded a significantly simpler analytical model which is verified by Monte

Carlo simulations. Furthermore, it is show that the probability of the closest

vehicle being located in the own lane under CVR scheme is simply exponentially

decreasing with multiplication of vehicular density and minimum headway

distance. Plus, It is found that the CVR scheme outperforms the ILR scheme

in all investigated scenarios, yet, the difference is minor for low density and

wide beamwidth regimes. Furthermore, the ILR scheme can be substantially

improved by limiting the in-lane interference through orthogonal resource

allocation or utilizing the sensitivity of mmWave communications to blockages

by appropriate antenna placement on vehicles.
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Chapter 6

Multi-Lane Urban mmWave

V2V Networks: A Path Loss

Behaviour Dependent

Coverage Analysis

In this chapter, a tractable analytical model for an in-lane routing scheme

that approximates the coverage, rate coverage, and road spectral efficiency

of mmWave urban Vehicle-to-Vehicle networks is proposed. The analytical

model is proposed for three different path loss behaviour scenarios, namely,

Line-of-Sight, Non-Line-of-Sight, and Obstructed-Line-of-Sight. Each scenario

is based upon corresponding, previously reported, experimental mmWave

measurements and path loss models. Building upon Chapter 3, a 4-lane road

layout is considered, hence the impact of inter-lane blockage and adjacent

lanes interferers are taken into account. It is shown that Non-Line-of-Sight

behaviour provides the best performance in coverage, but the lowest reliability.

Moreover, the careful choice of link distances, i.e. forcing communication to

be limited to the nearest vehicle, removes the sensitivity of the system to

interferences from increased vehicle density, which is an important result to be

considered in dense urban networks. Additionally, it is found that narrowing

the beamwidth significantly improves the performance, which is the result

of eliminated interferences, rather than a corresponding increase in antenna

gain. The results of this research will impact both communications systems

infrastructure designers and vehicle manufacturers looking to balance system

performance in the investigated scenarios.

76



6.1 Introduction

The inertia behind measuring and modelling the mmWave channel is growing

within the research community. For instance, radar applications are being

developed at 77 GHz [110]. V2V and in-vehicle channel models, and their

corresponding path loss exponent and delay spread are presented in [91] and [44]

for 60 GHz. V2V excess loss and delay spread when the transceiver antennas are

located near the vehicular headlight in an engine bay are presented in [75] for a

carrier frequency range of 25-84 GHz. Furthermore, [111] measured the contact

time of V2I links at 60 GHz, whereas [112] investigated the blockage effect of

a single vehicle in an open area at 28 GHz. Further, [113] studied the time-

variance of the vehicular infrastructure-to-infrastructure channel for 60 GHz.

Additionally, [114] measured the effect of multipath and direct interference from

side lanes for V2V communications at 79 and 300 GHz with a 30◦ beamwidth,

and states that even for short distances, up to 20 m, interferences caused by

scattering from metallic, plastic, and glass vehicular surfaces are marginal.

In addition, [115] proposed a switching framework between mmWave and

terahertz V2X communications.

As it has been introduced in Chapter 2, the 3rd Generation Partnership

Project (3GPP) models ranging from 0.5 to 100 GHz [116], and the Close-

In (CI) and alpha-beta-gamma (ABG) models [44, 117] are the mainstream

channel models utilized in the literature. Each model is known to have its

advantages and disadvantages. For instance, the ABG model underestimates

or overestimates the path loss under specific circumstances where the link

distance is considerably short or long. The 3GPP and CI models perform

similarly with subtle differences [90].

In addition, [69] characterized the 60 GHz V2V channel model by placing a

transmitter antenna at a height of 1.03 m, which is approximately the windshield

region of the vehicle, while the receiver antenna was positioned in the height

range from 0.4 m to 1.8 m for a varying number of obstructing vehicles in-

between the transmitter and receiver. Furthermore, [118] modelled the channel

characterization of V2V communications in the presence of vehicle blockages

for 6.75 , 30 , 60 , and 73 GHz. It was found that the position of the blockage

relative to the transmitter/receiver antennas plays a crucial role and that the

frequency dependence of the channel response is limited. This point reveals

that the overall network performance will be substantially different depending

upon the position of the antennas. Accordingly, this chapter aims to aid

the vehicle manufacturing and telecommunications industry by exploring the

system level performance of mmWave V2V communications for different path

loss behaviours depending upon the antenna position. As is inferable from

Table 2.1 in Chapter 2, existing models have considered neither multi-lane
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mmWave V2V communications nor the impact of antenna placement. Hence,

this chapter, which is under review in Elsevier Vehicular Communications,

addresses this by characterizing the potential path loss behaviours and their

expected performance to help vehicle manufacturers to optimize the network

performance.

Throughout this chapter, it is assumed that: there is a typical receiver [119],

which is located at the centre of the network; there is a corresponding typical

transmitter located at another pre-set location in the same lane; all vehicles

are located at the centre of their lanes; and the overall system performance is

measured through the quality of the link between the transmitter-receiver pair.

The aim of this work is to enhance the characterization of the performance of

urban mmWave V2V networks. In meeting this aim, the following contributions

are made:

• The coverage probability, rate coverage probability, and road spectral ef-

ficiency are characterized for multi-lane mmWave V2V networks through

a stochastic geometry model that is built on a time-independent mono-

dimensional Poisson Point-like Process (PPP-like), where each node is

separated from the closest node by some set distance ℎ2, and validated

numerically. Specifically, the final model presents the impact on perform-

ance of link distance, density of interferers and their distributions for

varying numbers of lanes, beamwidth, and antenna gain.

• The proposed model is extended with various path loss behaviours and

corresponding propagation characteristics, in order to provide design

insights to optimize the performance of mmWave V2V networks, such

as finding the best-performing path loss behaviour. The coverage, rate

coverage, and road spectral efficiency are stochastically modelled with

the transceiver antennas subjected to the following path loss behaviours:

(i) LOS path loss behaviour except for large vehicles; and (ii) NLOS path

loss behaviour for all vehicles; and (iii) OLOS (Obstructed-Line-of-Sight)

path loss behaviour, with path loss depending on the number of vehicle

blockages. Corresponding real-world, measurement-based path loss and

blockage model parameters are used for each case.

