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Abstract 

As more connected vehicles pervade our roads, achieving their original objectives which 

include safety, efficiency and enjoyable experience becomes more important. Achieving CAV 

(Connected and Autonomous Vehicles) objectives is hinged on reliable and efficient 

communication between participating road entities. Cellular Vehicle-to-Everything (C-V2X) 

networks have been touted to have great potential in supporting CAV operations. The 

development of more Mobile Edge Computing (MEC) assisted applications for CAVs means 

more vehicles will require access to cellular infrastructure. In high vehicular demand 

scenarios, cellular infrastructure might struggle to satisfy both traditional and vehicular users. 

A cluster and relay approach have been suggested to create a hotspot scenario, where 

strategically located users could stream and relay information to vehicles within its cluster. In 

highly dynamic driving environments, clusters tend to be unstable leading to poor Vehicle-to- 

Vehicle (V2V) link performance. 

This thesis describes how we approached these problems by answering three key questions; 

could the re-clustering process be remodelled to improve V2V network performance? At what 

point in time should re-clustering be initiated to minimize overhead while sustaining 

performance? Is there an optimal number of clusters that satisfies efficient bandwidth 

resource utilization for both Vehicle-to-Infrastructure (V2I) and V2V communication? We 

sought answers to these research questions through simulation and explored two distinct 

driving environments: the urban and highway environment. By limiting our work to use-cases 

requiring short-time real-time download of traffic data, we were able to focus our efforts 

towards improving cognate performance indices such as throughput, jitter and reliability. Our 

re-clustering remodelling effort and scheduling schemes yielded significant improvement in 

throughput and jitter and stability performance, while our attempt on bandwidth resource 

utilization succeeded in improving V2I and V2V user bandwidth. 
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1.1 Research Background 

The ever-growing need for mobility and the consequent development and production of more 

mobile and fixed transportation infrastructure to meet such needs, necessitates a need to 

deal with the accompanying safety and traffic congestion issues. Road transportation is 

particularly prone to losses stemming from safety and traffic inefficiency concerns. According 

to the World Health Organization (WHO) statistics, road accidents are the leading cause of 

deaths among young adults. It is recorded that an average of approximately 1.35 million road 

traffic-related deaths are recorded every year globally [1]. The Sustainable Development Goal 

(SDG) target-3.6 sought to reduce road accident fatalities by a factor of 0.5 by 2020. This feat 

is still far from being achieved. In terms of traffic efficiency, the Economists reports that in 

2017, traffic jams cost the United States of America (USA), Britain, and Germany a combined 

sum of $461 billion [2]. Because of the enormous time wasted on roads due to inefficiencies 

in current road transportation systems, vehicles tend to burn more fuel, releasing emissions 

that could harm health (air pollutants) and the environment (greenhouse gasses). The work 

reported in [3]  corroborates this position and indicates that traffic inefficiency shows a 

positive correlation to fossil fuel usage in vehicles.  These highlighted transportation issues 

call for the development of a safer, more efficient and coordinated transport system, hence 

the advent Intelligent Transportation Systems (ITS). 

ITS is defined by the European Union directive 2010/40/EU as a system that enhances ICT 

based coordination of road entities to improve traffic management and support advanced 

transport applications [4]. ETSI describes ITS functions as services that support all modes of 
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transportation and traffic management with the aim of offering users information to make 

efficient, safe and coordinated use of transport networks [5], [6]. Taking hint from the 2019 

transport statistics report published by the UK department for transport which suggests that 

road transport constitutes 79% of all transportation means [7], it is then safe to assume CAV 

represents a large component of ITS mobility and focussing our work on solving some of the 

issues associated with CAV will be worthwhile.  

Autonomous and connected driving seeks to reduce road accidents and improve traffic 

efficiency by reducing human errors in driving and decision making to the barest minimum 

possible. The separate components of CAV; Autonomous Vehicles (AV) and Connected 

Vehicles (CV) are individually insufficient but complementary technologies with potential to 

meet the requirement of a safe, efficient, and enjoyable driving experience. Beyond 

automation of typical driving function, AVs also offer environment perception and self-

navigating functions with different degrees of human intervention [8]. In 2014, the Society of 

Automotive Engineers, SAE defined the J3016 ‘Level of Driving Automation’ for consumers. 

SAE defined six different levels of driving autonomy, starting from SAE level-0 that specifies a 

non-autonomous driving experience in which a driver has full control of driving functions to 

SAE level-5 which indicates the highest degree of driving autonomy where all driving functions 

including environment perception and navigation is controlled by the vehicle itself without 

any human intervention. In the 2021 review of the standard, the level of driving autonomy is 

defined by the degree of intervention of three defined primary actors: human, driving 

automation system and other vehicle systems and components. The complete range of the 

SAE levels of driving autonomy is presented in Figure 1-1 [9], [10]. 
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Figure 1-1. The Society of Automotive Engineers, SAE standard definition for level of driving automation [9], [10] 

The automation function of AVs is loosely comprised of environmental perception and 

navigation functions supported by the driving automation system. Sensors are critical to the 

driving tasks of AVs and are generally in two categories: internal state and external state 

sensors. While the internal sensors measure vehicle health parameters, the external state 

sensors are responsible for driving related parameters such as localization, environment 

perception, navigation, and decision function of AVs. LiDAR, vision cameras, radar, Global 

Navigation Satellite System (GNSS), vehicle odometer and ultrasonic sensors are example of 

external state sensors [8]. Despite being equipped with an array of sensors, AVs still have their 

limitations for intelligent driving purposes. The limitations of AV’s became evident following 

the accidents of Tesla autopilot and Uber self-driving car in 2016 and 2018 respectively. Some 

limitations include limited environment perception range, poor node coordination, and 

extreme weather and road conditions [11]. 

Solving this problem requires information sharing and cooperation amongst all road entities, 

which in-turn is heavily hinged on the efficiency and reliability of the supporting 
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communication network. Vehicle-to-Everything (V2X) defines the communication between 

vehicles and between vehicles and other road entities. V2X communication is a core 

component of the autonomous driving and Intelligent Transport System (ITS) concept that 

has gained attention in the automotive and telecommunication industry. 

