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Abstract

Connected and automated vehicles (CAVs), which enable information exchange and
content delivery in real time, are expected to revolutionize current transportation systems
for better driving safety, traffic efficiency, and environmental sustainability. However, the
emerging CAV applications such as content delivery pose stringent requirements on la-
tency, throughput, reliability, and global connectivity. The current wireless networks face
significant challenges to satisfy the requirements due to scarce radio spectrum resources,
inflexibility to dynamic traffic demands, and geographic-constrained fixed infrastructure
deployment. To empower multifarious CAV content delivery, heterogeneous vehicular net-
works (HetVNets), which integrate the terrestrial networks with aerial networks formed
by unmanned aerial vehicles (UAVs) and space networks constituting of low Earth or-
bit (LEO) satellites, can guarantee reliable, flexible, cost-effective, and globally seamless
service provisioning. In addition, edge caching is a promising solution to facilitate con-
tent delivery by caching popular files in the HetVNet access points (APs) to relieve the
backhaul traffic with a lower delivery delay. The main technical issues are: 1) to fully
reveal the potential of HetVNets for content delivery performance enhancement, content
caching scheme design in HetVNets should jointly consider network characteristics, vehicle
mobility patterns, content popularity, and APs’ caching capacities; 2) to fully exploit the
controllable mobility and agility of UAVs to support dynamic vehicular content demands,
the caching scheme and trajectory design for UAVs should be jointly optimized, which
has not been well addressed due to their intricate inter-coupling relationships; and 3) for
caching-based content delivery in HetVNets, a cooperative content delivery scheme should
be designed to enable the cooperation among different network segments with ingenious
utilization of heterogeneous network resources.

In this thesis, we design the content caching and delivery schemes in the caching-enabled
HetVNet to address the three technical issues. First, we study the content caching in Het-
VNets with fixed terrestrial APs including cellular base stations (CBSs), Wi-Fi roadside
units (RSUs), and TV white space (TVWS) stations. To characterize the intermittent
network connection caused by limited network coverage and high vehicle mobility, we es-
tablish an on-off model with service interruptions to describe the vehicular content delivery
process. Content coding then is leveraged to resist the impact of unstable network con-
nections and enhance caching efficiency. By jointly considering file characteristics and
network conditions, the content placement is formulated as an integer linear programming
(ILP) problem. Adopting the idea of the student admission model, the ILP problem is
then transformed into a many-to-one matching problem between content files and Het-
VNet APs and solved by our proposed stable-matching-based caching scheme. Simulation
results demonstrate that the proposed scheme can achieve near-optimal performances in
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terms of delivery delay and offloading ratio with a low complexity. Second, UAV-aided
caching is considered to assist vehicular content delivery in aerial-ground vehicular networks
(AGVN) and a joint caching and trajectory optimization (JCTO) problem is investigated
to jointly optimize content caching, content delivery, and UAV trajectory. To enable real-
time decision-making in highly dynamic vehicular networks, we propose a deep supervised
learning scheme to solve the JCTO problem. Specifically, we first devise a clustering-based
two-layered (CBTL) algorithm to solve the JCTO problem offline. With a given content
caching policy, we design a time-based graph decomposition method to jointly optimize
content delivery and UAV trajectory, with which we then leverage the particle swarm op-
timization algorithm to optimize the content caching. We then design a deep supervised
learning architecture of the convolutional neural network (CNN) to make online decisions.
With the CNN-based model, a function mapping the input network information to out-
put decisions can be intelligently learnt to make timely inferences. Extensive trace-driven
experiments are conducted to demonstrate the efficiency of CBTL in solving the JCTO
problem and the superior learning performance with the CNN-based model. Third, we
investigate caching-assisted cooperative content delivery in space-air-ground integrated ve-
hicular networks (SAGVNSs), where vehicular content requests can be cooperatively served
by multiple APs in space, aerial, and terrestrial networks. In specific, a joint optimization
problem of vehicle-to-AP association, bandwidth allocation, and content delivery ratio, re-
ferred to as the ABC problem, is formulated to minimize the overall content delivery delay
while satisfying vehicular quality-of-service (QoS) requirements. To address the tightly-
coupled optimization variables, we propose a load- and mobility-aware ABC (LMA-ABC)
scheme to solve the joint optimization problem as follows. We first decompose the ABC
problem to optimize the content delivery ratio. Then the impact of bandwidth alloca-
tion on the achievable delay performance is analyzed, and an effect of diminishing delay
performance gain is revealed. Based on the analysis results, the LMA-ABC scheme is
designed with the consideration of user fairness, load balancing, and vehicle mobility. Sim-
ulation results demonstrate that the proposed LMA-ABC scheme can significantly reduce
the cooperative content delivery delay compared to the benchmark schemes.