• A multi-lane model, which is extendable for different numbers of lanes,

is proposed. In addition, for each path loss behaviour, the blockage

probabilities of the obstructing vehicles that are located in the same,

adjacent, and outer lanes are evaluated.

• It is found that the impact of any type of NLOS, main-to-side and

side-to-side lobe gain interference is almost negligible. In addition, un-

der the in-lane routing scheme, narrowing the beamwidth significantly
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improves coverage for angles typically smaller than 30◦. Rather than

increasing the antenna gain by narrowing the beamwidth, this improve-

ment mainly comes from the fact that the probability of being interfered

decreases. This shows that low-gain, low-energy-consuming antennas can

be used instead of high-gain antennas without affecting the performance

considerably.

6.2 System Model and Scenarios

The system model proposed in this chapter estimates the coverage performance

of mmWave V2V networks in an urbanized environment. Diagrammatically,

the path loss behaviour options and the scenarios of interest are shown in Fig.

6.1. The performance depends on the distribution and density of the vehicles,

the antenna gain and beamwidth, the path loss, and the blockage. For this

reason, the system model that is built on the following assumptions and remarks

based on practical knowledge of vehicular-oriented mmWave measurements is

characterized.

6.2.1 Node Distribution

Transforming the behaviour of vehicles on the road into a realistic and appro-

priate stochastic distribution is a fundamental step in building an analytical

model. The nodes/vehicles are distributed on infinitesimal lines/lanes in a

time-independent, mono-dimensional, hardcore distance separated, PPP-like

process with density _. The average distance between neighbouring nodes

is _−1 for a homogeneous PPP. As homogeneous PPP allows nodes to be

very close, and considering vehicular dimensions and their tracking distance,

nodes/vehicles are separated from each other by a hardcore distance ℎ2. As

future vehicles will become autonomous and apply platooning, the headway

time is reduced to 0.5 s instead of 2 s used in previous work [105]. The work in

[120] has shown that the string stability of platooning up to six cars is safe for

a 0.5 s-0.7 s headway time, when cooperative adaptive cruise control systems

are employed. For a given traffic flow at 90 km/h, equivalently 25 m/s, the

average headway distance then is 50 m with 2 s travel. Considering that the

average distance between neighbouring nodes is _−1 for a homogeneous PPP,

this means that _−1 = 50 m. Hence, ℎ2 is modelled as the headway time of

0.5 s multiplied with the traffic flow speed, that equals to 0.5_−1, which will be

shown to provide a realistic model and a fair match between the Monte Carlo

simulations and the analytical results.

In Fig. 6.2, results from a Monte Carlo simulation and the traffic simulator

PVT Vissim are compared. For the latter, the simulation was carried out
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Figure 6.1: Illustrations for (a) the blockage model for adjacent lane vehicles,
(b) LOS behaviour, (c) NLOS behaviour, and (d) OLOS behaviour on a 4-
lane road layout. The red and light blue vehicles are the typical receiver
and transmitter, respectively, whereas the black and dark blue vehicles are
interferers and large vehicles. If an interferer is inside a typical receiver’s
main antenna beam (triangle), this causes main-to-main lobe interference, else
side-to-side lobe interference applies.
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Figure 6.2: Relationship between the average headway time and its probability,
for _ = 0.02 in a Monte Carlo simulation, and for a traffic flow of 1800 vehicles
per hour per lane in a PTV Vissim simulation, where the selected parameters for
the Gaussian-Exponential models [121] are F6 = 0.4, `6 = 0.7, f6 =, F4 = 0.6,
`4 = 0.7, and <B = 0.5.

under free lane selection, with the ability to platoon up to seven vehicles, and

using the headway time distribution model from [121]. Clearly, there is fair

match between both results. In [121], an analytical model has been generated

for a headway time distribution that is based on measured data for 4-lane

traffic in Madrid, Spain. The model proposed a combination of Gaussian

and exponential distributions in which the vehicles that travel close to each

other follow a Gaussian distribution and are referred to as bursty vehicles,

and the vehicles that drive independently follow an exponential distribution

and are referred to as isolated vehicles. Thereby, Fig. 6.2 illustrates that the

shifted PPP-like model matches well with the measurement-based Gaussian-

Exponential mixture, including both bursty and isolated vehicles. Hence, the

resulting probability distribution of the headway time is given as

5ℎ (C) = F6
1

f6
√

2c
4
− 1

2

(
C−`6
f6

)2
+ F4`44−`4 (C−<B) , (6.1)

where F6 and F4 are the weights of bursty and isolated vehicles, `6 and f6

are the mean and standard deviation of the Gaussian distribution, and `4

and <B are the rate and shifting parameters of the exponential distribution,

respectively. Hence, it is shown that the proposed shifted PPP-like model for
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Transmitter VehicleReceiver Vehicle

Front AntennaFront Antenna

Rear Antenna

Rear Antenna

Figure 6.3: The front and rear antenna placements on the transmitter and
receiver vehicles.

the traffic of autonomous vehicles has realistic applicability at large extent.

Due to the high path loss experienced in mmWave communication, a

threshold distance, '<, is specified in order to ease computational burden. Any

interferer that is located beyond '< is not considered throughout the analysis.

Also, the width of all lanes, !F , is assumed to be equal. Additionally, lanes

are represented by the notation !0, !1, !2 and !3, with the assumption that 4

lanes exist following the architecture of primary ‘A’ urban roads in the United

Kingdom. For simplicity, it is also assumed that the typical receiver is located

in !0 and its location is set as the origin, {0, 0}, of the coordinate system. Note

that this does not cause loss of generality, as explained by Slivnyak‘s Theorem

[106] in Chapter 2.

6.2.2 Path Loss Behaviours

Path loss characterization of mmWave signals is highly dependent upon both

the existence of blockages and the material they are made of. For example, the

blockage level of the windshield and the entire metallic body of any obstructing

vehicle are considerably different. Hence, the blockage of mmWave propagation

depends on the location of the transmitter and the receiver antennas on/in the

vehicle.