 

Figure 1-2. C-V2X driving scenario [12] 

V2X holds the potential of providing reliable data transmission for both safety and non-safety 

applications. Different V2X access technologies have been defined by the IEEE (Institute of 

Electrical and Electronic Engineers) and the 3GPP (Third Generation Partnership Project) for 

communication between vehicles and other road entities. The IEEE defines a 802.11p 

standard, which is an evolution of traditional Wi-Fi standard. It focusses on V2V and V2I 

communication for safety application. The 3GPP on the other specifies the standards for 

Cellular V2X (C-V2X). Which integrates side-link V2V and V2I communication with traditional 

cellular networks. Though the IEEE 802.11p specification has gained traction over the years, 

the 3GPP’s C-V2X specification is becoming increasingly popular partly due to its relatively 

cheaper cost and ease of implementation, since it leverages on existing cellular networks [13]. 

C-V2X is also believed to have a more sustainable growth potential, since its growth correlates 

with the development of traditional cellular standards. 
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Though next-generation V2X communication networks are expected to consist of a variety of 

communication modes, only four apply to most use-cases; Vehicle to Infrastructure (V2I), 

Vehicle to Pedestrian (V2P), Vehicle to Network (V2N), and Vehicle to Vehicle (V2V) [14], [15], 

as shown in Figure 1-2. All these V2X modes, particularly the V2V mode are vulnerable to the 

harsh communication environment resulting from high mobility and a fast-changing network 

topology associated with vehicular networks. Clustering has been identified as one way to 

deal with the issue of the changing vehicular network environment. Extensive research has 

been done on the implementation of different clustering algorithms in Vehicular Ad-hoc 

Networks (VANET) to solve issues related to the challenging communication environment 

such as the hidden node problem and fast changing channel conditions caused by high 

vehicular mobility [16], [17], [18], [19], [20], [21], [22]. Different types of clustering scheme 

have also been suggested for the enhancement of cluster stability in C-V2X [13], [23], [24], 

[25], [26], [27]. However, in cases of download of real time HD or machine maps, high 

throughput, low jitter, and link stability are key performance indicators.  Hence it has become 

important to develop schemes that in addition to the baseline stability benefits of clustering, 

improve on these performance indicators with least obtainable effect on parent users of the 

hosting cellular network.  Also, as vehicles move in time relative to one another, the efficacy 

of clustering algorithms and V2V link performance drop, hence vehicles will need to be re-

clustered to maintain acceptable link performance. However, persistent re-clustering could 

also undermine the stability of clusters. Hence the need to reach a suitable compromise 

between link performance indices and stability indices.  

The primary purpose of the work described in this thesis is to improve the link performance 

of Cluster Head to Cluster Member (CH-to-CM) links for emerging real time applications by 

proposing schemes that enhances real-time QoS parameters such as reliability, jitter 

performance and throughput performance. The core of these contributions is to provide 

seamless transmission of real-time traffic from MEC servers to clustered vehicles. 

1.2 Research Hypothesis and Objectives 

The hypothesis upon which the research work presented in this thesis is based is as follows. 
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“The approach with which and time at which vehicles are clustered and re-clustered in a relay 

hotspot scenario can be exploited to improve V2X network performance and consequently the 

Quality of Experience (QoE) for users engaged in real-time and heavy download use-cases.” 

Popular centroid-based clustering schemes such as k-means start the process with initial 

selection of arbitrary seeds, an approach that negatively impacts on stability particularly 

when vehicular nodes are persistently re-clustered. The approach to vehicle clustering and 

re-clustering proposed replaces the arbitrary seed re-selection method of centroid-based 

clustering schemes with a more objective memory-based scheme that extrapolates 

subsequent centroids-in-time from the spatial information of previous clusters. We opined 

that this approach would enhance throughput, stability, and jitter performance. The number 

of clusters and cluster range can be carefully selected to minimize the effect of a throughput 

bottleneck for download applications in a vehicular hotspot network topology. The time at 

which re-clustering is initiated can be exploited to reduce overhead and improve stability by 

identifying points-in-time where re-clustering is unnecessary and current cluster posture 

should be sustained. 

Having described our hypothesis, the clear set objectives by which we propose to prove our 

hypothesis are: 

1. Development of a re-clustering algorithm that seeks to keep Cluster Head to Cluster 

Member CH-to-CM links stable and enhance the link jitter performance without 

significantly jeopardizing throughput performance. 

2. Development of a network-centric re-clustering trigger algorithm that minimizes 

signalling overhead and jitter performance without significant compromise on 

throughput and stability performance. 

3. Device a method to estimate the optimum number of clusters that maximizes the use 

of BS bandwidth resources for V2N links as well as minimize link bottleneck along the 

relay path of a vehicular hotspot network topology. 

1.3 Scope of Study 

This work specifically looks at improving the V2X link performance for real-time download 

applications in a vehicular-relay hotspot network topology. The algorithms proposed were 
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primarily tested for rural-highway driving environment and urban driving environment. The 

work is entirely simulation based. The traffic trace data for the rural-highway case-study was 

generated from a SUMO traffic simulator while that of the urban case-study is sourced from 

an existing real-world traffic trace database. The vehicular traffic density throughout travel 

time within the simulation is consistent. 

1.4 General Assumptions 

This section describes the general assumptions upon which the entire work presented in this 

thesis is built upon. 

1. Vehicles can move in different directions relative to one another and at non-zero 

relative speed. 

2. Vehicles are not limited to a constant sped across travel time but are limited to 

maximum speeds 70 miles per hour and 40 miles per hour in rural-highway and urban 

environment. 

3. The maximum communication range beyond which vehicular nodes cannot send 

beacons to one another is defined. 

