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Abstract

Vehicle-to-infrastructure (V2I) communication contributes to safe and efficient mo-
bility of connected autonomous vehicles (CAVs). In fully automated traffic streams,
speed optimization of CAVs is a fundamental challenge. On one hand, increasing
the CAVs’ speed improves traffic flow, whereas, on the other hand, it increases com-
munication handovers as the CAVs switch from one base station (BS) to another,
thus reducing communication data rates. Therefore, a trade-off exists between the
communication data rates and CAV traffic flow.

In the first part of the thesis, we answer the question of determining the optimal
active BS density which maximizes the traffic flow subject to CAVs’ data rate con-
straints. Specifically, the proposed framework is designed to (i) maximize the average
traffic flow through an aggregate macroscopic traffic flow model while optimizing the
active BS density and average CAV speed with network connectivity constraints, and
(i) optimize individual CAV speeds to maximize average traffic flow through a mi-
croscopic traffic flow model. We derive closed-form optimal solutions for the active
BS density and CAVs’ speed using macroscopic model. Our numerical results vali-
date the accuracy of the derived expressions, highlights the enhanced performance of
microscopic speed optimization, and extract useful insights related to the impact of

CAV’s data rate requirements and active BS density on the CAVs’ traffic flow. For
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instance, increasing the active BS density or lowering the data rate requirements of
CAVs enhances the data rates which increases CAV speeds and in turn the traffic
flow.

In the second part of the thesis, we extend the system model to include interference
and consider the Rayleigh fading channel in the data rate formulation. We derive
novel closed-form expressions for outage probability and ergodic capacity of HO-
aware data rate, consider that the CAV spacing is log-normally distributed, and we
optimize macroscopic traffic flow. Our numerical results validate the accuracy of the
outage probability and ergodic capacity expressions, and demonstrate useful insights
regarding the impact of HO-aware data rate. For instance, higher CAV speeds results
in higher probability of outage, and considering interference results in lower traffic
flow compared to traffic flow without the consideration of interference.

The GitHub repository for the contents of this thesis is available at: https:

//github.com/haidershoaib/Thesis
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Chapter 1

Introduction

Autonomous driving is an emerging and prominent technology to enhance traffic flow,
safety [2], and fuel efficiency [3], while creating new ways of sharing vehicles [2]. By
2030, the global automated driving market’s worth is expected to exceed US$173.15
billion. To date, most connected and autonomous vehicles (CAVs) leverage onboard
sensors, which build a map of the vehicle’s environment, and a control subsystem that
governs the longitudinal and lateral motion of vehicles [4]. However, CAVs suffer from
the limited range of onboard sensors that only enable detecting adjacent vehicles, thus
limiting the ability to efficiently perform complex maneuvers. In this context, vehicle-
to-infrastructure (V2I) communication is critical for coordinated driving, access to
real-time traffic and navigation information, and informed decision-making through
cooperative sensing and maneuvering [4, 5].

The development of 5G and 6G next generation networks is key to the advance-
ment of CAVs. Communication networks that foster lightning-fast data transfer
speeds with virtually zero latency, enable CAVs to communicate with one another
and with other devices in real-time, making it possible for them to operate safely

and efficiently. Next generation networks will also allow for massive amounts of data
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to be transmitted and processed at once, enabling vehicles to make split-second de-
cisions based on a wealth of information, from road conditions to weather patterns.
With the implementation of next generation networks, we can expect connected au-
tomated vehicles to become more reliable and intelligent, leading to improved road
safety, reduced traffic congestion, and a more seamless driving experience. Currently,
in the Greater Toronto Area, wireless base stations (BSs) are deployed along the ma-
jor highways (i.e., 401, 403, and 407) sporadically [6]. This method of deployment
results in higher latency and poor quality of service (QoS) while travelling along the
highways which can severely impact the data rates between BSs and CAVs.

Therefore, V2I communications and their active deployment are important to con-
sider, because if they are not handled properly, they can cause traffic accidents when
coordinating messages to groups of far-off vehicles. Although vehicle-to-vehicle (V2V)
communications are useful for exchanging information such as headway, speed, and
location of CAVs within a small area, V2V communications are generally distance-
limited. On the other hand, V2I communications provide a larger range of service to
CAVs which can be critical when there are fewer or limited amount of CAVs travelling
on the road.

To enable V2I connectivity, the infrastructure consists of BSs that provide the
required connectivity for the CAVs as shown in Fig. 1.1. On the one hand, increasing
the CAVs’ speed results in frequent switching (or handoffs) among BSs which deterio-
rates communication and lowers the data rate (defined as number of bits transmitted
per second) between CAVs and BSs. On the other hand, increasing the CAVs’ speed
improves the road traffic flow. Thus, a fundamental trade-off exists between the

achievable wireless data rates and CAV traffic flow.
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Figure 1.1: Tlustration of different types of vehicle communications [1].

Moreover, in conventional non-CAV traffic, empirical evidence shows that the
average speed decreases where the vehicle density is larger than the critical density,
due to induced friction in mobility [7]. In contrast, the average speed in CAV traffic is
also subject to telecommunications restrictions and can be controlled by centralized

or decentralized V2I communications with the objective of maximizing traffic flow.

1.1 Mobility Models in Wireless Networks

Mobility-Aware Wireless Networks are typically modeled using mobility models which
can simulate the movement of mobile users such as UAVs, CAVs, etc. The two general
type of mobility models are trace-based models and random models, where the former
refers to the models which utilize real-world data from BSs with actual user locations,
and the former refers to spatio-temporal models which are mathematical frameworks

that simulate user movements in a random manner.



1.1.1 Trace-based Mobility Models

Trace-based Mobility Models are traditional models which are obtained by measure-
ments of currently deployed systems, which contain connectivity logs and location
information of users [8]. Since these models utilize data from deployed systems, they
are typically realistic in terms of the movement of the users as well as the topology
of the surrounding area. For example, the CRAWDAD Project [9] was established
in 2004 as a place to provide datasets across the research community which consists
of data captured from wireless networks and the users. Although traces are valuable
in terms of assessing performance or handoff protocol optimization, this model is not
widely popular in the research community due to the fact that the traces from the
data does not generalize well when formulating benchmark results since the data is

specific to particular locations.

1.1.2 Random Synthetic Mobility Models

Random Synthetic Mobility Models are mathematical-based models which character-
ize movement of mobile users. Although these models are simple and analytically
tractable, they do not reflect realistic user mobility [10] as compared to Trace-based
Mobility Models. Some examples of such mathematical models include Bayesian mod-
els which have the feature to mimic random behavior of a node or a group of nodes,
Brownian motion [11] which characterizes diffusion of small particles with mean tran-
sition times and pause times between transitions, and finally the Levy pattern [12]
which is known to be more diffusive than Brownian motion, and can approximate
human walking patterns in outdoor scenarios. Overall, random mobility models are

useful to model mobility in wireless networks due to their analytical tractability and



generalization, which results in the ability to perform mathematical analysis and net-
work optimization, however these models lack realistic movements which are present
in Trace-based Mobility Models.

Random Synthetic Mobility Models can be characterized into individual and group

mobility models.

e In Random Individual Mobility Models, one type of models are memoryless,
which has no spatio-temporal correlation [13]. In these types of models, users
move without the knowledge of other users, and the location and speed of a user
is not influenced from other users. These models are known to be tractable,
however in the context of CAVs, there is a higher chance of collisions, if a CAV
does not have any knowledge about any surrounding CAVs. Furthermore, there
are models with memory which have temporal correlation [13]. In these models,
a user is still not aware of other users, however the location and speed of a user

is influenced by its previous locations and speeds.

e Random Group Mobility Models use mathematical functions to describe the
mobility of a group of users, such as the exponential correlated random mobility
model [13], community model, and column mobility model [14]. These models
simulate the behaviour of a group of users moving together, such as in a line
and move in a certain direction in the column mobility model, or users following
the behaviour of a leader node in reference point group mobility models [15].
Overall, group mobility models are more useful when considering CAVs and
traffic flow, since the users are aware of the other users and there are less

chances of collisions compared to Random Individual Mobility Models.



1.2 Vehicle Traffic Flow Models

Vehicle Traffic Flow Models are somewhat synonymous to group mobility models.
That is, the traffic low models are typically represented using car-following mod-
els [16] where a following vehicle is aware of the distance between itself and its leader
vehicle. On the other hand, in group mobility models [14], several nodes group to-
gether in a platoon with a leader node, and the nodes change their positions according
to a random distribution such as exponential, and are not aware of other platoons,
which may cause collisions. Furthermore, the formulation of random group models
lacks the safety distance metric. Therefore, car-following models are more practical
models when analyzing traffic flow in mobility models.

There are three types of traffic flow models considered in transportation research,

which include macroscopic, microscopic, and mesoscopic traffic flow models.

1.2.1 Macroscopic Traffic Flow

Traffic flow models have been developed since the early 2000s which helped in mod-
elling and predicting traffic flow. For instance, Papageorgiou [17] contributed to the
discussion of macroscopic traffic flow modelling, where macroscopic models assume a
sufficiently large number of vehicles on a road such that each stream of vehicles can
be treated as flowing in a tube or a stream [18]. Papageorgiou emphasized the fact
that macroscopic models are useful for traffic engineering tasks such as simulation and
planning, however they lacked in validation results and practical applications which

required highly accurate results to predict and model traffic flow.



1.2.2 Microscopic Traffic Flow

On the other hand, microscopic traffic low models describe the details of traffic flow
and the interaction taking place within it considering single vehicle-driver units. The
dynamic variables of the model represent microscopic properties like the position
and speed of individual vehicles [18]. The most famous microscopic car following
models are classified as safe-distance models which includes Pipe’s model, Forbes’
model, and General Motor’s model [16]. Each model demonstrates how one vehicle
follows another, and the models vary in how the driver reacts by using metrics such

as reaction time and safety distance or safety speed.

1.2.3 Mesoscopic Traffic Flow

Furthermore, a combination of macroscopic and microscopic models are known as
mesoscopic traffic flow models. For instance, in [19], Bagnerini et al. introduced a
mesoscopic model which accounted for the behaviour of different types of vehicles
where the traffic was defined as a continuum flow, but also analyzed each individual
vehicle behavior. Finally, the concept of the fundamental diagram of traffic flow [20]
is widely used when describing the relation between traffic low and traffic density.
As the traffic density increases, the traffic flow increases up to a certain point, and
begins to decrease when the traffic density attains large values, which means the

vehicles lower their speeds due to traffic congestion.