For instance, [122] has measured the antenna location dependent path loss

for mmWave V2V communications where the antennas are raised 0.6 m above

the ground and the beamwidth of the transmitting antenna is 30◦, whereas the

receiver antenna is omnidirectional. Their findings state, that if the transmitter

vehicle uses its rear antenna and the receiver vehicle uses its front antenna, as

shown in Fig. 6.3, the link will be subject to free space path loss only. Whereas

if the transmitter vehicle uses its front antenna, and the receiver vehicle uses

either of its antennas, the resulting path loss will be 125 dB due to the blockage

by the metallic body of the transmitter vehicle, even for a 10 m separation.

Thus, one can clearly state, that a signal originating from a front antenna of

the transmitter vehicle has no impact on the receiver vehicle.
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Table 6.1: Original vehicular path loss parameters

�>
8

U>
8

Obstacle-free (0-LOS) 1.77 70
1 Vehicle (1-NLOS) 1.71 78.6
2 Vehicle (2-NLOS) 0.635 115
3 Vehicle (3-NLOS) 0.362 126

6.2.3 Antenna Gain Model

Main lobe and side lobe antenna gains are modelled as per [62] for Device-to-

Device (D2D) communications, and applied in Chapter 5. As it is illustrated in

Fig. 6.1, if an interferer vehicle leaves the main beam (triangle) of the typical

receiver, then the typical receiver will leave the transmitter beam triangle of the

interferer simultaneously. Hence, main-to-side lobe interference is not possible.

6.2.4 Vehicular Path Loss Models

Two main path loss models are implemented throughout this chapter. Firstly,

the CI path loss model, P�,U!/# , as previously introduced in Chapter 2, is

specifically designed for general mmWave communications by [90] after a

significant number of measurement trials were carried out. Since mmWave

propagation is very sensitive to blockages, the path loss exponent in (2.1) will

be evaluated for LOS (U!) and NLOS (U# ) cases.

The second implemented path loss model, named as OLOS in this chapter,

is based on V2V-measurements at 60 GHz in [69], and given as

P�>
8
,U>
8
= 3−�

>
8 10−

U>
8

10 −
153
104 , (6.2)

where �>
8

and U>
8

are the parameters that shape the blockage effect of obstructing

vehicles between the typical transmitter and receiver. The ratio of the received

and transmitted power varies by the number of obstructing vehicles. If there

is no obstructing vehicle between the typical transmitter and receiver, this is

named as 0-LOS, which is different from OLOS, and the �>0 and U>0 parameters

from Table 6.1 are used. Alternatively, in the cases of 1, 2, or 3 obstructing

vehicles, then the �>1 , U
>
1 (1-NLOS); �>2 , U

>
2 (2-NLOS); or �>3 , U

>
3 (3-NLOS) pairs

are implemented, respectively. Even though the model can be extended to

more than 3 obstructing vehicles by implementing the CI path loss model with

NLOS configuration, due to the extremely weakened signals, the path loss of

the transmitting nodes for a higher number of obstructing vehicles is considered

to be infinite and their interference is ignored in the analysis. The parameters

presented in Table 6.1 are obtained from [69] where the cumulative probability

distribution plot of the measurements meets 50% in order to provide a mean
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value. Note that V2V measurements at 30 GHz, 60 GHz, and 73 GHz carrier

frequencies in the presence of vehicle blockages have only shown a limited

frequency dependence [118]. Hence, the OLOS path loss model can be used

for other mmWave carrier frequencies with minor changes.

6.2.5 Blockage Models

The nature of mmWave communications being very sensitive to blockages,

strongly motivates researchers to realistically model the blockages from inter-

mediate vehicles in lanes and between lanes.

In the case where the transceiver antenna is subject to LOS path loss

behaviour, it is assumed that all the links within a reasonable communications

range, and until blocked by a large vehicle, are accepted as LOS regardless of

the lane of the interferer vehicle, as shown in Fig. 6.1b. If the large vehicle

is located in the same lane, vehicles beyond the large vehicle will interfere

with the typical receiver as NLOS. And if the large vehicle is located in one of

the adjacent lanes, it is represented as a circle with 1 m radius, i.e. half the

width of an average vehicle [123]. Typically, the width of vehicles, including

passenger vehicles and buses, ranges from 1.5 m to 2.5 m. Hence, for analytical

convenience the circle radius is set as 1 m. If a straight line from the interferer

to the typical receiver crosses such circle, the link is assumed to experience

NLOS interference, as shown in Fig. 6.1a.

The equation of such line from the nearest lane, !1, is H = !F
A
G, where A, G

and H are the position of the interferer, the distance between the typical receiver

and the interferer in the direction of travel, and the width of the lanes/road,

respectively. Note that for !1, if the vehicle nearest to the interferer vehicle

located at !1 does not form a blockage, the corresponding link is LOS. Assuming

the location of the nearest vehicle to the interferer in the same lane, {@, !F },
the probability of the distance between a line and a point to be shorter than

1 m can be expressed as P

(
A!F−!F@√
A2+!2

F

< 1

)
. Hence, for ? = A − @, the probability

can be written as

P

(
? <

√
A2 + !2F
!F

)
=

∫ √A2+!2F
;

ℎ2

_4−_(?−ℎ2)3?. (6.3)

As the distance between adjacent nodes follows an exponential distribution, and

applying the hardcore distance ℎ2, the blockage probability can be expressed

as the integral of a shifted exponential distribution. Hence, by taking the

complimentary probability, the probability of establishing a LOS link for !1
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interferers is given by

5!1 (A) = 4
−_[
√
A2+!2F
!F 4_ℎ2 . (6.4)

Similarly, for the !2 interferers, the blockage probabilities are caused by

vehicles located in !1. Hence, the blockage probability of !2 interferers,

P

(
A!F−2!F@√
A2+4!2

F

< 1

)
, can be expressed as P

(
? <

√
A2+4!2

F

2!F

)
, for ? = A/2 − @. Thus,

the probability of establishing a LOS link for !2 interferers is given by

5!2 (A) = 4
−_[
√
A2+4!2F

2!F . (6.5)

Using a similar approach, establishing a LOS link for the !3 interferers is given

by

5!3 (A) = 4
2
−_[
√
A2+9!2F

3!F , (6.6)

where _ and [ are the density of vehicles per lane and the ratio of large vehicles.