4. Each vehicle is equipped with one PC5 V2V and one Uu V2I communication interface. 

5. Both V2I and V2V communication interface can work simultaneously 

6. All vehicular nodes are of the same height. 

7. Topography of the road network is assumed flat. 

8. All models and investigations are developed with a focus on single-cell C-V2X network. 

9. Frequency is considered near fixed throughout vehicle travel time. 

1.5 Research Contribution 

The work reported in this thesis makes 4 key contributions to the field of centroid-based 

cluster maintenance in V2X communication networks. The key contributions include: 

1 The development of an SNR-based clustering scheme as compared to the proximity-

based schemes used in common centroid schemes like k-means clustering. 

2 Development of two different memory-based re-clustering methods which unlike 

conventional clustering schemes leverage on the stored spatial information of preceding 
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cluster status to estimate succeeding cluster seeds/centroids and consequently cluster 

membership. 

3 Development of one cluster-centric and one network-centric event triggered re-

clustering scheme which evokes re-clustering based on cluster and network performance 

indices results generated from persistent monitoring respectively. Unlike existing 

schemes that commonly evokes cluster reformation based on CH membership or 

frequent vehicular movement in and out of clusters. 

4 Development of a resource-aware optimum number of clusters and cluster membership 

range scheme for V2X network. Unlike existing schemes that are agnostic to cellular 

bandwidth resources, this approach proposes a more efficient use of both V2N and V2V 

resources. 

1.6 Thesis Structure 

This section describes the outline of the research undertaken as presented in succeeding 

chapters. 

Chapter two presents a background study to the rest of the work. It does this by reviewing 

existing literature and the state of the art of V2X access technologies, use cases, propagation 

models and resource allocation models. The chapter also discusses existing vehicle mobility 

models and vehicular clustering models. 

Chapter three first describes in detail the foundational hotspot relay topology model and the 

network-centric clustering model developed upon the hotspot model. Also described are the 

two memory-based re-clustering models built upon a foundational SNR-based clustering 

model: The Seed-based Waterfall Scheme (SWS) and Centroid-based Waterfall Scheme 

(CWS). The performance metric for evaluating the memory-based schemes is discussed and a 

comparison with baseline schemes is presented. 

Chapter 4 describes the proposed cluster quality and the link quality index-based re-clustering 

event trigger schemes. The rural-highway and the urban driving environment in which the 

schemes are tested are discussed. The metrics for evaluating their performances are 

presented and a comparison with two baseline schemes are made.  
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Chapter 5 discuss the evaluation of the resource-aware optimal number of clusters and 

cluster range. A discussion and comparison of suggested resource partition schemes for 

mode-3 resource allocation is presented. A proposal of a detailed resource partition model 

was also presented. Metrics for evaluating the BS-aware scheme are discussed and are used 

to compare the resource-aware scheme to existing baseline resource-agnostic schemes. 

Chapter 6 draws an overall conclusion to the work described in chapters three, four and five, 

describing how the set of objectives are met through the methods applied and established by 

the results presented. This section also describes suggested areas of development for each of 

our key contributions and proposed areas for future work.   
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2.1 Introduction 

In the last two decades, there has been a massive development in the CAV industry. From 

standard definition to testing and commercialization of CAV technologies and products. Many 

academic and industry-based research projects have also been carried out in this period. The 

connectivity component of CAV is primarily enabled by a variation of V2X Radio Access 

Technologies (RATs). A description of contending V2X RATs to support current and emerging 

use-cases will be described in section 2.2. In section 2.3, a comprehensive discussion of basic 

and emerging use case categories, specific use-cases, their Key Performance Indicators (KPIs) 

and requirements is presented. Designing and evaluating the performance of V2X links to 

meet specific use-cases requires the use of an appropriate channel or propagation model that 

represents signal behaviour along or signal interaction with its transmission path from the 

transmitting road entity to the receiving road entity. Section 2.4 discusses common channel 

models and scenarios in the 5.9GHZ V2X frequency band. Due to the peculiarity of V2X 

networks, the 3GPP has suggested different modes of resource allocation to manage the 

additional spectrum resource demands of mobile and static road entities for V2X side-link 

transmissions [28]. Section 2.5 describes resource allocation approaches for both base 

stations covered/controlled nodes and uncovered autonomous node communication. The 

performance of V2X can either be tested using an experimental testbed in a real-life 
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environment [29] or software-based simulations [30]. However, field tests tend not to be 

technically or economically viable due to limitations in flexibility and cost required to quickly 

test different network topologies and traffic scenarios. Hence in many published works 

software-based simulation has been adopted to generate realistic mobility and propagation 

models where performance of V2X networks can be tested. Described in section 2.6 are 

common mobility models used to reasonably simulate the vehicular mobility in a driving 

environment. The dynamic nature of the vehicular driving environment and the consequent 

instability in V2X networks necessitates the need for schemes that mitigates the effect of 

instability on network performance. Clustering has been considered in different works as a 

technique to improve stability, reliability, and scalability [31]. In section 2.7, a description of 

different categories of clustering algorithms used in vehicular networks will be presented, 

along with a discussion on some of the recent works that have used clustering to improve the 

performance of vehicular networks. 

2.2 V2X Radio Access Technologies 

Standardization bodies associated with the vehicular communication project have defined 

access technology standards to support emerging ITS applications. Many car-manufacturing 

companies, technology companies and Original Equipment Manufacturers (OEMs) are also 

discussing and have started the implementation of existing wireless technology standards to 

support safety and non-safety services in testbeds. For example, the IEEE and ETSI 

fundamentally standardized the Direct Short-Range Communication (DSRC) technology, while 

the CellularC-V2X standards are ratified by the 3GPP [32]. These standards define 

communication between road entities within the context of all V2X communication modes. 

In 2018, Qualcomm in collaboration with BMW group, Ford Motor Company, 5G Automotive 

Association (5GAA) and Savari showcased Europe’s first cross-vendor demonstration of V2X 

direct communication for a safety and traffic efficiency use-case [33].  In 2015, Toyota and 

Lexus became the first automakers to introduce a DSRC system equipped vehicle to the public 

market and sold over a 100,000 within the first three years [34]. 