1.3 Research Gaps

Overall, the traffic flow models are useful when analyzing traffic flow, where macro-

scopic models provide statistically averaged results, while assuming traffic low as a
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stream, whereas microscopic models enables incorporating the details of individual
CAVs and optimize an individual CAV speed. The traffic flow models however do not
incorporate the dynamics of speed and CAVs’ connectivity to BSs, where the net-
work connectivity can potentially influence CAV speeds in order to meet a required
minimum data rate when considering V2I communications in the traffic flow models.

On the other hand, the mobility models applied in wireless networks literature
are useful when assessing handoff rates and sojourn time. The Trace-based Mobility
Models are useful when analyzing real-world data and obtaining realistic results,
however the results do not generalize well and the data is typically difficult to obtain.
On the other hand, Random Synthetic Mobility Models are useful in research since
they generalize well, however the user movements are not realistic, so the results may
not be accurate in the real-world. The gap in current mobility models is that they
do not typically consider traffic flow and car-following models for CAVs, and how to

optimize speed and traffic flow in vehicular networks

1.4 Challenges

Some of the primary challenges in modeling and optimizing mobility-aware wireless

networks while considering vehicle traffic flow are listed below:

e Active BS density: In a traffic flow model where CAVs connect to the nearest
BS, the active BS density on the road is a crucial factor. For instance, fewer
deployed BSs may not be able to provide an adequate quality of service to the
CAVs, thus the CAVs will travel at lower speeds which results in reduced traffic
flow. On the other hand, if there are too many BSs deployed on the road, this
leads to an increase rate of handoffs (switching between BSs), which lowers the

10



data rate between the CAV and BS, thus lowering the CAV speed. Therefore,
in order to solve this issue, an optimal number of BSs needs to be deployed with

respect to the network parameters of the system.

e Handoff-aware Data Rate: In vehicular communications, it is important
to characterize the data rate between a CAV and BS in terms of the handoff
rate since the data rate is a function of the number of BSs switching. Arshad
et al. [21] derived an expression for handoff-aware data rate which provides the
connection between speed and data rate through the handoff rate, where handoff
rate is defined as the number of cell boundaries crossed per second. Although
the handoff-aware data rate solves the issue for constantly moving CAVs, this
metric alone does not account for traffic flow and does not incorporate the

dynamics of the surrounding CAVs.

e Safety Distance in Traffic Flow Models: In vehicle traffic flow models, the
car-following model is typically used. In these models, CAVs aim to maintain
a safety distance [22], i.e., a predefined distance between a follower and leader
which ensures collision avoidance. The gap in current traffic flow models is that
they do not consider network connectivity to BSs, and handoff-aware data rates
are not accounted for when determining the speed that a CAV should maintain
to not only travel at safe speeds, but to also maintain an adequate quality of

service when connected to BSs.

1.5 Scope of the Thesis

This thesis provides a comprehensive framework to jointly optimize the active BS

density and CAV speeds while taking network and transportation constraints into
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account. The contributions are as follows:

e We develop a novel optimization framework to jointly optimize the active BS
density and speed of CAVs in order to maximize the CAVs’ traffic flow with col-
lision avoidance and minimum handoff-aware data rate constraints. The traffic
flow has been modeled using both the macroscopic and microscopic models. The
macroscopic model enables analytical tractability and is suitable for long-term
decision making problems like network deployment; whereas the microscopic
model enables optimizing the instantaneous CAV’s speed individually and their

interactions with other CAVs.

e Considering the macroscopic model, we formulate traffic flow maximization
while optimizing average speed of CAVs and active BS density along the CAVs’
corridor. We derive closed-form expressions for traffic low as well as closed-
form optimal solutions for the CAV’s speed and the number of BSs deployed

along the corridor considering a high signal-to-noise ratio (SNR) regime.

e In the microscopic model, we formulate traffic flow maximization to optimize
each CAV’s speed individually and use the optimal density of BSs calculated
from the macroscopic model as the deployment of BSs is a long-term decision

problem.

e Our simulation results confirm the accuracy of the derived closed-form expres-
sions. Our results analyze the sensitivity of the important communication and
CAVs network parameters such as CAVs’ minimum data rate requirements,
density of BSs, wireless channel propagation, etc. and extract useful insights
related to the optimal CAVs’ speed and active BS density.

12



1.6

e We extend the framework to characterize macroscopic traffic flow by considering

log-normal distribution of the spacing between CAVs. Then, we derive novel
and tractable closed-form expressions for the probability density function (PDF)
and cumulative density function (CDF) of signal-to-interference-plus-noise ratio
(SINR), HO-aware rate outage probability (OP) and ergodic capacity in a large-
scale network with interference. The derived expressions capture the network
parameters such as height of the BSs, safety distance of BSs from the road,

interference from neighboring BSs, and channel fading.

Research Outcome

H. Shoaib and H. Tabassum, “Optimization of Speed and Network Deployment
for Reliable V2I Communication in the Presence of Handoffs and Interference,”

IEEE Wireless Communication Letters, 2023 (accepted).

H. Shoaib, M. Nourinejad, and H. Tabassum, “Macroscopic Traffic Flow Anal-
ysis and Optimization with V2I Connectivity and Collision Avoidance Con-

straints,” IEEE International Conference on Communications, 2023 (accepted).

H. Shoaib, M. Nourinejad and H. Tabassum, “Performance Optimization of
Connected Automated Vehicles With Handoff-Aware Communications,” sub-

mitted.
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Chapter 2

Mathematical Preliminaries and Literature Review

2.1 Key Performance Metrics

The Traffic Flow, SNR, SINR, data rate, OP, and ergodic capacity are all essential
performance metrics to assess the performance of the traffic flow model with net-
work constraints. This section consists of a preliminary review of the aforementioned

metrics to understand the performance of traffic flow models with wireless networks.

2.1.1 Traffic Flow

According to traffic flow theory, the fundamental diagram is defined as the traffic flow
as a function of the density of vehicles on the road and includes the average vehicle

speed [23]. Traffic flow can be defined as follows:
q = kv, (2.1)

where ¢ is the traffic flow measured in vehicles per unit time, k is the vehicle density

measured in vehicles per unit distance and v is the average vehicle speed.
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2.1.2 Signal to Noise Ratio (SNR) and with interference (SINR)

The received signal power from a typical RF (radio frequency) BS to a user [24] is

defined as follows:

tx rx C ? P};X tX 71—
Sis = GROR \ g ) g Yoo =m0, (2.2
1’7]

where G% and G} represent the transmitting and receiving antenna gains, respec-
tively, PJ‘?X represents the transmit power of the BS j, x;; represents the short-term
channel fading of BS j, ¢ and fr represent the speed of an electromagnetic wave and
RF carrier frequency, respectively, d; ; represents the distance between the j-th BS
and i-th user, and a represents the path-loss exponent. Therefore, the SNR can be

calculated as follows
S’L,j

SNRI'J - N 5
R

(2.3)

where Npg is the thermal noise at the receiver. Finally the SINR can be defined as
follows:

S

where I, =), oy P,EXWRd;,?XZ-,k is the cumulative interference at user ¢ from the inter-

fering BSs measured in watts.

2.1.3 Data Rate

According to the mathematical theory of communications, Claude Shannon developed
the channel capacity called the Shannon-Hartley theorem [25] which is used widely in
information theory. The Shannon-Hartley theorem provides the maximum rate and

which information is transmitted over a an additive white Gaussian noise (AWGN)
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channel. The data rate is defined as follows:

C = W,.log, (14 SINR), (2.5)

where C'is the channel capacity in bits per second (bps), W, is the bandwidth of the
channel in Hz. It is worth noting that both SNR and SINR can be used to calculate

the channel capacity.

2.1.4 Handoff Rate

A handoff occurs when a user switches from one BS to another. There are two types
of handoffs including horizontal and vertical handoffs. A horizontal handoff occurs
when the user switches from one BS to another similar BS (eg. RF to RF), and a
vertical handoff occurs when the user switches from one BS to a different type of BS
(eg. RF to THz). Handoff rate is defined as the average number of handoffs divided
by the average time it takes for a user to move from one location to the other [26].

Handoff rate can be mathematically defined as follows:

H = E[Number of handoffs per unit time]. (2.6)

2.1.5 Outage Probability

Outage Probability (OP) is the probability that a given information rate is not sup-
ported by the channel. The OP of SINR of a channel is less than or equal to a certain

threshold [24] can be defined as follows:

Pout = P(SINR < ), (2.7)
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where 7, is the SINR threshold.

2.1.6 Ergodic Capacity

Ergodic capacity is a performance metric which is defined as the highest data rate
at which information can be sent over a channel with little probability of error [27].

Ergodic capacity can be defined as follows:

Cavg = Ellog, (1+ Z)] = / logy(1+ Z) fz(2)dz, (2.8)
0
where Z is the SINR, and fz(z) is the pdf of the SINR.

2.2 Mathematical Preliminaries

In this section, a series of mathematical preliminaries are discussed so that readers
can comprehend the discussions in the following chapters. We present topics includ-
ing random variables, Probability Density Function (PDF), Cumulative Distribution

Function (CDF), and single random variable transformation.

2.2.1 Probability Density Function (PDF)

The Probability Density Function (PDF) is a statistical measure which demonstrates
the probability distribution of a random variable X. It can provide the probability

that the value of a random variable will land between a given interval as follows:

Pria < X < ] = /b Fy(@)de, (2.9)
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where X is a random variable. Some common PDFs include normal distribution,

exponential distribution, Poisson distribution, etc.