Because establishing a LOS link for !3 interferers depends on the vehicles

located in both !1 and !2, (6.6) is a squared equation.

For the NLOS path loss behaviour, the first/nearest interferer that is located

in the typical receiver’s lane is CI LOS, whereas for the other vehicles located

in the same lane the CI NLOS path model is used, as shown in Fig. 6.1c. In

the case of OLOS behaviour, the classification of the links are related to the

number of obstructing vehicles which the mmWave signal has to propagate

through. For an in-lane interferer that is located in the typical receiver’s lane,

!0, if the mmWave signal has propagated through one, two or three vehicles,

then the 1-NLOS, 2-NLOS, or 3-NLOS path loss models are implemented,

respectively. Interferences will be ignored if there are more than three vehicles

to propagate through, as shown in Fig. 6.1d, because the path loss becomes

very high. Finally, Table 6.2 summarizes the relationships of different path

loss and blockage models for each lane.
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6.3 Coverage and Rate Analysis

The signal-to-interference-plus-noise-ratio (SINR) for a typical receiver is given

by

SINR =
%C�<�<ℎ>P! (3)∑

8 nΦLOS+NLOS+OLOS
%C�8−>CA�CA−>8ℎ8P! (A) + #0

, (6.7)

where %C is the normalized transmitter power, ℎ0 and ℎ8 are the small-scale

fading at the typical receiver for the typical transmitters and interferers,

respectively, 3 is the distance between the typical transmitter and receiver,

A is the distance in the direction of travel between the interferers and the

typical receiver, and #0 is the noise power. �< represents the antenna gains

of the typical transmitter and receiver, which are assumed to be aligned. In

(6.7), the corresponding antenna gains of interferers are represented as �8−>CA
and �CA−>8. All the interferers in the activity region have a corresponding

ΦLOS+NLOS+OLOS process, which is the group of all interferers within the

activity region. Additionally, P! (3) and P! (A) represent the path loss models

for the typical transmitter and interferers which depend on link distance and

the path loss models of (2.1), with more details in Chapter 2 and (6.2).

Lemma 1: The coverage probability of multi-lane mmWave V2V commu-

nications assuming that ℎ0 ∼ Γ(<, 1/<) in which < is an integer, is tightly

bounded by

P2 (T ) <
<∑
==1

(
<

=

)
(−1)=+1L0L1L2L3N , (6.8)

where N = 4
−<(<!)−1/<=T
%C�<�<P! (3)

#0 . The proof of (6.8) can be found in Appendix A.

L0, L1, L2, and L3 are Laplace transforms of interferences of vehicles located

in the lanes !0, !1, !2, !3, respectively. The analytical coverage modelling of

LOS, NLOS and OLOS path loss behaviours requires the individual treatment

for all lanes due to the different path loss behaviours and reactions to blockages.

Hence, hereafter the model branches for each lane and path loss behaviour.

6.3.1 LOS Behaviour

In this subsection, the analytical model is specifically characterized for the

scenario in which all vehicles are subject to LOS behaviour, excluding large

vehicles.

Lemma 2 : Assuming < = 1 and U! = 2, the Laplace transforms of the own,

adjacent and outer lanes of LOS behaviour are approximated as:

L!0 ≈ 4

−_
©­­­­«
A

(
1−2�1

(
−0.5,1;0.5;− T32

A2

))�����(_[)
−1+3

3

ª®®®®¬, (6.9)
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L!1 ≈ 4
−_

∫ 'm
!F

tan(qℎ )

T32
A2+!2F +T32

5!1 (A )3A
,

(6.10)

L!2 ≈ 4
−_

∫ 'm
2!F

tan(qℎ )

T32
A2+4!2F +T32

5!2 (A )3A
,

(6.11)

L!3 ≈ 4
−_

∫ 'm
3!F

tan(qℎ )

T32
A2+9!2F +T32

5!3 (A )3A
,

(6.12)

respectively.

The proof of (6.9)-(6.12) can be found in Appendix B. It can also been seen

that the coverage function is independent of the main lobe antenna gain, �<,

excluding its impact on the noise component of the in-lane routing scheme.

6.3.2 NLOS Behaviour

Following (6.8), all transmitter and receiver antennas are subject to NLOS

behaviour. It is assumed that the first vehicle will be located at _−1, which

requires the separation of the model into LOS and NLOS links for distances

from 0 to _−1, and for those larger than _−1. The Laplace transforms of the

own, adjacent and outer lane of NLOS behaviour are approximated as

L#0 ≈ 1,L#1 = L!1 ,L#2 = L!2 ,L#3 = L!3 for [ = 1. (6.13)

Since a typical transmitter acts as blockage for an !0 interferer, it is observed

that the impact of all !0 interferers in NLOS behaviour is negligible. Also

note that in NLOS behaviour all vehicles will act as large vehicles, hence

setting [ = 1 converts the Laplace transforms from LOS behaviour into NLOS

behaviour.

6.3.3 OLOS Behaviour

The measurement-based OLOS path loss model (6.2) results in a challenging

integral to solve. To simplify the integral of the Laplace transforms, (6.2) is

transformed into

P̄�C
8
,UC
8
= �C83

−UC
8 , (6.14)

through the use of non-linear regression that utilized single-term power series

curve fitting tools. Note that typically path loss models are the product of

curve fitting tools that utilized field measurement data. Thereby, the original

parameters shown in Table 6.1 are replaced by the parameters in Table 6.3.

Note that for OLOS behaviour, the blockage impact of each vehicle is ex-

amined individually. Since the vehicles are distributed with mono-dimensional

PPP, it is assumed that the vehicles are truncated uniformly distributed. In
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Table 6.3: Transformed vehicular path loss parameters

�C
8

UC
8

Obstacle-free (0-LOS) 1.841 · 10−7 2.024
1 Vehicle (1-NLOS) 2.547 · 10−8 1.964
2 Vehicle (2-NLOS) 6.3 · 10−12 0.890
3 Vehicle (3-NLOS) 4.99 · 10−13 0.6165

other words, the distribution boundaries of the first, second and third vehicle

are [3 2_−1 + 3], [2_−1 + 3 4_−1 + 3], [4_−1 + 3 6_−1 + 3], respectively.