V2X access technologies are designed to support all forms of V2X communication modes 

defined in the 3rd Generation Partnership Project (3GPP) technical report (TR-Rel 14). 

According to the report, V2X communication fundamentally consists of three communication 
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modes: Communication between vehicles and the roadside side network or transport 

infrastructure, V2I/V2N (Vehicle-to-Infrastructure/Network), communication between 

vehicles, V2V (Vehicle-to-Vehicle) and communication between vehicles and vulnerable road 

users, V2P (Vehicle to Pedestrian) modes [35]. The following sub-sections describe in detail 

candidate RATs that supports V2X communication. The RATs will be described under two 

broad categories: Cellular based V2X and IEEE 802.11 based V2X. 

2.2.1 Cellular Network-Based V2X (C-V2X) 

Cellular based vehicular networks exploit features of traditional cellular networks for 

communication between road entities (on-road and roadside units). Features such as wide 

network coverage and high capacity sets cellular based vehicular networks apart as compared 

to their IEEE 802.11 counterparts. C-V2X here is used as a generic name for both LTE-V2X and 

5G NR-V2X Cellular-based vehicular networks which can be classified into three broad 

categories based on base station involvement: relay function, support function or non-

functional mode. In the relay perspective, user data and control information are routed 

through base station nodes. The support function requires base station for signalling, 

hardware support and/or pre-configuration for direct communication between VUEs and/or 

between VUEs and other road entities. The non-functional mode involves full autonomy of 

communication between a vehicle and other road entities with no participation from the base 

station. While traditional technologies have been exploited for high speed V2N applications 

with base stations serving as a standalone relay node, it is noteworthy that in the C-V2X 

context, all these categories are complementary specifically in cooperative driving 

applications. 

C-V2X was first developed as enhancement to existing Cellular networks. Though C-V2X have 

not been commercially deployed, two variants are already being considered for future 

deployment: LTE-V2X and 5G NR-V2X. 
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Figure 2-1. C-V2X Tree with Resource Allocation Modes 

2.2.1.1 LTE-V2X 

LTE V2X is a leading enabler for vehicular communication. LTE-V2X is expected to operate in 

the 5.9GHz band reserved for ITS services. At the physical channel it uses SC-FDMA (Single-

Carrier-Frequency Division Multiple access) with 10MHz and 20MHz channels divided into 50 

and 100 Resource Blocks (RBs) respectively. Channels are divided in frequency (RB) and time 

(subframes) dimensions. They are divided into units of 180 KHz RB and 1ms subframes. A sub-

channel is a group of RBs in the same subframe over which user data and control information 

are transmitted. The size of a sub-channel is dependent on the size of the Transport Block (TB) 

size and Modulation and Coding Scheme (MCS) used. According to the 3GPP LTE service 

requirements for delivery of V2X services document, V2X applications consists of four distinct 

components, V2V (VUE-to-VUE), V2I (VUE-to-Infrastructure, either transmitter UE or receiver 

UE are UE-type RSU), V2N (VUE-to-Network, either transmitter UE or receiver UE are eNB-

type RSU) and V2P (VUE-to-Pedestrian, either transmitter UE or receiver UE are pedestrian 

UE) [28]. These four application components are supported by 3 operation options as defined 

in the document: transmission over Proximity-based Communication Interface-5 (PC5), 

transmission over LTE-Uu interface and transmission over PC5 and LTE-Uu interfaces. 

However, LTE V2X as specified in the 3GPPP technical specification document focusses on the 

transmission over the PC5 interface [15]. 

The first option suggests direct communication over PC5 between road entities, hence 

supporting V2V, V2I and V2P. In this scenario, a VUE sends either a Cooperative Awareness 

Message (CAM) or a Decentralized Environmental Notification Message (DENM) to multiple 
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UEs in proximity via the PC5 side-link interface.  According to 3GPP technical specification 

22.185, LTE requirements for V2X services includes message transmission being under 

network control when VUE are served by the eNB of context, a VUE offering V2X services shall 

be preconfigured by a 3GPP network with message transmission and reception parameters 

when not served by a E-UTRAN supporting V2X communication [28]. Messages are expected 

to be transmitted between UEs supporting V2V/I/P at a maximum latency of 100ms. Some 

use cases such as pre-crash signalling require a lower maximum latency of 20ms. The LTE-V2X 

transmission supports a relative speed of UEs of 500km/h and maximum absolute speed of 

250Km/h regardless of whether the UEs are served by E-UTRAN that supports V2X 

communication or not. LTE-V2X supports the transmission of CAM and DENM at a maximum 

transmission rate of 10Hz (10 messages per second) [15], [36]. The Cellular 3GPP network pre-

authorization support for V2X communication is provided to UEs not served by a E-UTRAN 

base station supporting V2X communication [37].  

Essentially, communication via the PC5 can either be network assisted (mode-3) or 

autonomous (mode-4) as specified in 3GPP release 14 [35]. In network assisted direct 

communication mode, UE resource allocation is centralized and controlled by the EUTRAN 

eNB. Here, UEs that seek to make direct communication via the LTE side-link PC5 interface, 

request radio resources and authorization from the eNB. To request radio resources and 

transmit in this mode, the V2X UE needs to be in the RRC_CONNECTED state. For the eNB to 

efficiently perform its resource allocation function it would require context information like 

speed and location from the requesting UE [38]. Mode-3 resource allocation can be 

approached in two ways: Underlay and overlay approach. In the overlay approach a band of 

cellular radio resources is reserved for V2X communication while in underlay mode both 

traditional cellular users and V2X users contend for same resource set. Though the underlay 

approach is deemed more spectrum efficient, effective resource management could be 

difficult to implement due mutual interference between V2X users and traditional users [39]. 