In summary, we have investigated the content caching in terrestrial networks with fixed
APs, joint caching and trajectory optimization in the AGVN, and caching-assisted cooper-
ative content delivery in the SAGVN. The proposed schemes and theoretical results should
provide useful guidelines for future research in the caching scheme design and efficient
utilization of network resources in caching-enabled heterogeneous wireless networks.
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Chapter 1

Introduction

The technique of connected and automated vehicles (CAVs) enables vehicles to interact
with their internal and external environments to improve road safety, transportation e -
ciency, and the experience of both drivers and passengers [2]. To empower smart vehic-
ular services especially in the future driverless era, high-bandwidth content delivery and
reliable accessibility of multifarious applications are expected [3]. However, the limited ra-
dio spectrum resources, the in exibility in accommodating dynamic tra ¢ demands, and
geographically-constrained xed infrastructure deployment of current terrestrial networks
pose great challenges in ensuring ubiquitous, exible, and reliable network connectivity [4].
To address these challenges in a cost-e ective way, heterogeneous vehicular networks (Het-
VNets) which integrate terrestrial networks with non-terrestrial networks can be leveraged
to boost network capacity, enhance system robustness, and provide ubiquitous 3D wireless
coverage. Furthermore, edge caching technologies can be utilized in HetVNets to further
mitigate backhaul tra ¢ burden and reduce vehicular content delivery delay. In this chap-
ter, we rst provide an overview of the vehicular content delivery networks, then elaborate
the edge caching-assisted HetVNets with their speci c communication characteristics. Fi-
nally, we present the three key research problems investigated in this thesis.

1.1 Overview of Vehicular Content Delivery Networks

With the tremendous technological development in advanced sensors, onboard processing,
and wireless communications and networking, CAVs are expected to perform essential roles
in diversied elds of human society. As predicted by International Data Corporation
(IDC), the number of CAVs will continue to surge over the next several years, increas-



Figure 1.1: An overview of vehicular content delivery networks.

ing from 31.4 million units in 2019 to 54.2 million units (more than 50% of all vehicles
produced) in 2024 [5]. CAVs can exchange information via both intra-vehicle communica-
tions and inter-vehicle communications [6]. Intra-vehicle communications happen within a
vehicle, such as among di erent on-board sensors and systems. With inter-vehicle commu-
nications, a vehicle can communicate with other entities such as other vehicles, roadside
units (RSUs), and base stations (BSs), collectively referred to as vehicle-to-everything
(V2X) communications, as shown in Fig. 1.1. With V2X communications, ubiquitous
information exchange and content delivery can be enabled to support multifarious CAV
applications. In particular, content delivery in vehicular networks (VNs) has the following
typical application scenarios [7]:

1. Safety Information Delivery - Road safety is of the utmost importance for con-
nected vehicles. To reduce the frequency and severity of vehicle collisions, vehicles
need to monitor the environmental data and collect vehicle state data to evaluate the
vehicles' safety status. Vehicles' safety-related information includes available energy
(e.g., fuel and electric), moving direction and speed, and distances among vehicles.
By analyzing the collected safety-related information, the system can deliver alarm
information when necessary and perform accident forewarning, shown@ase 1 in
Fig. 1.1;



2. Trac E ciency Information Delivery - To facilitate tra ¢ management and
transportation e ciency, useful information (including vehicles' locations, road con-
ditions, and congestion) should be exchanged for system coordination and route
planning. For example, an on-board map application can automatically reroute ac-
cording to the received tra c condition information to avoid the congestion area and
enhance tra c e ciency, shown as Case 2 in Fig. 1.1;

3. Infotainment Content Delivery - To improve drivers' and passengers' traveling
experiences, the infotainment content (such as videos, music, and maps) can be
delivered and shared to provide informative or entertaining services. For example,
service providers can collect vehicles' real-time locations and users' tastes and health
conditions to recommend a restaurant and deliver the related information such as
public evaluation and open hours, shown &ase 3 in Fig. 1.1. Furthermore, vehicles
in proximity may request similar location-based content such as tra ¢ conditions and
map data. In such cases, data transmission can be accomplished with direct delivery
among adjacent vehicles, shown &3ase 4 in Fig. 1.1.

In this thesis, we mainly investigate the delivery of infotainment content. Notice that
content delivery in VNs is di erent from that in conventional mobile networks since it is
highly dependent on vehicles' mobility patterns, road conditions, and user behaviors [8].
Considering the massive amount of vehicular data, dynamic vehicular network conditions,
and di erentiated service requirements, there exist various technical challenges for content
delivery in VNs:

1) Access network congestion With an enormous increase in the number of vehicles
on road and the proliferation of multifarious vehicular applications, the vehicular data
requirement is soaring at a tremendous pace. According to the mobile data forecast from
Cisco, the mobile data tra c will grow at a compound annual growth rate (CAGR) of
46 percent, increasing seven-fold from 2017 to 2022 [9]. Furthermore, connected cars will
be the fastest-growing industry segment with a 28 percent CAGR. However, the cellular
network capacity is not able to grow at a comparable pace to support the enormous data
tra ¢ due to the scarce spectrum resources and high cost of the infrastructure upgrade.
The Federal Communications Commission (FCC) has allocated 75 MHz bandwidth at the
5.9 GHz spectrum band to dedicated short-range communications (DSRC) for vehicular
communications. However, DSRC mainly focuses on enabling vehicular safety applications
[10], i.e., supporting rapid short message exchange, and the limited spectrum resource is
insu cient to satisfy the quality of services (QoS) of the bandwidth-intensive infotainment
applications;