Lemma 3 : The interference of each vehicle and corresponding Laplace

transforms for the own, adjacent and outer lanes are given by:

L$0 ≈
_

2
2�1

(
−1

UC1
, 1;

UC1 − 1

UC1
;

−�C1T
AU

C
1P�>0 ,U>0 (3)

)
A

�����2_
−1+3

3

, (6.15)

L$1 ≈ 4
−_

∫ 'm
!F

tan(qℎ )

T�C
0√

A2+!2F
U0
P
�>
0
,U>

0
(3)+T�C

0

5!1 (A )3A

,
(6.16)

L$2 ≈ 4
−_

∫ 'm
2!F

tan(qℎ )

T�C
0√

A2+4!2F
U0
P
�>
0
,U>

0
(3)+T�C

0

5!2 (A )3A

,
(6.17)

L$3 ≈ 4
−_

∫ 'm
3!F

tan(qℎ )

T�C
0√

A2+9!2F
U0
P
�>
0
,U>

0
(3)+T�C

0

5!3 (A )3A

.
(6.18)

The proof of (6.15) is given in Appendix C, and the proof of (6.16)-(6.18)

is very similar to the proof of Lemma 2.

For the calculation of the interference from adjacent and outer lanes, the

mathematical methodology is very similar to the calculations for the LOS

behaviour. The major difference is that for a transmitter in the outer lane,

the blockage effect of a vehicle located in the adjacent lane is modelled with

1-NLOS or 2-NLOS parameters. Finally, insertion of (6.15), (6.16), (6.17),

(6.18) into (6.8) results in the probabilities for OLOS behaviour.

6.3.4 Rate Coverage and Road Spectral Efficiency

The probability of the maximum achievable data rate, the rate coverage, can

be calculated using the coverage probability, P2 ()), and the Shannon-Hartley

Theorem as follows,

PRate(') = P2 (2'/� − 1) (6.19)

where ' and � are the maximum achievable data rate and the bandwidth. The

rate coverage for each path loss behaviour is then obtained by adapting (6.8)

for each case.

The Area Spectral Efficiency (ASE), which is introduced in Chapter 1,
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Table 6.4: Main simulation parameters

Symbol Parameter Value

Amin, '<
Minimum and maximum
interference distance

1 m and 1 km

_ Vehicle density per lane 0.02 and 0.03

[
Large vehicle ratio in
urban UK traffic

0.16 [124]

#0 Thermal noise power −174 dBm/Hz
� Bandwidth 500 MHz

!F Average lane width 3 m

U! and U#
Path loss exponent for
LOS and NLOS

2 and 4.5

52 Carrier frequency 60 GHz
6B Side lobe gain 0.25
%C Transmitter power 30 dBm

< Small-scale fading factor 1

is given by [18] and represents the average number of bits transmitted per

unit time, unit bandwidth and unit area. However, in this chapter, ASE is

re-termed as Road Spectral Efficiency (RSE), because, firstly, it is assumed

that the operating frequency range of mmWave V2V links is out-of-band to

other carrier frequencies, which implies that mmWave V2V signals are only

effective throughout the footprint of the road. And secondly, the roads are

typically surrounded by buildings, foliage etc. which significantly bounds the

mmWave V2V signals. Hence, the area component in ASE is interpreted

as a road section in RSE. Plus, density in ASE is typically modelled in 2-D

distribution of points. On the contrary, density in RSE is calculated over 1-D

distribution of vehicles. As a result, the RSE is defined as

RSE =
_!;#!

!;#!!F
log2(1 + T )P2 (T ) (6.20)

where #! is the number of lanes and !; the cross section of the lane length.

The number of active transmitters are calculated in the numerator, whereas

the total area of the road section is calculated in the denominator. Since #!

and !; cancel each other, the final RSE becomes

RSE =
_

!F
log2(1 + T )P2 (T ). (6.21)

Thus, it is shown that RSE is different from ASE due to the division by the

lane width.
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Figure 6.4: Coverage-threshold relationship for two vehicle densities, with 3 =

_−1 and q = 15◦, where markers and lines represent analytical and simulation
results, respectively.

6.4 Numerical Analysis

A validation of the obtained analytical equations, specifically of the Laplace

transforms (6.9)-(6.12), and (6.13), (6.15)-(6.18), for each path loss behaviour,

is carried out by means of Monte Carlo simulations, with the number of

iterations for each presented case exceeding 105. In addition, the parameters

of the simulations and analytical models are presented in Table 6.4. In the

presented figures, a good match is observed between these simulations and the

analytical model.

Fig. 6.4 shows the coverage - SINR threshold performance for the three

different path loss behaviours where the density increases from _ = 0.02 in Fig.

6.4a to 0.03 in Fig. 6.4b, accordingly the link distance decreases from 3 = 50 m

to 33.3 m, which corresponds to a trend of 3 = _−1. It is observed that NLOS

behaviour provides the best performance as the surrounding vehicles behave

as strong isolators in addition to becoming interferers for the typical receiver.

For similar reasons, OLOS behaviour outperforms LOS behaviour. Yet, this

pattern is valid only when each vehicle is equipped with mmWave transceivers

and follows in-lane routing. If the communications link needs to be established

through an intermediate vehicle that is located between a transmitter and

receiver pair other than the closest vehicles in the same lane, then achieving

a successful link for NLOS behaviour is challenging. Whereas in this case

OLOS behaviour still performs at acceptable coverage levels. Nevertheless, LOS

behaviour is the most robust option for such scenarios, because the intermediate

vehicles will likely be small, hence not act as blockages.