The mode-3 resource allocation schemes are specified to be either dynamic or SPS based. In 

the dynamic approach, the eNodeB grants side-link resource to UE for every TB (Transport 

Block) transmission request, while the SPS based approach allows VUEs to retain resources 

for a duration specified by the eNodeB.  In mode 4, UEs autonomously select radio resources 

for direct communication between UEs without the intervention of eNBs. Though EUTRAN 
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supporting V2X is not required for radio resource selection, EUTRANs can configure 

transmission parameters for UEs before going out of EUTRAN-V2X coverage. These 

preconfigured parameter values are used when UEs are out of coverage [40]. Carrier 

frequency and number of RBs per sub-channel are two important parameters to be 

configured [41]. Though specific values have not been defined by the 3GPP, discussions on 

optimized default values are already ongoing [42]. The resource selection is made by V2X UEs 

using a Semi-Persistent Scheduling (SPS) Scheme. In this scheme, a pre-selected number of 

sub-channels are reused for certain number of consecutive transmissions set at the 

reselection counter. The number is randomly set between 5 and 15 for every new reservation 

of sub-channels. For every packet transmission the counter value is decremented by one until 

counter value is equal to zero, then a new set of sub-channels are reserved. New resources 

or sub-channels are also reserved when the reserved resources are not fit for the packet to 

be transmitted [40]. 

The second option supports V2X applications over the LTE-Uu interface. It connects the VUEs 

to the eNB-type-RSU via the LTE-Uu interface for use cases such as queue warning, V2N traffic 

flow optimization, V2X road safety services, remote diagnosis, just-in-time repair and V2X 

direct transmission under MNO (Mobile Network Operator) control [28], [43], [44]. 

The third option is simply the combination of both the Uu interface and the PC5 interface for 

specific use-cases. A typical example of such use case as mentioned in 3GPP technical report 

[35] is road safety service via infrastructure. [45] 

2.2.1.2 5G NR (New Radio)-V2X 

5G NR V2X is proposed essentially as an improvement to LTE-V2X defined in 3GPP Release 14 

[45], offering services to meet requirements of semi and fully autonomous and connected 

vehicles. 3GPP Release 15 and 16 defines network service requirements to meet advanced 

V2X application beyond the LTE-V2X requirements defined in Release 14 [36], [46]. Five 

application areas consisting of vehicle platooning, advanced driving, extended sensors, 

remote driving, and vehicle quality of service support is defined in ETSI technical specification 

document TS 122.186 [46]. The 3GPP system supports services expected for all SAE specified 

level of driving automation [10]. The service requirements specified for the advanced 
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application areas varies with degree of automation of the VUE in the use case. 5GAA also 

defined 7 groups of use cases and associated service level requirements in [47] derived from 

use case classes specified in 3GPP release 14, 15 and 16 [48].  

The most relevant network functionalities supporting 5G NR-V2X include Policy Control 

Function (PCF) and Network Data Analytics Function (NWDAF). As contrast to LTE-V2X, the 

improvements in 5G NR-V2X as defined in 3GPP technical report Release 16 TR 37.885 

include: NR side-link design for V2X; Uu enhancements for advanced V2X application areas; 

Uu based resource allocation/configuration by LTE and NR; RAT and interface selection; QoS 

management; and non-cochannel coexistence between NR and LTE side-link [49]. 

5G system architecture supports V2X communication over two reference points namely: PC5 

and Uu interface. The NR side-link supports enhanced V2X communication through the PC5 

reference point. The support for enhanced communication over the Uu interface exploits the 

NR and Multi-Access Edge Computing (MEC) methods to meet the stringent latency 

requirements of V2X applications. 5G-NR V2X also supports Uu based and autonomous 

resource allocation for communication over the PC5 reference point, defined as NR mode-1 

and NR mode-2 respectively [28], [43], [44] 5G-NR V2X allows the use of multiple 3GPP RATs 

concurrently for direct communication and permits RAT selection to be carried out by upper 

layers based on V2X application type. Only LTE and NR RATs are specified in the selection 

definition [46].  

The NR-V2X physical layer is based on the NR-Uu physical layer structure defined in 3GPP rel-

15 technical specification document [50]. The two operating Frequency Ranges (FR) for NR-

V2X are: FR1 (450MHz – 6000MHz) and FR2 (24250MHz – 52600MHz). Though both frequency 

ranges are available for use, only FR1 is adopted specifically for NR-V2X [51]. NR-V2X side-link 

employs Orthogonal Frequency Division Multiplexing (OFDM) waveform with Cyclic Prefix 

(CP). Multiple numerology is adopted for NR-V2X, with flexible Subcarrier Spacing (SCS) and 

slots per subframe to support diverse use case requirements. The NR-V2X resource grid 

organization is derived from NR-Uu resource grid structure. The frame structure is 

comprehensively defined in 3GPPP technical specification TS 38.211 [50]. 
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Though a considerable amount of work has been done on the mmwave (FR2) V2X band [52], 

[53], [54], [55], [56] no specification has been defined on how it will be used to support V2X 

applications. The major drive towards mmwave is the high bandwidth available at higher 

frequencies, which portends higher data rates. However, the use of mmwave presents certain 

technical challenges [52], [54]. Some of the open issues identified with the use of mmwave 

band for V2X communication include channel modelling, channel variation in numerology 

design, overhead associated with narrow beam alignment, beam tracking and recovery, 

channel sensing in resource allocation, and vehicle discovery and mobility management.  

As specified in the 3GPP technical specification release 16 (TS 22.186 version 16.2.0) general 

requirements, the 5G NR V2X system shall control the communication range of UEs 

transmitting messages based on certain message characteristics [36]. The document also 

specified that the 3GPP system will support identification of V2X application and RAT selection 

for a V2X application. The system should also support a relative lateral position accuracy of 

0.1m. Switching between direct network access and indirect network access via UEs 

supporting V2X services is also supported. The implementation of vehicle grouping different 

from platooning is also supported. This has been proposed in many studies reported in the 

literature [24], [57], [58]. Some improvements are proposed for NR V2X in 3GPP release 17 

2019 plenary. Some of the related plenary headlines Include NR side-link enhancement, 

enhanced V2X services and IoT over Non-Terrestrial Networks (NTN) [59]. The enhancements 

focus on wider coverage, improved reliability, decreased latency and battery power saving 

for battery powered UEs. Reliability, latency, and power saving improvements were 

specifically mentioned in side-link enhancement Work Item (WI), while coverage extension is 

mentioned in the side-link relaying Study Item (SI). Side-link positioning SI was defined for 

multiple V2X coexistence and public safety use cases with stringent positioning requirements 

[60]. 