2.2.2 Cumulative Distribution Function (CDF)

The Cumulative Distribution Function (CDF) is a statistical measure which evaluates
the probability of a random variable X less than or equal to a certain value z as

follows:

Fx(z) =Pr(X <x). (2.10)
Furthermore, the CDF function Fx(z) can be derived using the PDF of X as follows:

Fy(z) = / Fx(t)dt. (2.11)

2.2.3 Single Random Variable Transformation

For given random variable X, and another random variable Y such that Y = g(X),
where ¢ is a one-to-one function, the PDF of the transformed random variable Y can

be calculated as follows:

A = Fx (g™ ) \%g-%y)' , (2.12)

where fx(-) is the PDF of X. More details regarding probability and statistics theory
can be found in [28].
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2.2.4 Optimization

A constrained optimization problem is a problem which finds the optimal feasible

solution given certain constraints as follows:

min  f(x) (2.13)
st gi(x) <0, 1=1,....,m

hj(x)=0, j=1,...,p

where f(z) is the objective function which is minimized over z, g;(z) < 0 is known as
an inequality constraint, and h;(z) = 0 is known as an equality constraint. There are
different methods to solve constrained optimization problems such as linear program-
ming, nonlinear programming, and the Karush—-Kuhn—Tucker approach. The details

of these approaches can be found in [29].

2.3 Literature Review

2.3.1 Wireless Communications with Mobility

From telecommunication research perspective, road-traffic flow considerations with
macroscopic or microscopic car following models have been predominantly overlooked.
That is, the existing research works only consider the data rate as a function of speed
without quantifying its impact on traffic flow. In [21] and [30], Arshad et al. presented
speed-aware handoff management schemes and derived the expressions for handoff-
aware data rates using stochastic geometry. In [31], Ibrahim et al. shed light on the
handoff problem in the context of C-plane and U-plane split architecture. The CP/UP

architecture enables users to receive data packets from a nearby small base-station
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(SBS) while also being controlled by a macro base-station (MBS) which is further
away, which reduces control overhead when compared to traditional architectures.
The authors of this paper derived expressions for per-user mobility-aware data rate
(which is a function of handoffs) using stochastic geometry tools. In [32], Lin et
al. proposed a random way-point mobility model to characterize the handoff rate
and sojourn time using stochastic geometry considering randomly distributed BSs.
Recently, in [24], Hossan et al. developed a stochastic geometry framework to analyze
the performance of a mobile user in a two-tier wireless network operating on sub-
6GHz and Terahertz (THz) frequencies. The authors characterized the overall handoff
probability, coverage probability, and most importantly derived the mobility-aware
probability of coverage of a mobile user in a hybrid RF-THz network setup. Recently,
in [33], Yan et al. proposed a reinforcement learning approach for joint V2I network
selection and autonomous driving policies considering both RF and THz BSs. Their
results demonstrated inter-dependency of a CAV’s motion dynamics, HOs, and data

rate to adopt safe driving behaviours for CAVs.

2.3.2 Traffic Flow Analysis

Transportation network performance is commonly characterized in terms of traffic
flow efficiency assuming either macroscopic, microscopic, or mesoscopic car-following
models, where the latter refers to a hybrid of the macroscopic and macroscopic models.
Furthermore, V2I network connectivity with respect to wireless network operations

are seldom considered in traffic flow models. For instance, Shi et al. [23] proposed
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a general methodology for CAVs consisting of the combination of empirical and the-
oretical experiments to construct fundamental diagrams, which demonstrate the re-
lationship between traffic flow and vehicle density. In [34], Jiao et al. extended the
car-following model to incorporate V2V communications. They presented an optimal
speed equation considering safe space headway and the speed of the preceding vehicle,
and the results demonstrated improved CAV mobility in a variety of traffic scenarios.
Recently, Nourinejad et al. [35] investigated the trade-offs in the values and costs
of individual versus cooperative sensing for CAVs. They formulated two non-linear
programming problems to determine the optimal investment in corridor capacity in
the long-term, and maximize social welfare in the short-term through road pricing.

The flow-density results were presented for different connectivity levels and sensor

ranges.
References | Objective Approach | Comments
Simulation
36, 37] Handoff optimization Analytical
based
Simulation
[38-40] Handoff optimization Algorithms
based
Trajectory
[24,41,42] Coverage probability, Handoff analysis | Analytical
based
Simulation
43, 44] Traffic flow analysis Analytical
based
Traffic flow optimization, Road net- Simulation
[45] Algorithms
work analysis based
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Simulation
46,47] Traffic flow optimization, V2V analysis | Algorithms
based
Traffic flow optimization, Road net- Markov-
48] Algorithms
work analysis chain based

Table 2.1: Current Literature in Mobility and Transportation Networks

As shown in Table 2.1, none of the aforementioned research works considered CAVs
traffic flow maximization with handoff-aware network connectivity constraints and
collision avoidance constraints. Specifically, most of the transportation research have
overlooked the interdependency of the CAVs’ mobility, including speed, handoffs, and
wireless data rates, whereas most of the telecommunication research did not consider

the traffic flow dynamics.
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Chapter 3

Traffic Flow Maximization with Handoff-Aware

Data Rate Constraints

V2I communications are important to consider for CAVs to ensure the required net-
work connectivity. However, increasing the CAVs’ speed results in frequent handoffs
among BSs which deteriorates the data rate between CAVs and BSs. On the other
hand, increasing the CAVs’ speed improves the road traffic flow. Thus, a fundamental
trade-off exists between the achievable wireless data rates and CAV traffic flow. In
this context, this paper addresses a critical question of how to analyze and mazximize
the macroscopic and microscopic traffic flow by optimizing the speed of CAVs and net-
work deployment such that the CAVs’ data rate requirements can be satisfied?. The

contributions of this chapter are as follows:

e We first characterize a closed-form expression of the macroscopic traffic flow by

considering exponential distribution of the spacing between CAVs.

e The derived expression for the traffic flow is used to jointly optimize the de-
ployment of BSs and speed of CAVs while maximizing the CAVs’ traffic flow

with collision avoidance and handoff-aware data rate constraints.
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Figure 3.1: Graphical illustration of the CAV to wireless infrastructure
communication.

e We derive closed-form optimal solutions for the CAV’s speed and the number of
BSs deployed along the corridor considering a high signal-to-noise ratio (SNR)

regime.

e In the microscopic model, We formulate traffic low maximization to optimize
each CAV’s speed individually and use the optimal density of BSs calculated
from the macroscopic model as the deployment of BSs is a long-term decision

problem.

e Our simulation results confirm the accuracy of the derived closed-form expres-
sions. We analyze the sensitivity of the important communication and CAVs
network parameters such as CAVs’ minimum data rate requirements, density of
BSs, wireless channel propagation, density of vehicles, etc. and extract useful

insights related to the optimal CAVs’ speed and network deployment.

3.1 System Model and Assumptions

3.1.1 CAV - Traffic Flow Model

We consider a CAV-exclusive corridor equipped with telecommunication BSs that

allow transfer of data between each CAV and the network infrastructure. The BSs
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are deployed uniformly along the corridor as shown in Fig. 3.1, and have a density u
defined as the number of BSs deployed per unit distance. The CAV density k on the
corridor is defined as the number of CAVs per unit distance, and the CAV speed is v.
According to macroscopic traffic flow theory, the flow of vehicles is defined as ¢ = kv
vehicles per unit time. We assume a given Probability Density Function (PDF) of
the density of vehicles k on the corridor and denote it as fx (k). Subsequently, the

traffic flow can be defined as follows:

Q= /OOO kv fr(k)dk. (3.1)

3.1.2 Network - Data Rate Model without Mobility

Each CAV is assumed to be connected to a single nearest BS at any given time.
Considering the distance-based path-loss and short-term multi-path fading at the
transmission channel, the received signal power at a given CAV ¢ from a given BS j

in the downlink can be modeled as follows:

c 2 Ptx
X _ tx rx J _ tx j—«
P =GRGR (47TfR> @Xiu‘ = YrE;d; 5 Xi 5, (3-2)

where G% and G'¥ represent the transmitting and receiving antenna gains, respec-
tively, PJ‘?X represents the transmit power of the BS j, x;; represents the short-term
channel fading between the BS 7 and CAV i modeled with Rayleigh distribution, ¢
and fr represent the speed of an electromagnetic wave and RF carrier frequency,
respectively, d; ; represents the distance between the BS and CAV, and o represents
the path-loss exponent. Subsequently, given the Shannon-Hartley theorem for infinite

block-length regime [25], the data rate without mobility between a BS and CAV can
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be defined as:

N (3.3)

P™d %y,
Rij = W.logy(1 + SNR;;) = W, log, (1 + Wf_ﬁ“) ,
where SNR denotes signal-to-noise ratio at the reciever, W, represents the bandwidth
of the channel, and Np is the thermal noise power at the receiver. For simplicity,
we assume there is no interference incurred at the CAVSs’ receivers from the BSs.

Furthermore, the data rate between the CAV and BS decreases with distance due to

free-space path-loss attenuation, and small-scale fading.

3.1.3 Network - Handofl-Aware Data Rate Model

As CAVs drive along the corridor, they switch from (connecting to) one BS to another,
which is called a “handoff.” Frequent handoffs can severely impact the received CAV
data rate due to handoff latency and handoff failures. Therefore, it is necessary to
incorporate the effect of these handoff issues through the handoff-related cost. handoff
cost is proportional to the handoff delay (h;) measured in seconds per handoff, and

handoff rate (H) measured in number of handoffs per second [31], i.e.,
H.=hgx H, (3.4)

Since we assume CAV connection to its nearest BS, H can be defined as the number
of cell boundaries a CAV crosses per second, where a cell boundary is the coverage
range of a BS. Note that the number of boundaries per unit distance are the same as
the number of BSs deployed per unit distance defined by p. Now given the distance

covered by CAV in a second (i.e., speed v), we can calculate the number of boundaries
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covered by a CAV per second as H = pw.

Subsequently, we model the handoff-aware data rate [21] as:

m KU
Ri,j = Ri,j(l — hdHc,max> = Rz‘y‘j (]. — hdlumaxvmax> y (35)
where H max = umag/mx = .—— is the normalized handoff cost in equation (3.5)

to ensure 0 < H max < 1, fimax 1S the maximum regulated active BS density, and Vi«
is the maximum regulated speed of the CAVs. Finally, a stable CAV connection with
the nearest BS requires a minimum handoff-aware data rate R, which ensures that

every CAV achieves the required quality of service.