Conversely, Fig. 6.4 shows that increasing the density from _ = 0.02 to 0.03

improves the coverage performance for all behaviours. The main reason for this
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are UE

!
= 1.77 and UE

#
= 2.18 [71], and the total bandwidth for VANET is

70 MHz.

trend is that the link distance is automatically reduced from 3 = 50 m to 33.3 m,

which causes a gain in the signal component of the SINR that overcompensates

the gain increase from the overall interference component of the SINR. Also note

that the increase is larger for NLOS and OLOS behaviours compared to LOS

behaviour. Intuitively, this arises from the fact that higher densities mean more

vehicles and accordingly more blockages that act as isolators. Fig. 6.5 displays

the relationship of the maximum data rate and its corresponding probability. In

addition to three mmWave path loss behaviours, a VANET model is added, that

implements a 5.9 GHz carrier frequency. Moreover, the VANET model applies

omnidirectional communications and �< = 6B = 1. Further, it is accepted that

each vehicle is a transmitter and receiver simultaneously, and only large vehicles

can cause an NLOS case. Hence, it is clearly shown that VANET can not

achieve the data rate requirements for vision-sharing of CAVs. A comparison of

the RSE for each path loss behaviour and different vehicle densities is provided

in Fig. 6.6. NLOS behaviour slightly outperforms the OLOS behaviour,

whereas they both significantly outperform the LOS behaviour. The reason for

the NLOS behaviour being the best performer is that the beams of interferers

are heavily blocked by the surrounding vehicles which improves the SINR,

and accordingly the RSE. Besides this, a traditional trade-off between link

reliability and RSE, typically observed in ad hoc networks, takes places in

this model as well. In other words, the highest link reliability occurs at low

SINR thresholds as shown in Fig. 6.4, whereas the highest RSE is achieved for
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high SINR thresholds as presented in Fig. 6.6. Additionally, the maximum

RSE performance for LOS behaviour takes place at smaller SINR thresholds

around −5 dB, whereas the RSE maxima of NLOS and OLOS behaviours occur

for SINR thresholds around 0 dB. Naturally, the overall RSE performance is

better for _ = 0.03 than for _ = 0.02, as a higher vehicular density generates a

higher number of links.

Similar to the work of [8], which concludes that increasing the beamwidth

above 30◦ does not significantly change the performance of mmWave V2I

communications, the beamwidth can be seen as a key factor up to 30◦, according

to Fig. 6.7. Note that the analytical component of Figs. 6.4, 6.6, 6.7, and 6.8

are approximated functions, hence, they do neither include side-lobe gain nor

NLOS interference. Moreover, since the main-lobe gains cancel each other’s

signal and interference components, the effect of the main lobe gain shows

itself only in the noise component of the SINR. Accordingly, it can be stated

that the improvement in coverage for decreasing beamwidth does not originate

from an increased gain, as previously observed in (5.1) in Chapter 5. Rather,

the narrowing beamwidth automatically converts main-to-main lobe interferers

into side-to-side lobe gain interferers that are located in the adjacent lanes, as

is depicted in Figs. 6.1b-d. Under an in-lane routing scheme, this phenomenon

highlights that vehicle component manufacturers should not necessarily increase

antenna gain, but should rather optimize its beamwidth.

Fig. 6.8 illustrates the relationship between the coverage and density

of vehicles for all path loss behaviours, where different SINR thresholds are
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employed. It is observed that all three path loss behaviours display a density-

powered coverage trend. In other words, increasing the vehicular density results

in a shorter link distance, namely 3 = _−1. As it is shown in Fig. 6.4, a shorter

link distance overcompensates the increase in overall interference. Note that

the trend in coverage with respect to density for NLOS behaviour compared to

LOS behaviour grows faster, because the increase of all surrounding vehicles of

the typical receiver act as isolators for NLOS behaviour, whereas only large

vehicles act as isolators for LOS behaviour.

Considering that only minor differences appear between simulation and

analytical results, it is acceptable to state that side-to-side lobe gain and

1-NLOS, 2-NLOS, and 3-NLOS interferers are negligible. Firstly, the ratio of

main-to-main and side-to-side lobe gains is typically large enough to make such

simplification. Secondly, the high difference in path loss between 0-LOS and

x-NLOS is another reason for this phenomenon. Thus, typically, the interferers

that are located far away from the typical receiver tend to be NLOS interferers,

hence their signal is strongly attenuated by both a large distance as well as

a high path loss exponent. Consequently, it is found that NLOS and LOS

behaviours provide the best and worst performance, respectively, when the

vehicles are forced to communicate with the closest vehicle that is located in the

same lane. On the contrary, NLOS and LOS behaviours provide the least and

most reliable links, respectively, if vehicles are forced to communicate through

blocking vehicles. Whereas, OLOS behaviour is always the secondary performer

regardless of whether vehicles communicate through blocking vehicles or not.

6.5 Conclusions

In this chapter, the coverage and road spectral efficiency performance of

multi-lane urban mmWave V2V networks are characterized. Underpinned by

realistic mmWave channel models, a set of final analytical models was built,

which are closed-form under some conditions. The mathematical derivations

were expanded for three path loss behaviour scenarios, and the developed

model proposes novel and realistic blockage models to represent the effect of

obstructing vehicles. The following findings are observed; (i) implementing

NLOS behaviour provides the best performance in coverage, but the least link

reliability under an in-lane routing scheme; (ii) the impact of side-lobe gains

and any NLOS interference is negligible; (iii) the magnitude of the main-lobe

antenna gain does not have a major impact on the system performance; and (iv)

mmWave V2V communications are density-insensitive if vehicles communicate

with the nearest vehicle.
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Chapter 7

Conclusions and Future Work

Over the preceding chapters, it has been shown that through the application

of stochastic geometry and Monte Carlo simulations, a number of new ideas

have been articulated and proven that provide a well-rounded contribution

to knowledge in the estimation of the performance of mmWave for CAV

applications. The wider impact of which is, that through the provision of

better connectivity analysis, this work is able to contribute to technological

advances for society through the faster adoption of CAVs. This in turn will

allow for a greater number of people, and a higher degree of freedom for

safer, greener, transport. This chapter is intended to summarise the main

contributions and findings of the research and to complete the discussion, my

thoughts and proposals for future work are also presented.

7.1 Conclusions and Contributions

Chapters 1 and 2 presented a background and a framework for the fundamentals

of mmWave V2V communications. Specifically, Chapter 1 outlined the necessity

to use mmWave carrier frequencies, which are significantly superior than

existing V2X channels from a data rate perspective. This will thus satisfy the

rising data rate requirements for the autonomy-enabling sensory equipment

of future vehicles. Secondly, Chapter 2 deepens the explanation of challenges

found in mmWave communications, namely, beam forming, blockage and path

loss issues and their models. Finally, it concluded with a description of the

fundamental characteristics of stochastic geometry, that have been utilized

throughout the thesis.