2.2.2 IEEE 802.11 Based V2X RATs 

IEEE 802.11 based V2X RATs defines all short-range vehicular communication RATs using 

802.11 based Physical (PHY) and Media Access Control (MAC) layer protocols [61]. These RAT 

standards are variations developed from earlier IEEE 802.11 WLAN (Wireless Local Area 
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Network) standards. Two standards (IEEE 802.11p and IEEE802.11bd) that have evolved from 

the earlier IEEE 802.11p standard will be further discussed in this section. 

2.2.2.1 DSRC (ITS-G5)/IEEE802.11p/WAVE 

DSRC is an IEEE 802.11p stand-alone RAT standard that supports direct short distance 

information exchange between connected road transport entities [61]. The technology is 

aimed primarily to enable both V2I/I2V and V2V communication mode for safety and traffic 

efficiency use-cases. DSRC standards were developed to be region-centric and no two DSRC 

from different geo-telecommunication regions are compatible. In North America, the 

standard was developed by the IEEE and the American Society for Testing and Materials 

International (ASTM). The DSRC standard was developed in Europe by ETSI and European 

Committee for Standardization (CEN) and in Japan by Association of Radio Industries and 

Businesses (ARIB). In the USA, a 75MHz frequency band between 5.850GHz to 5.925GHz has 

been allocated for DSRC [61]. The band is divided into seven 10MHz channels (six service 

channels and one control channel) with a 5MHz channel reserved for future use. In Europe, a 

30MHz band has been allocated between 5.875 to 5.905GHz (ITS-G5A)  as DSRC spectrum for 

safety-critical and traffic efficiency applications (one control and two service channels, 10MHz 

each), 20MHz band is reserved for 5.855-5.875GHz (ITS-G5B) for non-safety applications (two 

10MHz service channels), ITS-G5C (between 5.470 to 5.725GHz) is reserved for Wireless Local 

Area Networks (WLANs), Broadband Radio Area Networks (BRANs) and Radio Local Area 

Networks (RLANs) while ITS-GD (between 5.905 to 5.925GHz) is reserved for future ITS 

applications [39]. In Japan, an 80MHz band between 5.770 to 5.850GHz is already in use for 

electronic toll collection while a 700MHz band between 755.5 to 764.5 MHz is allocated for 

ITS use-cases [61], [62]. 

Adopting the DSRC spectrum for vehicular networking requires the development of a 

specialized protocol stack.  Hence, the development of IEEE802.11p (an adaptation of the 

IEEE802.11 standard) defining the access layer for DSRC and Wireless Access in Vehicular 

Environment (WAVE) a comprehensive suite of communication standards comprising of 

IEEE1609.2 and IEEE1609.3 standards defining frameworks for secure and interoperable 

communication in DSRC respectively [53], [54].  



30 | P a g e  

Several advances have been made in the IEEE802.11 standard since the standardization of the 

IEEE802.11p DSRC standard. The advent of new autonomous vehicular applications makes a 

case for the development of new standards to meet the requirements of the emerging 

application use-cases. An IEEE802.11bd task force was established to define the key 

improvement areas of the IEEE802.11p standard. 

2.2.2.2 IEEE 802.11bd 

IEEE 802.11p was derived from the PHY and MAC layer of IEEE 802.11a. The IEEE 802.11 Next 

Generation V2X Study Group was formed in 2018 to exploit the advances in 802.11a/n/ac/ax 

to improve 802.11p performance, this led to the creation of the 802,11bd task group in 2019. 

The core design objectives set for IEEE 802.11bd that will set it apart from 802.11p are support 

for relative speed of up to 500km/h, communication range of up to 2km, up to twice the 

throughput of 802.11p,  coexistence, interoperability, and backward compatibility with 

IEEE802.11p [63], [64].Some of the techniques being mulled over to achieve these objectives 

includes, midamble for channel estimate accuracy, congestion sensitive retransmission, 

alternate Orthogonal Frequency Division Multiplexing (OFDM) numerologies, use of higher 

order modulation and coding scheme and mmwave spectrum for improved throughput,   Dual 

Carrier Modulation (DCM) for range extension and Block Error Rate (BLER) improvement, 

interference management for multi-channel transmission, and Next Generation positioning 

for accurate location detection [61], [63], [64] 

2.3 V2X Use cases. 

Successful management of vehicular networks in high mobility context requires 

understanding of communication context and use-case requirements. Context information 

such as relative speed, distance, location, and trajectory of nodes affects use-case 

requirements, which in turn affects the QoS requirements. Hence, it is necessary to study 

these use-cases and their service requirements.  

Having mentioned that the primary purpose of V2X communication is safety, non-safety 

applications such as traffic efficiency, improved commuter experience, and efficient (hence, 

eco-friendly) fuel consumption in V2X network designs. Several use-cases have been 

presented in different standards and consortium documents. For example, the 3GPP in its 
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release-14 technical report document specifies 27 distinct use-cases supported by LTE-V2X 

with their respective pre-conditions, service flows, post-conditions, and potential 

requirements [65]. A 3GPP release-15 technical specification further defined advanced 

service requirements for NR-V2X scenarios under four categories: vehicle platooning, 

advanced driving, extended sensors, and remote driving [15], [36].  The Fifth Generation 

Communication and Automotive Research and Institute (5GCAR) introduced five use-case 

categories for connected and autonomous driving applications: cooperative manoeuvre, 

cooperative perception, cooperative safety, autonomous navigation, and remote driving [6]. 