3.2 Macroscopic Traffic Flow Maximization

In this section, we present the average traffic low maximization problem while en-
suring the safety distance/collision avoidance and desired network connectivity of
CAVs. We then derive a closed-form representation of the problem considering the
statistics of the distance between two CAVs s, where k is inversely proportional to s
(i.e. k =1/s). Since the handoff-aware data rate is a function of the CAVs speed,
which also affects the CAV traffic flow, we consider optimizing the speed of CAVs.
In addition, since the density of BSs directly impacts the handoff-aware data rate
in (3.5), we consider optimizing the density of BSs as well. Finally, we present the

closed-form solutions of the CAVs speed and active BS density.

3.2.1 Problem Formulation

In the proposed optimization problem (P1), we introduce three constraints, stipu-

lating that although an increase in speed will maximize the traffic flow, this speed
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must also be lowered to (i) achieve a better quality of service on the telecommu-
nications side (through minimizing handoffs), and (ii) the CAVs safety distance on
the transportation side to avoid possible collisions which would affect the traffic flow.
Regarding equation (3.1), we utilize s instead of k considering that s is exponentially
distributed [49] with the PDF is fg(s) = Aexp (=A(s — 1)) and the cumulative density
function (CDF) is given by Fg(s) = 1 —exp (—A(s — 1)), where [ is the safety distance
between two CAVs when they are idle, A is the average CAV density and 1/ is the

average spacing between the CAVs. The problem can thus be formulated as:

(P1) max Q= / —v)\e’ASl ds

v,pn

s.t.(C1) Pr (v > )
-
(C2) W,logy (1+7(20)) (1 — haw) > Ry,
(C3) 0<v< Viax

(04) 0 S M S Hmax

- YrRPP*E[Xi,5] YrRP X0 . .
and 7 = —I—"X = =L Since the transmission channel
Ngr Ngr

hg

Mmax Vmax

where hy =
fading varies in the order of milliseconds compared to the distance between the CAVs
and BSs, we consider the average value of the instantaneous channel fading in (C2),
ie., xo = Elxil.

The first constraint (C1) is based off the car-following model which states that the
speed of the CAVs should not exceed (s — [)/7, where s is the distance between two
CAVs, [ is the safety distance between two idle CAVs, 7 denotes the processing time
required for CAVs to act on a decision, and € is the crash intensity level. The second

constraint (C2) states that the hand-off aware data rate (3.5) should be greater than
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a certain threshold Ry, which would achieve the minimum required data rate for the
CAVs considering the maximum distance between the CAVs and BSs, i.e., dpa. =
1/2u, where the spacing between BSs is 1/ and the factor of half is because the
halfway point between the two BSs defines the network switching boundary. Clearly,
considering the maximum distance gives a lower bound on the achievable data rate

which is what we incorporated in (C2).

3.2.2 Closed-Form Representation of the Problem

This section discusses the properties of the problem (P1) and presents a reformula-
tion of the problem that can be solved through an exact approach. A closed-form
expression of the objective function presented in (P1) can be obtained using the

following identity in [50][3.352/4]:

[y n g cras s

where F;(-) is the exponential integral function and T'(-) is the upper incomplete
gamma function. Furthermore, (C1) can be rewritten by substituting the CDF of s
where Pr (v > 574) =1 — e ™. Taking the natural log of both sides and factoring
for v, (C1) can be rewritten as follows:

<z log(1 —€)

= ‘/sa 3 3.7
AT f (37)

where equation (3.7) indicates that speed is capped to create an adequate safety
distance that is traversed during the processing time. We refer to the right side of (3.7)

as the maximum safe speed that keeps the crash probability below e. The condition
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(3.7) shows that the maximum safe speed increases with the safety confidence level
€, but decreases with the processing time and CAV density. Finally, by expanding

(C2) and factoring out for v we can rewrite (C2) as:

Rn B
hajt (1 - W,log, (1 + 7(2u)a)) = Vasia(H), (3.8)

Similarly, we refer to the right side of (3.8) as the maximum compatible speed, denoted
by Viata(pt) that allows a safe data rate between the CAVs and their nearest BSs. To
ensure that (3.8) does not attain negative values of speed and the problem remains

feasible, we introduce the following constraint:

Rth S Rsa (39>

where Ry = W,.log, (1 4+ 7(2u)*) and (3.9) ensures that the data rate R, is always

Ry

? Welogy (147(2)@) S 1. By factoring

greater than or equal to the data rate threshold, i.e.

out in terms of u, (3.9) can be rewritten as follows:

1

1/a
H = 2,71/(1 (2Rth/Wc - 1) = Hdata (310)

This constraint is referred to as (C4) in the subsequent optimization problem for-

mulations along with capping the active BS density to fimax. The original problem is

30



re-written (P1) in closed-form as follows:

(P2) max Q= v eNT(0,\)

st.(C1) v<

R,
(C2) v= (1  Welog, (1 +1(2u>a))

<C4) Hdata S % S Hmax

(3.11)

Note that Problem (P2) is a non-linear programming problem due to constraint (C2)
which is a non-linear function of both v and p. The remaining constraints and the

objective function are linear w.r.t. speed v or active BS density pu.

3.2.3 Problem Analysis and Proposed Solution

To solve this problem, we present a solution approach inspired by backward induction
that singles out a specific decision variable, in this case v. For a given p, the optimal

speed solution can then be given as in the following Lemma.

Lemma 1. Given that Q(u) is linearly increasing with v, and that v is bounded from
above by Vinax, Vaate, and Viata, the optimal speed v*(u) is derived as the largest feasible

speed that does not violate the three constraints, such that

U*(:u) = min{Vmaxa ‘/safea Vdata(,u)}« (312)

Proof. Let Q(u) be the maximum flow that is achieved at an optimal average speed
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of v*(u). Therefore, the maximum flow is written as follows:

Q" = max Q(p) (31

which is achieved at active BS density p* and average speed v*(u*). From the three
speed limits, the maximum safe speed Ve depends on the CAV spacing distribution
(with parameters A and /) and the maximum speed for adequate data rate Viag.(p)
depends on the active BS density, which is to be optimized. The maximum speed,
Vaata(ft), has the active BS density p and can have a single maximum (as illustrated in
Fig. 1). The implication of this property is that an initial increase in p increases Vgata
as it allows CAVs to be closer to the BS and acquire a higher data rate. Nevertheless,
further increments in p lowers Vg, due to the accumulation of handoffs that occur,
which leads to a lower data rate between the CAV and BS. It is important to note
that the objective function in P2 is proportional to the speed, therefore, our goal is

to maximize the speed while satisfying Viax, Viate, and Viaga (p). O

Fig. 3.2 depicts the relation between p and v. At first, an increase in the active
BS density improves the data rate; thus the speed (as well as traffic flow) improves.
Nonetheless, the unimodal shape of V., comes from the fact that when the active
BS density p further increases, this results in more frequent handoffs which reduces
data rate. To showcase the relation between p and v further, Fig. 3.2 depicts two
scenarios with different CAV processing times 7 which directly impact Vi and Vi, =

min{ Vipax, Viate ;- The discussions are as follows:

e Scenario 1 (7 =1.5x 107% sec): As seen in the top plot of Fig. 3.2, Vi

is above the peak of the V. curve, and V,;, does not intersect with Vgiaia.
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Therefore, V.« and Vi, values are higher compared to the speed required to
support data rate, i.e., Vjaa, and the maximum speed that a CAV can have
along with satisfying data rate requirements is the peak of Vg... The peak of
Viata requires the optimal active BS density p*, where pigata < ¢ < fimax that
in turn maximizes the traffic flow while satisfying the data rate requirement.
This optimal active BS density p* also holds if V,,;, becomes equal to the peak

of Viata (i-e. Vi lies on top of the peak of the Vg, curve).

Scenario 2 (7 =4 x 107% sec): As seen in the bottom plot of Fig. 3.2, Vi,
lies below the peak of V.. and intersects with Vi.:. at two points. This means
that the maximum speed (and in turn the traffic flow) can be achieved only
at those two intersections while satisfying Vi.x, Viate as well as data rate. In
contrast, any active BS density is optimal between the two intersections since
the data rate connectivity holds; however, the optimal active BS density should
also satisfy C4, i.e., fiqata < f° < Umax- The vertical lines are the minimum
required active BS density given by figata in (3.10) and maximum active BS
density fimax, respectively. Thus, any value of p can be selected between the

two intersections, where fiqata < (< lmax-

Since Vi,in depends on variables such as crash probability ¢ and processing time 7,

the values for these two variables affect V,,;,. For example, if the CAVs take a longer

time 7 to process data for decision-making or if the crash probability € is high, V.

reduces in order to maintain a safety distance with other CAVs to avoid collisions.

In order to find a closed form solution for the optimal density of BSs p*, first we

maximize the traffic flow by taking the derivative of equation (3.8) with respect to u
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and numerically solve the following to get fi, i.e.,

— a‘/datat (,U/)

pu— -14
o 0 (3.14)

>

where

OWVaara(pr) 1 (Rth (you(2p)™ + zlogy(2)) 1)

= = 3.15
ou hap? We.zlogs(2) (3.15)

where z = 1 4+ 5(2u)®. Then, considering constraint C4, the optimal p* is given as:

/l Hdata, S ﬂ S Hmax
p= (3.16)

,Umax ,[)/ Z ,umax

Note that if fi < pigasa then the problem becomes infeasible as it violates C4,
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In scenarios with a large density of BSs, the SNR at the receiver remains suffi-
ciently high. For such scenarios, we derive a closed-form expression for the optimal

active BS density as shown in the following Lemma.

Lemma 2. Substituting z = 1+ 5(2u)* with 2 = 3(2u)®, i.e., approxrimating 1 +
SNR =~ SNR in the data rate equation (3.8), the closed form solution of u* can be

given as:

L (2((%)”2(Rm+4wcmha>1/2+mh>>(2Wc>*1) e (3.17)

Finally, p* can be obtained by substituting (3.17) in (3.16).

Proof. Considering high SNR regime, we can rewrite (3.8) as:

~ 1 Ry,
Ve ata =—|1l- = y 3.18
dat (:u) hd,u ( Wc 10g2 (Z)) ( )

According to the first order condition [29], taking the derivative of (3.18) with

respect to u and equating to zero, we have the following:

OVaata(1) _ Rinr +10gy(2)(Ren — Welogy(2))

2 —0, 3.19
o hap? loga(2) (3.19)

Finally, solving for i, we present the closed form solution for /i as given in Lemma 2.