In Chapter 3 an introductory analytical model was presented to reveal the

deficiencies of the incumbent system models. It was found that the lossy nature

of mmWave communications makes the interference that originates from roads

other than the vehicle’s own road, e.g. crossing and parallel roads, negligible.

However, it also revealed that the interference from adjacent lanes to the
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vehicle’s own lane has a severe impact on the system performance. In addition,

in this chapter it was proposed to use the Manhattan distance to model path

loss in urban environments, rather than the Euclidean distance. This was

specifically noted for cases where the signal encompasses the buildings at road

junctions. Secondly, it modeled the transition of communications from LOS to

NLOS fading, by simply using the inverse of the homogeneous PPP, i.e. _−1.

Moreover, it was shown that the antenna locations on the vehicle significantly

change the path loss behaviour due to the fact that blockages by the bodies of

surrounding vehicles are a key factor on mmWave propagation. Additionally,

the choice of routing scheme has a profound impact on the system performance.

Through this introductory analytical model, it was revealed that the coverage

is significantly dependent on the adjacent lanes, the antenna location, which

is a key parameter of path loss behaviour, the antenna beamwidth, and the

routing scheme. These inferences have directed the direction of research moving

forward.

In Chapter 4 the connectivity probability was derived for single lane scen-

arios under different beamwidths, specifically 3◦, 6◦, 10◦, 20◦, and 45◦, vehicular

density and road curvature. This derivation was carried out by combining the

concept of a geometric probability problem and a point process to present a

realistic model. Considering that the success of CAVs’ cooperative driving

and platooning depends on the reliable data transmission from the foremost

vehicle to the last vehicle of a platoon, achieving an appropriate SINR value

at each hop whilst keeping beams aligned is critical. Given that the in-lane

lateral displacements of vehicles, which were modelled by a truncated Gaussian

distribution using measured data, the beam misalignment, and the required

SINR level all depend on the critical transmission range between successive

vehicles, the connectivity probability of mmWave vehicular communications

is a two-fold problem. Hence, by using the tools of stochastic geometry and

geometric probabilities, a trade-off between critical transmission range and

beam alignment probability was revealed. Furthermore, it was shown that

there is an optimum beamwidth that maximizes connectivity, which considers

the beam alignment probability and the critical transmission range. As a key

contribution of this chapter, it is shown that the narrowest antenna beam is

the best performer in most scenarios, yet, wider beams perform better for

high-density traffic and low-curvature roads. In addition, significant changes in

connectivity performance occur for beams narrower than 10◦. Moreover, it was

found that the connectivity performance has a slight dependence on beamwidth

for medium-density traffic and low-curvature roads. Furthermore, a method for

the derivation of the expected value of the inverse of sum of random variables

in a homogeneous PPP, which is the most analytically novel contribution of

this chapter, has been developed. In other words, this method proposed a
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generic solution for the inverse of the well-known Campbell’s theorem.

In Chapter 5 two baseline routing schemes, namely the in-lane routing,

and the closest-vehicle routing, have been analysed to understand the impact

on the mean interference to the typical receiver. It has been shown that the

homogeneous PPP used previously in the literature, allowed for the points

to fall on top of each other, although the headway distance between vehicles

requires a hardcore separation distance. As such, it was necessary to add a

novel platooning-based headway distance into the homogeneous PPP. Beyond

this, the single lane models employed in previous chapters were expanded

to a two-lane model in order to gain a wider application area. In addition,

the mean-interference of the closest vehicle and the in-lane routing schemes

were derived and compared to reveal their advantages and disadvantages for

different traffic scenarios. It was shown that the main-to-side lobe gain and

side-to-side lobe gain had a minor impact on system performance and as such,

the elimination of those terms in the model simplified the model significantly.

As a key analytically novel contribution, Chapter 5 proposed an exceptionally

tractable analytical derivation for the probability of the closest vehicle being

located in an own lane. Furthermore, the cumulative distribution functions of

various angles between receiver, transmitter and interferers, which were used

to classify lobe alignment cases, have been derived. In addition, by classifying

each vehicle based on its lane and the location of the corresponding receiver,

vehicle types were ranked by the mean-interference they caused. Hence, it was

found that the majority of the interference was caused by the interferers that

were located in the lane of the typical receiver if its corresponding receiver was

located in the same lane.

In Chapter 6 the coverage probability of a four-lane road layout was

investigated under an in-lane routing scheme. The blockage probability caused

by vehicles located in the adjacent lanes was also derived. Eventually, the

coverage probabilities for different path loss behaviours, namely LOS, OLOS and

NLOS, were derived. Hence, this chapter combines the blockage probabilities

of vehicles, routing schemes and multi-lane scenario to simulate the complete

behaviour of mmWave vehicular networks. Furthermore, the rate coverage and

road spectral efficiency were introduced. As a most insightful finding of this

chapter, it was found that the performance gain in coverage probability that

arose from narrower beams, originates from the reduction in probability of

being interfered with, rather than the increase in antenna gain. In addition, it

was found that the performance of mmWave V2V communications is insensitive

to the increase in vehicle density if the typical receiver is forced to communicate

with the closest vehicle, which is the most valuable contribution of this chapter

from practical point of view. Finally, the accuracy of a shifted PPP-like model

was validated by comparison with a PTV Vissim simulation that took into
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account the mobility of autonomous vehicles.

7.2 Future Research Directions

Given the potential socio-economic impact of increased CAV adoption by the

public, it is clear that improvements in the enabling technologies, whether that

be the sensors themselves, their fusion engines, or their connectivity provisions,

will always be welcomed. As such, based upon my research, I also note that

the potential for the following research ideas could build on the momentum

presented herein.

The connectivity model in Chapter 4 could be extended to multi-lane traffic,

and might include different routing behaviours as presented in Chapter 5. In

addition, considering that the closest-vehicle routing scheme is more fragile

and that its network topology dynamically changes, the rate of generating new

links is expected to increase. Accordingly, this will increase the latency due to

the excessive reciprocal beam alignment process and handshake protocols. For

instance, the relationship between latency and the use of either in-lane routing

or closest-vehicle routing would be of interest for CAV safety applications,

where latency rather than data rate may be of higher importance. Furthermore,

this could be extended to find the trade-off between data rate and latency, and

its relation to CAV safety. Moreover, for autonomous vehicle perception, the

closest vehicle is the one most likely to limit the vision/perception. Hence,

routing over the closest vehicle should enable the greatest perception gain.