2) Backhaul network congestion h addition to access network congestion, the trans-
mission of massive vehicular data also increases the probability of blocking the backhaul
networks, especially for wireless backhaul networks that have limited capacities and are
easily congested. Although wired backhaul networks can provide a higher transmission
data rate and have more spectrum resources, it is costly and sometimes di cult to deploy
especially in some remote areas;

3) On-demand service provisioning Network conditions (e.g., tra ¢ density and re-
quest distribution) in VNs are highly dynamic in both temporal (e.g., peak hours or mid-
night) and spatial (e.g., urban or rural areas) domains. To guarantee uniform service
coverage, the infrastructure needs to be densely deployed, which enhances the communi-
cation performance but also increases the deployment cost. Therefore, how to e ectively
utilize and deploy the infrastructure in VNs to provide on-demand content delivery services
in di erent demanding areas is a challenging problem;

4) Globally connectivity and reliability -Global network connectivity, which is essential
for ubiquitous vehicular service provisioning, can hardly be achieved by depending only
on the current terrestrial networks due to the geographically-constrained infrastructure
deployment. For example, it is cost-ine ective or even impossible to deploy infrastructure
in sparsely populated or remote mountainous areas. Furthermore, how to guarantee reliable
and uninterrupted network connections for vehicular content delivery regardless of the
potential infrastructure outage (e.g., caused by natural disasters) is another critical yet
challenging topic.

In summary, VNs can improve road safety and provide better travel experiences for
drivers and passengers by enabling safety-related and infotainment content delivery. How-
ever, the massive tra c demands, the inherent characteristics of VNs, and the diversi-
ed vehicular service requirements make it challenging to design an e cient, exible, and
cost-e ective content delivery system. To address the above-mentioned challenges, in this
thesis, we investigate the edge caching-assisted content delivery in HetVNets to improve
the service quality with enhanced resource utilization e ciency.

1.2 Edge Caching-Assisted Content Delivery in Het-
VNets

To support tremendous CAV content delivery, HetVNets are considered to expand the
breadth and depth of communication coverage by utilizing multiple revolutionary network-
ing techniques. Speci cally, aerial networks based on unmanned aerial vehicles (UAVsS) and



space networks consisting of satellites can be involved in HetVNets to assist vehicular con-
tent delivery, thus achieving a space-air-ground integrated vehicular network (SAGVN).
With the integration of terrestrial, aerial, and space networks, the SAGVN can exploit
the complementary advantages of di erent network segments to provide globally seamless,
reliable, exible, and cost-e ective network access [11{13].

Despite the bene ts and potentials brought by the SAGVN, the backhaul transmission
of the vehicular tra ¢ data still face some technical challenges. In speci c, for terrestrial
HetVNets, although the wireless cellular tra ¢ burden can be relieved by utilizing other
radio access technologies (RATS) like TV white space (TVWS) and Wi-Fi, the backhaul
networks which support all vehicular tra ¢ data still su er a high congestion probability.
For UAV-assisted network access, the wireless backhaul links are generally slow and un-
reliable. For satellite-based content delivery, an unacceptable delivery delay may occur if
the satellite goes through backhaul links to retrieve the requested content due to the long
propagation delay. To address these issues, edge caching technologies can be utilized to
cache content les closer to the end users to alleviate backhaul congestion, reduce energy
consumption, and decrease content retrieving delay.

1.2.1 Overview of the Heterogeneous SAGVN

As shown in Fig. 1.2, the SAGVN compromises three main network segments: ground
networks, aerial networks, and space networks. The integration of these network segments
has attracted increasing attention from both academia and industry. In this part, we rst
summarize recent advances in di erent network segments. Then, the advantages of the
integrated SAGVN will be introduced.

A. Ground Networks

As the main solution to provide wireless network coverage in most scenarios, ground net-
works consist of heterogeneous terrestrial communication systems such as cellular networks,
Wi-Fi, TVWS, and worldwide interoperability for microwave access (WiMAX). Ground
networks can be characterized by the following features:

1) Ultra-dense small cells As the key component in ground networks, cellular networks
have evolved rapidly from the rst generation (1G) to the fth generation (5G) wireless
networks. With the network development, the cell size becomes smaller with increasing BS
density to enhance spectrum e ciency and network throughput. However, the ultra-dense
deployment of small cells also leads to a high construction and maintenance cost.



Figure 1.2: An illustration for space-air-ground integrated vehicular networks

2) High-speed ber links -Ground nodes in the backbone network are interconnected
via ber optic links, which can provide low-cost high-throughput transmissions.

3) High-performance computing and caching Fhe data centers and servers in ground
networks generally have powerful computing capabilities and massive storage for caching.
These can ensure the network operation and management and provide a variety of services.

4) Fixed and limited coverage Basically, the ground infrastructure is xedly deployed to
provide network access. Therefore, ground network coverage is limited and geographically
constrained, especially in sparsely populated or remote mountainous areas.
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