The second order condition shows concavity of Vdata w.r.t. p. O

Remark: The maximum traffic flow can be computed by substituting (3.16) into
the optimal speed expression given by (3.12) in Lemma 1, and then substituting the

optimal speed in the objective function of P2, i.e.,

Q = min{ Vinax, Vaate, Viata(1£*) YAeMT(0, A1) (3.20)
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3.3 Microscopic Traffic Flow Maximization

The macroscopic traffic flow model is useful to analyze the traffic flow for a stream of
CAVs, however it lacks the interaction between individual CAVs and assumes many
assumptions which could have implications on the traffic flow since the worst-case
SNR was assumed. In this section, we analyze the correlation of vehicular connectivity
and road traffic flow from a microscopic perspective. We consider a CAV traffic flow
based on the well-known Pipe’s car-following model [16]. The original Pipe’s model
considers a safe headway between a pair of CAVs: the leader and CAV, with the
former driving in front of the latter. If the spacing is larger than the safe headway, the
CAV accelerates to reduce the spacing and keep the safe headway with the leader. In
contrast, if the spacing is less than the safe headway, the CAV decelerates to increase

the spacing and keep the safe headway with the leader.

3.3.1 Pipe’s Model with Reference Speed

We use a similar approach as Pipe’s model but consider speed instead of the safe
headway to derive motion dynamics. We consider v™ as the reference speed, which
all CAVs seek to maintain. When the CAV’s speed drops below the reference speed,
it accelerates to reach and maintain the reference speed. In contrast, if the CAV’s

speed surpasses the reference speed, it decelerates to reach and maintain the reference
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speed. Thus, the speed of each CAV evolve as follows:

(

max{v(t) — d,7,0}  v(t) > vt + At)
v(t+ At) = < (1) v(t) = v (t + At) (3:21)

min{v(t) + a7, Vinax}  v(t) < 0*H(t + At),

\

where d, and a are the maximum deceleration and acceleration, respectively. This
formulation forces vehicles to accelerate if their speed is less than the reference speed,
and decelerate if their speed is larger than the reference speed. The ultimate goal is
to maintain the reference speed. Note that v*°(¢) and v(#) are the reference speed and
the actual speed of an CAV at time ¢, respectively. Also, d,, a, and V., represent
the deceleration, acceleration, and maximum speed of CAVs, respectively.

At a given time instant ¢ + At, the distance (s;;4+1) between successive CAVs 4

and 7 + 1 is given as follows:

Si,z’—l-l(t + At) == Siﬂq_l(t) + (Ui—H (t) - Uz(t))At (322)

In what follows, we formulate the microscopic traffic flow maximization problem sub-
ject to network and transportation constraints considering a given CAV density k

defined as the number of CAVs (N) per unit length of the road (L).

3.3.2 Problem Formulation

In this subsection, we present the microscopic traffic flow maximization at a particular
time ¢, taking into account the speed of each CAV where v (t) = {v1(t), v2(£),...,vn(t)}

and N = {1,2,..., N} is the set of all CAVs. The traffic flow maximization problem,
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consistent with the proposed macroscopic model, can then be presented as follows:

Q
=
S
A
s
N
_l_
>
&
A
)
5
<
m

where K = N/L and g(t) = 1+ 3(d; ;(¢t))~®. C1 considers the update in speed with
safety distance based on the current spacing between two CAVs, s;,41(t), and C2
considers the update in speed with mobility-aware data rate based on the current
distance between a CAV and its closest BS, d; ;(1).

In order to conduct microscopic traffic flow analysis with the network constraints,
we alter equations (3.7) and (3.8) as in C1 and C2, respectively, to fit the microscopic
model. More specifically, we consider the real-time distance between a CAV and BS
(as compared to worst distance in the macroscopic model), as well as the spacing

between every leader-follower pair of CAVs. The equations are as follows:

iit1(t) — 1
vi(t+ At) < st = Vi safe(t + AL), (3.23)
T
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where s;,;.1(¢) is the distance between the the leader and CAV i at time t.

1 Ry
vi(t+A) < =— | 1 - —
hapt W, log, (1+7d; (1))

— Vi qata(t + AL). (3.24)

where d; ; is the distance between CAV ¢ and its closest BS j at time ¢, and ¥ =

YRPY X ; . . .. . . .
—4—. We consider a Rayleigh transmission fading channel x; ; which is exponen-

tially distributed.

Since the network planning and deployment is a long-term optimization problem,
in the microscopic model, we apply the optimal active BS density solution given
by equation (3.16) which stems from the solution of P2 in the macroscopic model.
Therefore, for the deployment of BSs in the microscopic model, we use p* (3.16).

Therefore, given p* from the macroscopic model, we can re-write P3 as follows:

N
(P4) max Q= %Zm(t + At)
=1
s.t.(C1) vi(t+ At) < ”HE_t) Nie N
Ry,
(C2) vt + At) ( AT (t))) Vie N

(C3) 0<v(t+ At) < Vpax, Vi €N

Since the objective function increases monotonically with v, the optimal speed for an
individual vehicle ¢ at time ¢ lies at the boundary of the constraints C1, C2, C3,
ie.,

vf (t + At) = min{Vipax, Visate(t + At), Vi data(t + Al)}, (3.25)
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where (3.25) represents the optimal speed of CAV i at any given time to maximize
the traffic flow. Furthermore, since we do not consider acceleration in (3.25) for
consistency with the macroscopic model, we apply the optimal speed to Pipe’s model

(3.21) for simulation purposes by replacing v™*(t + At) with v} (t + At) as follows.

(

max{v;(t) — d,7,0} v (t) > v} (t + At)

vi(t + At) = ¢ (1) vi(t) = v (t + At) (3.26)

min{v;(t) + a7, Vinax b i(t) < vf(t + At).

\

In the following, we present steps to optimize the speed of each CAV at each time
instant, with updates to the speed and spacing between CAVs given by the Pipe’s

model in equations (3.22) and (3.26), respectively.

3.3.3 Optimizing the CAVs’ Speed and Computing the Average Traffic
Flow

we initialize the optimal active BS density from equation (3.16) by considering the
maximum data rate requirement Ry, of all the CAVs. We store the x-coordinate
of each CAV on the road at every time step in a vector x, calculate the distances
between each CAV using (3.22), and the CAV locations are then updated every T7,
which represents the resolution of the simulation. The steps to optimize the CAVs’

speed at every time step ¢ and compute the average traffic flow are detailed as follows:

1. Initialize the z-coordinates and distances between CAVs randomly. Calculate

i using equation (3.16) and initialize CAVS’ speeds as Vijax.

2. Calculate V; g (t + At) using equation (3.23).
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3. Calculate V; gata(t + At) using equation (3.24).
4. Calculate v} (t + At) using equation (3.25).
5. Calculate v;(t + At) using equation (3.26)

6. Update CAV z-coordinates and CAV to BS distances d; ;(t) after every time

duration of 7.
7. Calculate s;,;11(t + At) using equation (3.22).
8. Repeat steps 2-6 for each CAV.
9. Calculate the average traffic flow using the objective function in P4.

10. Repeat steps 2-9 up to a time limit.

3.4 Numerical Results and Discussions

In this section, we validate the accuracy of the derived expressions through computer
simulations, Also, we perform sensitivity analysis on key parameters to assess the
inter dependency of the traffic low, CAVs maximum achievable speed, and optimal
active BS density. We initially present the macroscopic and microscopic results sep-
arately in the following subsections and then compare results for both macroscopic

and microscopic respectively.
3.4.1 Macroscopic Model Results

3.4.1.1 System Parameters

Unless stated otherwise, the values of the system parameters [24] used in the following

figures are listed herein. Ve = 30 m/s, fimax = 0.45 BSs/m, hy; = 1 s/handoff,
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Figure 3.3: Traffic flow @) as a function of Ry, with analytical and simulation results
(Left) and optimal density p* as a function of Ry, (Right) with varying path-loss
exponents «.

Ry, = 1 Gbps, W, = 40 MHz, Gy, = 1 dB, G.x = 1 dB, ¢ = 3 x 10® m/s, fr = 2.1
GHz, Ng = 1.507 x 107" W/m?* P>* =1W,a=3,l=1m, A =1m, ¢ = 0.15%,

7=15x10"* sec.

3.4.1.2 Impact of Wireless Environment on Road-Traffic Flow

Fig. 3.3 confirms the accuracy of the derived closed-form traffic flow expression given
in equation (3.20) through Monte-Carlo simulations. Also, Fig. 3.3 depicts the impact
of CAV'’s data rate requirement Ry, on the traffic flow ) considering a variety of path-
loss exponents (which are a representative of wireless channel environment) «. As
seen in the left-hand side of Fig. 3.3, as Ry, increases, the traffic flow @) decreases.
This is because the CAVs need to lower their speed to reduce handoffs and in turn
achieve the required data rate, that naturally reduces the traffic flow. Moreover, it

is critical to note that for lower path-loss exponents such as a« = 2 (which implies
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free-space path-loss), higher traffic flow is achieved compared to higher path-loss
exponent o = 4 (which implies outdoor environments). Physically this means that
environments with lower path-loss achieve higher data rates and traffic flow, whereas
environments with higher path-loss achieve reduced data rates and traffic flow.

On the other hand, Fig. 3 depicts the optimal active BS density as a function of
the CAV data rate requirement Ry,. As shown on the right-hand side of Fig. 3.3, for
lower path-loss exponent (o = 2) which implies free-space path-loss, optimal density
of BSs is lower due to better transmission channels compared to o« = 4 (which implies
outdoor environment with higher propagation losses). However, as Ry, increases, the
optimal active BS density also increases. At this point, it is noteworthy that while the
increase in p is advantageous in terms of increasing SNR and data rate, this increase
in p also increases handoffs which reduces speed and traffic flow (as is also evident

from equation (3.8)).