In 2009, European Telecommunication Standard Institute (ETSI) technical report (ETSI TR 102 

638 BSA, [ETSI09-2638]) defines a Basic Set of Applications (BSA) which is essentially a 

classification of mature use-cases supported by mature vehicular communication systems 

and technologies. The groups include active road safety, cooperative traffic efficiency, 

cooperative local services, and global internet services [66]. International Telecommunication 

Union – Radio communication Sector (ITU-R) M.1890 recommendation [ITUR11-1890] also 

defined eight use-case classes with several use-cases for each [6]. 

Different use-cases have different topological and QoS requirements. For example, use-cases 

such as collision awareness and lane merge have different topological and QoS requirements. 

Lane merge would exploit both V2V and V2I/N while collision-warning use-case are likely to 

benefit only from V2V communication. In terms of QoS requirements, cooperative safety 

applications tend to be more delay intolerant, cooperative manoeuvre use-cases are more 

coverage dependent while cooperative navigation applications are bandwidth-intensive. As 

specified in 3GPP technical specification (TS 22.186 version 15.3.0 Release 15) different V2X 

use-cases can be identified using different ITS Application Identifier (ITS-AID) or Provider 

Service Identifier (PSID) [46].Given the variation in network requirements for use-cases it has 

become necessary to study the attributes, context and requirements of these use-cases and 

the different communication modes, network topology, RAT choices, resource allocation 

modes that are most appropriate to efficiently meet these requirements.  

In this section we will be discussing use-cases and their respective requirements under two 

broad categories: safety critical applications and non-safety applications (traffic rfficiency and 
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infotainment). These use-case categories differ in requirement elasticity, with safety 

applications having stricter requirements. 

2.3.1 Safety Critical Use-cases 

Safety applications of V2X communication are intended to minimize vehicular accidents, 

consequently, minimizing vehicular transport-related loss of life and associated cost of 

accidents [67]. Safety-critical use-cases can also be defined as CAV applications in which V2X 

information exchange stimulates vehicle control systems [68]. The information exchanged 

includes the transport entity’s velocity, acceleration, position, and trajectory. Safety-critical 

use-cases also require sensing and the exchange of context information such as road 

accidents, pedestrians, obstacles, weather, speed limits, road surface indicators, road 

topology, and other similar information [62].  The common requirements for safety-critical 

use-cases are ultra-high reliability and ultra-low latency. Each use-case might have additional 

requirements. These requirements are often very strict. Cooperative safety use-cases are 

diverse and evolving, hence they are supported exclusively or co-operatively by distinct 

communication modes. The advancement of wireless access technologies gives room for the 

development of advanced use-cases and improvement of user Quality of Experience (QoE). 

Table 2-1 presents common safety-related use-cases with their required communication 

modes and requirements [6], [15]. It presents the five different cooperative safety use-case 

categories defined in ETSI technical report [102 638] titled “ITS Vehicular Communication 

Basic Set of Applications” [66]. For each safety use-case category, we highlight two examples 

of use-cases there-in along with messaging mode, security reliability, communication, 

periodic messaging frequency and latency requirements. 

2.3.2 Non-Safety Application 

Non-safety applications consist primarily of traffic management, infotainment, data 

downloads, and software update services. These services are aimed at offering an enjoyable 

and efficient driving experience. They have relatively softer service requirements specifically 

on reliability and latency. 
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Table 2-1. Safety use cases and requirements [6], [15] 

Cooperative Road 
Safety Use-case 
Categories 
/Application 

User Cases Messaging 
Modes 

Security/ 
Reliability 
Requirement 

Vehicular 
Communication 
Requirement 

Minimum 
Frequency 
of Periodic 
Messages 

Maximum 
Latency 

Vehicle status 
warning /Road 
hazard warning 
 

Emergency 
electronic 
brake light 

Time limited 
periodic 
broadcasting on 
event 

High/High Ability to receive 
and transmit 
broadcast DENM 

10 Hz 100ms 

Abnormal 
function 
warning 

Time limited 
periodic 
broadcasting on 
event 

High/High Ability to receive 
and transmit 
broadcast DENM 

1 Hz 100ms 

Vehicle type warning 
/Co-operative 
awareness 

Emergency 
vehicle 
warning 

Periodic 
triggered by 
vehicle mode 

High/High Ability to receive 
& transmit V2X 
CAM  

10 Hz 100ms 

Vulnerable 
Road User 
(VRU) 
warning 

V2X co-
operative 
awareness 

High/High Ability to receive 
& transmit 
V2I/I2V CAM  

1 Hz 100ms 

Traffic Hazard 
Warning /Road 
Hazard Warning 

Wrong way 
driving alert  

Time limited 
periodic 
broadcasting on 
event 

High/High Ability to receive 
& broadcast V2X 
DENM  

10 Hz 100ms 

Roadwork 
warning 

Temporary 
message 
broadcast or 
geocasting on 
event 

High/High Ability of RSU to 
broadcast 12V 
and VUEs to 
receive & 
process I2V 

2 Hz 100ms 

Dynamic Vehicle 
Warning/Cooperative 
Awareness 

Overtaking 
vehicle 
warning 

V2X co-
operative 
awareness. 

High/High Ability to receive 
and transmit 
broadcast CAM 

10 Hz 100ms 

Lane change 
assistance 

V2X co-
operative 
awareness. 

High/High Ability to receive 
and transmit 
broadcast CAM 

10 Hz 100ms 

Collision risk warning 
/Co-operative 
collision avoidance or 
mitigation. 

Co-operative 
forward 
collision 
warning 

Unicast V2X co-
operative 
awareness. 