Nevertheless, the in-lane vehicle routing, or furthest LOS routing, will likely

provide the largest range extension for perception with poorer content quality

due to the higher interference. Hence, characterizing the trade-off between the

sustainability of the network topology and the benefits to autonomous driving

capabilities is another research direction that could be explored.

The work presented in this thesis is built on the assumption that all vehicles

are CAVs. Yet, it will take decades before the market penetration of CAVs

reaches high percentages. Hence, the combination of CAVs and conventional

vehicles will cause unusual characteristics in traffic in terms of headway distance,

speed limits, lane allocations etc. Thus, the presented work could be enhanced

by modelling both CAVs and conventional vehicles separately through the use

of clustered and repulsive point processes, respectively. In such scenarios, CAVs

will frequently have to pass their data through blockages caused by conventional

vehicles, which will deteriorate the performance significantly considering the

sensitivity of mmWave communications to blockage. Hence, this also requires

the investigation into alternative routing schemes that prevent high path loss

by by-passing conventional vehicles. Moreover, if the pod concept for one or

two passengers in autonomous vehicles takes hold, the associated reduction of
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vehicle dimensions will make blockages of adjacent lane vehicles less frequent.

Hence, this will simultaneously improve and degrade the received SINR, and is

thus an interesting topic to explore further.

In addition, for mathematical simplification this thesis is built on the

assumption that each vehicle employs the same antenna beamwidth simul-

taneously for both their receiving and transmitting actions. However, one

could also expect that each vehicle uses a different beamwidth for different

scenarios, which yields a more complex beamwidth optimization problem. In

other words, decreasing the beamwidth between selected pairs of transmitters

and receivers increases the link performance in the interest of those pairs,

which could undermine the overall network performance due to an increase in

interference.

Moreover, the presented work has assumed that all vehicles establish single

point-to-point communications. Yet, by means of placing several mmWave

transceiver antennas on vehicles, it is possible to establish multi-points commu-

nications through which a vehicle can send multiple beams to multiple vehicles

simultaneously.

With this, I finish the presentation of various promising research opportun-

ities for the future in addition to the main contributions of my thesis.
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Chapter 8

Appendices

A Proof of Lemma 1

The coverage probability can be expressed as,

P2 (T ) = 1 − P
(
ℎ> <

T
%C�<�<P! (3)

(�Φ + #0)
)
, (A.1)

where �Φ is the sum of all interferences. The small-scale fading of a typical link,

ℎ0, is assumed to be Nakagami as in [26, 39], which is based upon a gamma

random variable. To simplify the analysis, Alzer’s lemma [57] is used

[1 − 4−0I<]< < P(ℎ0 < I) 0 = (<!)−1/<, (A.2)

which provides a tight upper bound for the case of ℎ0 ∼ Γ(<, 1/<) where < is

an integer. With the operation of the expected value, and the use of Alzer’s

lemma, the following can be obtained
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By means of binomial transformation and extending the expected value for

each term
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(A.4)

which concludes the proof of Lemma 1, given that each expected value operator

corresponds to a Laplace transform.

101



B Proof of Lemma 2

In order to provide a generic solution for all Laplace transforms in (A.4), each

Laplace transform is expanded for different lanes of interferers and their gain

alignments. Accordingly, the generic Laplace transform of gain alignment cases

is shown in the expected value operators and braces, with B = 0T
�<�<P! (3) .

By applying the moment generating function of gamma random variables for

small-scale fading, ℎ8, results in

E
(∏

8 n�8

∏
Φ
Eℎ8

(
4−B=<ℎ8�8,CA P! (A )

))
=∏

8 n�8
E

(∏
Φ

(
1 + B=�8,CAP! (A)

)−<) . (B.1)

By means of a probability generating functional, a generic Laplace transform

that forms a basis for all other Laplace transforms can be written as

Lgeneric =
∏

8 n�8
4−_

∫
' (1−(1+B=�8,CA P! (A ))

−<)3A . (B.2)

After some algebra (B.2) can be analytically integrated, resulting in a hyper-

geometric series which is presented as a & function. Hence, the Laplace

transform for the own lane is expressed as

L!0 = 4−_&
(
�2
<,U! ,3, (_[)−1+3

)
·

4−_&
(
�2
<,U# , (_[)−1+3,'m

)
.

(B.3)

Similarly, for the adjacent and outer lanes, (B.2) is represented with V, which

concludes Lemma 2,

L!8 = 4−_
∫ 8!F

tan(qℎ )
0 V(62B ,U! ,8!F) 5!8 (A )3A

· 4
−_

∫ 'm
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where the functions & and V are
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C Proof of Lemma 3

The following steps are carried out in order to calculate the impact of interfer-

ences of vehicles that are located in the lane of the typical receiver. Since the

path loss characterization differs for each vehicle in the neighbourhood of the

typical receiver, it is necessary to take the interference effects of each vehicle

into account individually. The interferences of the nearest 1-st, 2-nd, and 3-rd

vehicles to the typical receiver, excluding the typical transmitter, are modelled

as

L$0 =
∏3

8=1
Er

((
1 + B=�2

<�
C
8A
−UC

8

)−<)
. (C.1)

Since the vehicles are distributed with mono-dimensional PPP, it is assumed

that the vehicles are truncated uniformly distributed. Thus, the following equa-

tion represents the application of the expected value of a uniformly distributed

random variable truncated at [2(8 − 1)_−1 + 3 28_−1 + 3], where 8 is defined

for {1, 2, 3} for the nearest 1-st, 2-nd, and 3-rd vehicles, excluding the typical

transmitter, respectively as

L$0 =
∏3
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1
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Integration of (C.2) with some algebra will form (6.15) which concludes Lemma

3. Similarly, L$1−2 is given as
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Due to fact that L$3 is subject to different types of interferences from adjacent

lanes, such as 1-NLOS and 2-NLOS, it is formulated as

L$3 = 4−_
∫ 3!F
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