3.4.1.3 Impact of the Density of BSs on Road-Traffic Flow

Fig. 3.4 and depicts the impact of the density of BSs p on traffic flow @ considering
various CAV processing times 7. As p increases, () increases up to a certain point and
begins to decrease due to an increase of handoffs as can be observed from equation
(3.8). We observe that when the processing time 7 is smaller, Vi, increases as can
be observed from equation (3.7). Physically, this means that CAVs take a shorter
amount of time in decision making to change their speeds so they are able to achieve
higher speeds. Alternatively, when the processing time 7 is larger, Vi, decreases,
which means the CAVs take a longer time in decision making which results in lower

speeds for collision avoidance. Furthermore, since V.. depends on u, we observe a
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Figure 3.4: Traffic low @) as a function of u with analytical and simulation results
with varying processing times 7.

similar pattern as in Fig. 3.2 where Vg, increases as p increases, and the optimal
speed given in equation (3.12) follows V., in the range where Viue > Viata up to a
certain value of u. However, when p becomes large up to a certain point, we observe
that Viate < Viata, and due to equation (3.12), the optimal speed follows Vg which

is constant with respect to pu.
3.4.2 Pipe’s Model Simulation Results

3.4.2.1 System Parameters

Unless stated otherwise, the values of the system parameters [24] used in the following
figures are listed herein. N = 10 CAVs, Viax = 30 m/s, fimax = 0.45 BSs/m, hy = 1
s/handoff, W, = 40 MHz, G, = 1 dB, G, = 1dB, ¢ = 3 x 10® m/s, fr = 2.1
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GHz, Ngp = 1.507 x 107" W/m? P* =1 W, a = 3,1 =1 m, 7 = 0.4 sec, CAV
starting speeds v(1) = 12.5 m/s, and the length of the road is 100 m. Furthermore,
we consider various data rate thresholds Ry, for different CAVs. Specifically, half of
the CAVs have Ry, = 0.6 Gbps and the other half have Ry, = 0.8 Gbps. By using

(3.16), p* is calculated using the maximum Ry, value.

3.4.2.2 Pipe’s Model Simulation with Network Constraints

Figs. 3.5 and 3.6 depict the change in CAV distance and speed over time considering
optimal active BS density (1*) and a minimum active BS density (ftgata), respectively,
to ensure connectivity as detailed in the CAV speed optimization steps in section
3.3.3. The figures show the distances and speeds of the individual CAVs denoted
by the faded curves as well as the average distance and speed denoted by the black
curves.

Fig. 3.5 considers the optimal number of BSs calculated from equation (3.16). As
seen in the distance plot of figure, the CAVs are consistently moving and do not come
to full stops, while also maintaining a safety distance. When a CAV comes into close
contact with another CAV, it slows down its speed enough to avoid a collision, but at
the same time, it does not impede traffic compared to Fig. 3.6 where the CAVs come to
a complete stop at times because of fewer deployed BSs. Furthermore, we observe that
the CAVs constantly change their speeds, which is due to the network connectivity
constraints presented in P4 which optimizes individual CAV speeds based on safety
speeds and data rates.

In addition, Fig. 3.6 depicts the model with the minimum number of required BSs

calculated from equation (3.10). In other words, we performed the same simulation
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as Fig. 3.5 with less BSs, but still ensures the feasibility requirement by meeting
the constraint figata < p# < Mmax- As seen in the figure, the CAVs tend to come to
complete stops before accelerating again, which is evident in the speed plot where the

CAV speeds reach zero.
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Figure 3.5: Pipe’s Model with Network Connectivity Constraints: p = u*.
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Figure 3.6: Pipe’s Model with Network Connectivity Constraints: p = pigata-

3.4.3 Macroscopic and Microscopic Traffic Flow Comparison
3.4.3.1 Impact of the CAVs Spacing on Road-Traffic Flow

Fig. 3.7 depicts the impact of the average CAV density A on the CAV speed v (top)
and traffic flow @ (bottom) under various Ry, values for both the macroscopic and
microscopic traffic flow models. We note that higher CAV density limits the CAVs
from moving faster; thus the required speed threshold to avoid collision reduces Ve,
while Vjaa remains constant w.r.t A. On the other hand, relative to the macroscopic
traffic flow curves, as the A increases, () increases up to a certain point before decreas-
ing. The initial increase in traffic flow is due to the increase in average traffic density
which is the reciprocal of \. However, as soon as we approach the intersection of Viaia
and Vuge, the traffic flow starts reducing due to reduced density of CAVs on the road
which results in the reduction of V.. Furthermore, as described in Fig. 3.7, satis-

fying higher data rate requirements requires reduced speeds thus resulting in lower
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traffic flow. On the other hand, the microscopic average traffic flow curves (as pre-
sented in the objective function of P4 are synonymous to the macroscopic traffic flow
curves, where we show the impact of various data rate thresholds Ry, while using the
same system parameters detailed in the macroscopic results section. As seen in the
Fig. 3.7, the average traffic flow is not only higher in comparison to the macroscopic
model, but can also support higher data rate thresholds without severely degrading
the traffic flow. This is the implication when the spacing between individual CAVs
are considered and are not assumed to all be the same like in the macroscopic model.
Therefore, better traffic low can be achieved and higher data rates can be supported

with microscopic analysis and optimization.

3.4.3.2 Impact of the Density of BSs on Road-Traffic Flow

Fig. 3.8 depicts the impact of the active BS density p on traffic low @) for both the
macroscopic and microscopic car following models. We observe that higher data rate
requirements results in lower traffic flow since they need to reduce their speed to meet
the data rate requirements. Similarly, we observe that the minimum active BS density
required for the CAVs to operate in the environment given by figaa (3.10) increases
for larger data rate requirements. Therefore, this allows for system designers to select
the maximum required active BS density based on the data rate requirements of
different CAVs on the road with various data rate thresholds. On the other hand, the
microscopic traffic flow curves follow a similar trend to the macroscopic traffic flow
results, however the microscopic model achieves better traffic flow compared to the
macroscopic model.

Therefore, we conclude that when analyzing the average traffic flow with respect
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to the active BS density, the macroscopic model achieves relatively accurate results
and can easily be simulated, whereas the microscopic model achieves better results
when analyzing the traffic flow with respect to the CAV density on the road but is

more complicated to simulate than macroscopic traffic flow.
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Figure 3.7: Speed as a function of average CAV density A (top) Macroscopic and
Microscopic traffic flow @ as a function of A (bottom) with analytical and
simulation results and varying data rate thresholds Ryy.
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Figure 3.8: Macroscopic and microscopic traffic flow ) as a function of y with
analytical and simulation results with varying data rate thresholds Ryy,.

3.5 Summary

In this chapter, we present a framework for V2I communication of CAVs where we
optimize speeds and BS densities through transportation traffic low constraints and
network connectivity constraints to maximize traffic flow. In the proposed framework,
we consider a macroscopic traffic flow model to derive the optimal speed and active BS
density, and verify the results through computer simulations where we demonstrate
the trade-off between achievable wireless data rates and CAV traffic flow. Finally, we
simulate the microscopic traffic flow model where we incorporate the aforementioned
network connectivity constraints to optimize individual CAV speeds, and the simula-
tions show improvement in traffic flow with respect to CAV density in comparison to

the macroscopic model. Although the microscopic model achieves better traffic flow
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when analyzing CAV density, the macroscopic model is crucial to determine optimal

BS densities in long-term decision problems for BS deployment.
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Chapter 4

V2I Constrained Macroscopic Traffic Flow

Maximization with Interference

4.1 Motivation and Contribution

This chapter provides a comprehensive framework to assess the effect of interference
and channel fading in the telecommunication model and how it affects the optimal
traffic flow. Dense BS deployment is known to cause unnecessary interference which
can negatively impact the SINR and data rate [51]. In the previous chapter, we as-
sumed there was no interference in the system model, however in real-world scenarios,
wireless communications are subject to interference from neighbouring BSs and the
surrounding environment, and is important to consider when analyzing V2I commu-
nications for CAV traffic flow. To this end, the contributions in this chapter can be

summarized as follows:

e We characterize macroscopic traffic flow by considering log-normal distribution
of the spacing between CAVs. Then, we derive novel and tractable closed-

form expressions for the probability density function (PDF) and cumulative
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density function (CDF) of signal-to-interference-plus-noise ratio (SINR), HO-
aware rate outage probability and ergodic capacity in a large-scale network
with interference. The derived expressions capture the network parameters
such as height of the BSs, safety distance of BSs from the road, interference

from neighboring BSs, and channel fading.

e We develop a novel optimization framework to jointly optimize the active BS
density and speed of CAVs to maximize the CAVs’ traffic flow with collision

avoidance and minimum HO-aware data rate constraints.

e Our numerical results confirm the accuracy of the derived expressions and ex-
tract useful insights related to dynamics of active BS density, CAV minimum
data rate requirements, average CAV speed, BS heights and safety distances,

etc.

4.2 System Model and Performance Metrics

We consider a road of length Lr on which N, CAVs travel. We consider N BSs are
deployed alongside the road at a certain distance dg,pe with a density defined as the
number of BSs deployed per unit distance, i.e., p = N/Lg. The distance between
BSs is 1/ as shown in Fig. 4.1. The CAVs’ density k on the road is defined as
the number of CAVs per unit distance, and the CAVs’ speed is v. According to
macroscopic traffic flow theory, the flow of vehicles is defined as ¢ = kv vehicles per
unit time [52]. Note that k is inversely proportional to s, i.e., k = 1/s and s is the

spacing between neighboring vehicles. Given the PDF of the density of vehicles & on
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Figure 4.1: Graphical illustration of the V2I communication model for CAVs.

the road fx(k), the traffic flow can be defined as follows:

Q= /Ooo kv fr(k)dk. (4.1)

In this chapter, we model the inter-vehicle spacing s with a log-normal distribution.
This model has been proven to be accurate for daytime hours through various em-
pirical studies [53]. The research works observed the traffic flow behaviour during
different times of the day, and proved that the inter-vehicle spacing distribution is
log-normally distributed during day-time hours (i.e., moderate traffic). Therefore, we

consider the inter-vehicle spacing s to be log-normally distributed during day-time

o4



hours with PDF' given as:

fols) = — eXp(_an(S)_NLN)Q)’

2
SOILNV 2T 200N

where ppn and opy are the logarithmic average and scatter parameters of log-normal
distribution, respectively, and erf(-) is the error function. Therefore, (4.1) can be
rewritten as follows:

Q= /000 %vfg(s)ds = vexp (@) (4.2)

Each CAV is assumed to be connected to a single nearest BS at any given time.
Considering the distance-based path-loss and short-term multi-path fading at the
transmission channel, the received signal power at a given CAV i from a given BS j

in the downlink can be modeled as follows:

tx rx c ? P};X tx 1—a
Si,j = GRGR A7 fr WXi,j = ’YRPj di,j X, (4-3)
Z7J

The signal-to-interference-plus noise ratio (SINR) received at a i-th CAV from j-th

BS can thus be modeled as follows:

Sij YrRP*d; 5 Xi 5
Np + I, Nrp+1;, ’

X

where G'%¥ and G} represent the transmitting and receiving antenna gains, respec-
tively, PjtX represents the transmit power of the BS j, x;; represents the short-term

channel fading of BS j modeled with Rayleigh distribution, ¢ and fr represent the
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speed of an electromagnetic wave and RF carrier frequency, respectively, d; ; repre-
sents the distance between the j-th BS and i-th CAV, and « represents the path-
loss exponent. Furthermore, Ny is the thermal noise power at the receiver and
L = >, oy P]§X7Rd;]?Xi,k is the cumulative interference at the i-th CAV from the
interfering BSs, where vz = G¥ G (c/4nfr)?, d; . represents the distance between
the i-th CAV and k-th interfering BS, and y;; is the power of fading from the k-th
interfering BS to the CAV.

Furthermore, as detailed in Fig. 1, the distance between a CAV i and BS j can be

calculated using their respective coordinates as d; j = /7 ; + hiiy + dZ, where hy,
represents the height of the BSs, dg.5 represents the safety distance from the CAV on
the road to the BS, and z;; is the distance parallel to the road with respect to the
location of the CAV on the road to the BS. Subsequently, given the Shannon-Hartley
theorem for infinite block-length regime [25], the data rate without mobility between
a BS and CAV can be defined as R, ; = W log,(1 + SINR; ;) where W represents the
bandwidth of the channel.

As CAVs drive along the road, HOs between different BSs occur, and due to HO
delays and failures, an increase in the rate of HOs can negatively impact the CAV
data rate. Therefore, we incorporate the effect of these HOs through the HO-related
cost. HO cost is proportional to the HO delay (hg) measured in seconds per HO,
and HO rate (H) measured in number of HOs per second [31], i.e., H. = hq x H.
Since we assume nearest BS association for CAVs, we define H as the number of cell
boundaries a CAV crosses per second, where a cell boundary is the coverage range

of a BS. Note that the number of boundaries per unit distance are the same as the

active BS density p. Furthermore, by using the speed of CAVs v, we can calculate
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the number of boundaries covered by a CAV per second as H = pv. Subsequently,

we model the HO-aware data rate [30] as follows:

HU;
M;; = Ri;j(1 — Hemax) = Rij (1 - hdm) : (4.5)
where H. max = hd#mg/mx = hy #mai‘ %’/max is the normalized HO cost in equation (4.5)

to ensure 0 < H max < 1, fimax 1S the maximum regulated active BS density, and Vi«
is the maximum regulated speed of the CAVs. Finally, a stable CAV connection with
the nearest BS requires a minimum HO-aware data rate Ry, which ensures that every

CAV achieves the required QoS.

4.3 HO-Aware Rate Outage Probability Analysis

In this section, we derive novel closed-form expressions for the PDF and CDF of
SINR, HO-aware rate outage probability, as well as the ergodic HO-aware data rate.

The HO-aware rate outage probability P, is defined as:

Sy
Pout =Pr (Mi,j < Rth) = Pr (Z = NR _i [1 < fyth) ; (46)

R
where 4, is the desired SINR threshold given as v, = 2W<1—’}};ma><> and Hemax =

hq—5—. The outage expression can then be derived as shown in the following

,Ufrnameax

lemma.

Lemma 3 (HO-aware Rate Outage Probability). Given the PDF and CDF of SINR
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of ith CAV, the closed-form outage expressions can be given as follows:

ANR

a; ;e Pk bi
out*l_ Z e H T 1 (47)
k=1 k4] bzkf)/th+a2]lll¢kbzk_bzl

Proof. To derive the SINR outage, we first calculate the PDF and CDF of SINR.
In the sequel, we first determine the PDF and CDF of S;; and I;. The random
variable S; ; is a scaled exponential random variable, i.e., S;; =Y = a;;x;; where
a;j = vRPjtxd; . By using a single variable transformation, the PDF and CDF of ¥’

can be given, respectively, as follows:

A
Frly) = —e =" Fy(y)=1-e =" (4.8)
2y

The interference I, = ), 4 P/EX”YRd;;?Xi,k =>, 2 bigxi follows Hypoexponential
distribution [54] as I; is the weighted sum of n independent but non-identical expo-
nential random variables. Each exponential is scaled with a different factor due to

the different distance between the CAV and the interfering BSs. The PDF of the

interference can thus be given by:

fr.(I) = Z %\G_b;’cl H bl—k, (4.9)

Now, we define X = Ni + [;. The PDF of X can be given after a single random

variable transformation as fx(x) = f;(x — Ng). Finally, given the statistics of X and
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Y, we derive the PDF of Z =Y/ X [55] as

fz(z) = /00 rfx(z)fy(xz)dx

N

)\26 bl k b@k o 7%127%1

E | | ﬁ re "I ik d.

Cl/ . JR— .

kot zg l 1,14k i,k il JO
ANR

N a; L€ bk b; &
Z ig bike I —— (4.10)

z+a bir — b;
k=1, 75] zk + 2]) I=1,14k i,k il

Furthermore, the CDF of Z is as follows:

N ANp
a; je "k bi k
=1 Y e

k=1,k#j

—_— 4.11
i k2 + Q5 5 11 1k bij — big ( )
Finally, the outage in Lemma 3 can be calculated by substituting z = 7y, in (4.11).

]

In the following, we characterize the average HO-aware data rate using the statis-

tics of SINR.

Lemma 4 (Ergodic HO-Aware Data Rate). Given the PDF and CDF of SINR, the

closed-form ergodic rate expression can be given as follows:

bix

/8 a; ;e lk}
Mavg(p) = W(1 = hap) Z e b — by

(4.12)
kel g Lo — big

I=1,l#£k

where By, = In(a; ;/b; k) +atan2(\/b; x, 0), and atan2(y, x) is the 2-argument arctangent

function.
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Proof. We begin by defining the ergodic rate as follows:

Movg(p) = E [Wlogy (1 + Z) (1 — hgpo)]

=W (1 — hqu)E [log, (1 + Z)], (4.13)

where hy = hq/(fmaxVimax) and Z is a function of p. Given the definition of ergodic

rate [27], we have:

Russi) = Ellogs (1 2)] = [ logy(1-+ 2)f2(2)d,

_ 1 /Ool—Fz(Z)dZ7
In(2) J, 1+2

N AbNiR bi &
B 1 /oo Qi€ " Hl=1,l3ﬁk bi,k—bi dZ, (414)
2) Jo

a hl( k=1,kj (bz,k + Cl@j)Z + bi’kz2 + Qi

where (4.14) is a function of y because d; ;, d; , and in turn b, ;, b; ;, are functions of .
The final step is derived by substituting (4.11) into (4.14). The closed-form ergodic

capacity can be derived by solving the integral as follows:

ANg

N a; ;€ bi,k b k
Ry = By—L—— — 4.15
(1) Z . kai,j — bk z:!_z[;ék bik — big (4.15)

Finally, the HO-aware data rate can be given by substituting (4.15) into (4.13). O

To simplify the optimization, we also provide a worst-case bound on the interfer-

ence.

Lemma 5 (Worst-Case Data Rate at CAV i). The worst-case signal power will be

observed at a CAV when the CAV is located at the halfway point between two BSs (i.e.
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i) such that d; ; = dmax = \/h d2 . 412. The worst-case interference will also

be observed at this location because the CAV will have maximum signal and interfer-

ence from the neighbouring BSs such that. d; = \/h + (2k+1) . Finally, the

safe

ergodic worst-case data rate is given as

—Q —
e VR du?

ﬁk maxC
worst Z — dz_k H qd-° di_’la .

I=1,1#£k GE

4.4 QoS- Constrained Traffic Flow Maximization

In this section, we formulate the macroscopic traffic low maximization problem with
various constraints to jointly optimize the CAV speed v and the active BS density u
in the presence of interference. Note that active BS density optimization can also be
implemented in practice by dynamically switching the BSs. We present a closed-form
expression for the optimal CAV speed and a numerical method to compute optimal
1.

The traffic flow maximization problem is formulated as:

2. —2
(P1) max Q =vexp (M)

Ul

< exp (ULN\/ﬁerf_l (2¢e — 1) + pLN)

S t(Cl) < = ‘/;afe
T
1 Ry, )
C2) v<— (11— ——"—— ] = Viata
( ) o hd/fJ ( WRworst(PJ) dat (Iu)

(03) Rth S WRworst (,u)
(04) O<w S Vmax

(C5) 0< < pimax
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where C1 is the collision avoidance constraint which ensures that the speed of the

CAVs should not exceed s/7, i.e.,

Pr (v > f) =Pr(s <wr) <g, (4.16)
T

where s is the distance between two CAVs and is always greater than zero, 7 represents
the processing time for the CAVs to act on a decision, and ¢ is the crash tolerance
level. In addition, equation (4.16) can be rewritten by substituting the CDF of s
where Pr (v > f) = % (1 + erf (%)) By using the inverse error function and
taking the inverse log of both sides and factoring for v, (4.16) can be rewritten as in
C1. C1 indicates that speed is capped to create an adequate safety distance that is
traversed during the processing time. We refer to the right side of C1 as the maximum
safe speed that keeps the crash probability below €. The condition C1 shows that
the maximum safe speed increases with €, but decreases with the processing time.

Furthermore, C2 is the worst-case HO-aware data rate constraint of the CAV

based on Lemma 5, i.e.,
Mworst - W<1 - Bdﬂ’v)Rworst(,u) Z Rth~ (417)

By factoring out for v we can rewrite (4.17) as in C2, where we refer to the right side
of C2 as the maximum speed, denoted by Via.(p) that ensures the minimum data
rate requirement of the CAVs. To ensure that C2 does not attain negative values
of speed and the problem remains feasible, we introduce the constraint C3. That is,
C3 ensures #ﬁ;w < 1. The final two constraints C4 and C5 cap the speed and

active BS density to a maximum, respectively.
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Note that problem P1 is a non-linear programming problem due to constraints
C2 and C3 which are a non-linear function of . To solve this problem, we first
compute the optimal speed v* which is then further maximized to optimize active BS

density as in the following Lemma.

Lemma 6. Given that () is linearly increasing with v, and that v is bounded from
Vinax, Vaafe, and Viata, the optimal speed v*(p) is derived as the largest feasible speed

that does not violate the three constraints, such that

U*(M) = min{vmaxa ‘/safea Vdata(,u)}y (418)

The optimal active BS density p* can then be computed using the fminbnd function
in MATLAB which is based on golden-section search algorithm (GSS) [56]. The GSS
method can find the global mazimum or minimum of a unimodal function; whereas, it
converges to a local maximum or minimum for a function containing multiple extrema
[57]. GSS is a one-dimensional search that works by reducing the interval in a golden
ratio range, where the minimum of the interval lies within the interval. In our case,
we want to determine the optimal value of p which mazimizes Vyata, so we provide
fmindbnd function with the negative of Vy.a as the objective function. The algorithm
has a computational complezity of O(logn) [58]. If u* > fimax, we have p* = fimax-

Also, if pu* violates Ry, < W Ryorst (11*), the problem becomes infeasible.

4.5 Numerical Results and Discussions

In this section, we validate the accuracy of the derived expressions through computer

simulations. Furthermore, we demonstrate the sensitivity of optimal traffic flow by
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changing key parameters such as crash tolerance level, data rate thresholds, interfer-
ence, etc. Insights are extracted related to the optimal CAV speed and active BS
density.

Unless stated otherwise, the values of the system parameters [24] are used in the
following figures are listed herein. Vi.x = 30 m/s, pimax = 0.01 BSs/m, hy = 3 s/HO,
Ry, = 60 Mbps, W =40 MHz, G% =1 dB, G%¥ =1dB, ¢ = 3 x 10®* m/s, fg = 2.1
GHz, N = 1.507 x 10713 W/m?, P*=1W,a=3A=1€e=1%,7=06x 1073
sec, N = 0, opn = 1, dgate = 5 m, hps = 8 m, Lr = 2000 m.

Fig. 4.2 and Fig. 4.3 demonstrate the outage probability (4.7) and ergodic capacity
(4.15) as a function of p for various CAV speeds. The analytical expression match
perfectly with the simulation results. When pu increases, the outage increases and
rate decreases due to increasing interference and HOs. Furthermore, higher speeds
result in higher probability of outage and lower ergodic capacity when compared to

lower speeds, which is due to more frequent HOs.

1

—©—V =0m/s (Ana.)
09 |—e—V=5m/s(Ana)
—E&—V =15m/s (Ana.)
—E—V =25m/s (Ana.)

0.8

0.7 [

0.6

out

0.5

04

03[

0.2

0.1 I I I I I I I I I
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02

BS Density (1) [BS/m]

Figure 4.2: HO-aware rate outage probability as a function of y for various speeds
and Ry, = 1 X 108 bps, fimax = 0.02 BSs/m.
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Figure 4.3: HO-aware capacity as a function of p for various speeds for
Ry, = 1 x 108 bps, fimax = 0.02 BS/m.
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Figure 4.4: Vg,ta as a function of u for « = 3 (Top) and a = 4 (Bottom) with
various CAV processing times 7.

Fig. 4.4 depicts Vjaia as a function of p. As p increases, Viapa with oo = 3 increases
up to a certain point due to vicinity of BSs. However, beyond that point Vj,:. begins
to decrease due to an increase in HOs and interference, and the CAVs need to lower

their speed. On the other hand, when oo = 4, the benefit of rate enhancement cannot
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be seen and a higher y only causes more interference and HOs. Furthermore, we show
that different CAV processing times 7 varies V., where v* = Vi, for higher 7 values
when Ve < Vaata-

Fig. 4.5 depicts the impact of the data rate threshold Ry, on traffic flow ) and
the optimal active BS density p* for various path-loss exponents. As seen on the
top of Fig. 3.3, as Ry, increases, () decreases as CAVs need to reduce their speed to
limit the number of HOs to meet the required data rate. For the same reason, when
Ryn, p* increases. The environments with higher path-loss exponents require more
dense BS deployment. Note that we consider 100 points (or Ry, values) along the
x-axis between 6 x 107 bps and 8 x 107 bps to compute analytical traffic flow which
requires to compute the optimal density of BSs p* numerically using MATLAB’s
fminbnd function at each Ry, value. Therefore, minor fluctuations are observed due
to numerical computations of u*.

Fig 4.6 depicts the relationship between the crash tolerance level € and traffic low
Q@ for various CAV processing times. At first, Viae < Viata < Vinax, thus the optimal
speed is bound to Vi. as in Lemma 4, where V. increases as the crash intensity
level € increases since we are relaxing the crash tolerance. After a certain e value,
Viate > Viata- The optimal speed is bound to V.. as in Lemma 4, which is constant
with respect to € and results in an upbound flat curve. For different CAV processing
times 7, the point at which Vg, takes over changes. When the CAV processing time
is larger, Vit is smaller since it takes a longer time for the CAV to process decisions
compared to smaller 7 values.

Finally, Fig 4.7 depicts the relationship between active BS density p and traffic

flow @@ with various BS safety distances. At first, when the active BS density u is
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lower, Viate < Vdata < Vinax S0 the optimal speed is bound to Vi, as in Lemma 4. Vug

is constant with respect to p which results in an upbound flat curve. As p increases,

HOs and interference increases which lowers V.. to the point where Viate > Vigata and

the optimal speed is bound to Vi.i. as in Lemma 4. For different BS safety distances

dsate, the switching point between Vi, and V., changes because the further away the

BS is from the CAV, Vi.i. will decrease because of weak signal strength. Furthermore,

the traffic flow without interference results in better traffic flow as compared to the

traffic flow with interference as the interference deteriorates the data rate, CAV speed,

and traffic flow.
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Figure 4.5: Traffic flow @ as a function of Ry, with analytical and simulation results
(Top) and optimal active BS density p* as a function of Ry, (Bottom) for various
path-loss exponents.
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4.6 Summary

This chapter presents a framework for V2I communications for CAVs where we present
and analyze novel expressions for outage probability and ergodic capacity of HO-aware
data rate, and jointly optimize the speed and network deployment in the presence of
HOs between BSs and interference due to neighbouring BSs. Finally, we simulate and
verify the results of the expressions through computer simulations, analyze the effect
of mobility for outage probability and ergodic capacity of the HO-aware data rate,
demonstrate the trade-off between achievable wireless data rates and traffic flow, and

compare traffic flow with and without interference.
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Chapter 5

Conclusions and Future Directions

5.1 Conclusion

This thesis provides a comprehensive framework for determining the optimal traffic
flow by optimizing CAV speeds based on transportation and network constraints such
as safety speed and HO-aware data rate. We propose a novel optimization problem
for macroscopic traffic flow to jointly optimize the CAV speed and the density of BSs
with and without considering interference. Furthermore, we propose an optimization
problem to determine the optimal traffic flow using the microscopic car-following
model based on Pipe’s car-following model, where we optimize the speed of each
individual CAV. Finally, we consider interference and the effect of the fading channel
in the system model and derive novel closed-form expressions for outage probability
and ergodic capacity of the HO-aware data rate. The numerical results validate all of
the closed-form expressions, and provide useful insights such as the effect of active BS
density on traffic low, the comparison between macroscopic and microscopic traffic
flow, the effect of mobility in outage probability, and finally the comparison between

traffic flow with and without interference. We observed that dense BS deployment can
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lead to an increase in handovers, which decreases the data rate, which decreases the
traffic flow because the CAVs will travel at lower speeds. Furthermore, we noticed
that the traffic low in the presence of interference is generally lower compared to
the traffic flow without interference, which provides a realistic depiction of dense BS

deployment.

5.2 Future Directions

This thesis provides a comprehensive framework for traffic flow optimization consider-
ing a network model and car-following transportation model. We considered a single
lane highway and equidistant BSs along the road in the system model which allowed
us to obtain a simple, yet effective formulation for the handover rate which resulted
in closed-form expressions for data rate, traffic flow, and optimal speed. This work
can be extended to consider different road environments, rigorous handoff policies by
deploying different types of BSs, and utilizing machine learning techniques for traffic

flow prediction. The extensions are described as follows:

5.2.1 Road Environments

The future of CAVs will be fully autonomous in all road environments. Therefore,
there is a large scope in considering different road environments for traffic flow opti-
mization. In this thesis, the road is assumed to be a highway without any intersections
or traffic lights, however considering rural areas would provide an interesting analysis

for CAV traffic flow optimization.
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5.2.2 Handoff Policies

There are different ways to consider handoffs of a user from one BS to another. This
thesis only considers nearest BS association, however other associations such as power-
based association can occur when there are different types of BSs on the road. For
instance, in [24], the authors consider a hybrid RF and THz BS setup, and a handoff
occurs based on a comparison of received signal strengths. Furthermore, this thesis
assumes that the BSs are placed equidistant from each other which simplifies the
handover rate expression, which may not always be the case in network deployment.
Therefore, extending this work to consider randomly distributed BSs would provide

a more rigorous framework for the HO-aware data rate.

5.2.3 Resource and Power Allocation

This thesis does not consider resource and power allocation optimization, however
this thesis can be extended to include this. By considering resource allocation, the
objective function would be non-convex, and would require more rigorous optimiza-
tion techniques such as KKT, or deep learning techniques to solve the problem. The
following series of works [59-61] utilizes deep learning for resource allocation, but

does not consider mobility of users or traffic flow.

5.2.4 Machine Learning

This work can be extended to incorporate machine learning in different ways. For
instance, in [33], Yan et al. use reinforcement learning to characterize network se-
lection and CAV driving policies to minimize collisions. This reinforcement learning

model can be extended to include safe driving policies and traffic flow rewards while
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considering HO-aware data rates. Furthermore, deep learning traffic flow prediction
models have been widely used in research [62-65]. By using temporal graph convolu-
tional neural networks, the system model in this thesis can be utilized for handover
rate prediction and traffic flow prediction while considering different types of BSs in

the road network.
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