High/High Ability to receive 
and transmit 
broadcast CAM 

10 Hz 100ms 

 Intersection 
collision 
warning 

Periodic co-
operative 
awareness 
broadcasting 

High/High Ability to receive, 
process & 
broadcast V2X 
CAM, establish 
peer2peer 
unicast session 

10 Hz 100ms 

Most of the use-cases for non-safety applications are supported by V2I and V2N, with a few 

supported by V2V. Non-safety applications are dynamic and evolving, so do the requirements 

of existing use-cases, this prompts the need for improved access schemes that would 

guarantee that service requirements are met. Table 2-2 presents the common non-safety use 

case categories [67], along with 3 use-cases in each category, their supporting messaging 

mode, and service requirements [5], [15], [66], [67] 
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Table 2-2. Non-safety V2X use-cases and requirements [5], [15], [66], [67] 

Non-safety 
Application 
Categories 

User Cases Messaging Modes Security/ 
Reliability 
Requirement 

Vehicular 
Communication 
Requirement 

Minimum 
Frequency 
of Periodic 
Messages 

Maximum 
Latency 

Traffic 
efficiency/co-
operative 
traffic 
Management 

Regulatory and 
Contextual 
speed limits 

Traffic message is 
prompted by a 
management 
entity 

Medium/High Capacity of RSU to 
receive, process & 
broadcast I2V CAM 

1 to 10 Hz 200ms 

Traffic 
information 
and 
recommended 
itinerary 

Constant periodic 
traffic message 
broadcast by 
management 
entity 

Medium/High Capacity of RSU to 
receive, process & 
broadcast traffic 
information 

1 to 10 Hz 500ms 

Enhanced route 
guidance & 
navigation 

On demand 
service 

Medium 
/Medium 

Internet access, 
IPV6 and 
geonetworking 
capacity 

1 Hz 500ms 

Infotainment Point of 
interest 
notification 

On demand or 
periodic 
promotion 
message – 
unicast, broadcast 
or geocast by ITS 
provider. 

Medium 
/Medium 

RSU/VUE capacity 
to receive, process 
and broadcast I2V, 
establish P2P 
session and 
broadcast locally 
relevant content 

I Hz 500ms 

Automatic 
access control/ 
parking access 

ITS provider 
triggered unicast 
full duplex 

Medium 
/Medium 

RSU/VUE capacity 
to receive, process 
and broadcast 
and/or unicast I2V 
CAM. 
Establishment of 
P2P session 

I Hz 500ms 

Remote 
diagnosis and 
in-time repair 

M2M internet 
communication 
and ITS triggered 
periodic 
monitoring (CAM) 

Medium 
/Medium 

Internet access 
with IPV6 and 
geonetworking 
protocol capacity. 
I2V CAM 
processing 

1 Hz 500ms 

2.4 V2X Propagation Models 

In the USA, Europe, and Asia, the 5.9GHz frequency band has been designated for use by the 

ITS [5], [69]. Hence, we have restricted our discussion on the V2X propagation models around 

the 5.9GHz band as presented in the ETSI technical report [103 257] [70]. The use of the 

5.9GHz frequency band for V2X applications comes with inherent challenges stemming from 

its high frequency and low wavelength of about 5cm. The V2X driving environment is 

characterised by a highly dynamic topology accompanied by a complex propagation 

environment with features distinct from a typical wireless environment. The distinct 

properties of the V2X propagation environment ranges from a different combination of link 

types, different degree of mobility of nodes, vast varying types of nodes and different driving 
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environment. These factors hugely affect wave propagation, which then makes existing 

propagation models unsuitable for V2X communication and necessitate the development of 

distinct channel models for V2X communication. 

2.4.1 Driving Environment Scenarios 

Many V2X studies, algorithms and solutions are often scenario-based. The scenario selected 

affects the wave propagation, channel model and consequently the entire network model.  

There are three common driving scenarios in the communication context: the urban, rural 

and highway scenario. Another scenario that is gradually gaining attention is the tunnel 

driving environment [70], [71]. The different scenarios are commonly typified by different 

levels of vehicular density, roadside structure density, and relative speed of vehicles. These 

driving environment properties tend to have different effects on wave transmission between 

vehicles (V2V) and between vehicles and roadside infrastructure and nodes (V2I and V2N). In 

this section we will be describing the major types of environment scenario as described by 

ETSI in [70]. 

2.4.1.1 Urban Scenario 

ETSI technical report [103 257] defines an urban scenario as a densely populated area that 

allows for one-way or two-way vehicular traffic on either a single or multi-lane metropolitan 

street [70], [72]. They are often characterised with different types of mobile nodes and 

stationary roadside units ranging from motorcycles, vehicles, bicycles and pedestrians to 

traffic lights, road signs, streetlights and traffic signals. They are often characterised with 

roadside structures such as storey buildings. Urban areas are prone to wave scattering effects 

since there are many stationary and mobile objects with wave scattering potential and most 

of their antennas (predominantly vehicular antennas) are of the same heights and close to 

ground. Here, the probability of LOS blockage is higher, and the successful signal reception 

can be dependent on multipath component(s) [73]. The effect of Doppler is expected to be 

small or negligible since vehicles generally move at low speeds and the relative speed 

between vehicles as a result will be low.  All types of communication or link modes are often 

present in an urban environment. A depiction of which is shown in Figure 2-2. 
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Figure 2-2. A depiction of V2X communication in urban environment [74] 

The urban environment has gained early interest from the vehicular communication and the 

ITS research community in general. Given the complexity of the urban environment, more 

work still needs to be done to accurately model the perturbation wave transmission 

experience in the highly dynamic environment. Two recent works done in [75] and [76] 

investigate propagation characteristics in two different urban environments: Vienna, Austria 

and Wuhan, China respectively. While the Vienna campaign seeks to prove the workability of 

an adapted testbed for repeatable and controllable propagation characteristics over varying 

speeds, the Wuhan campaign seeks to provide a delay profile of the congested urban centre 

at rush hour. 

2.4.1.2 Rural driving environment 

Rural driving environments are characterised by open fields, hence have few roadside 

structures to obstruct V2N transmissions. Due to the expectedly low vehicular traffic flow, the 

roads are often single lane with bi-directional traffic flow. Since there is generally a lower 

density of on-road and roadside entities, the probability of line-of-sight blockage will be lower 

and the scattering effect is also lower, hence the delay spread experienced from multipath 

will also be minimal. However, the scantiness of vehicles on rural roads might make the rural 

environment prone to high relative velocity between road entities and potentially generate 

greater Doppler Effect on transmission. Research specifically looking at characterising rural 

driving environments as defined by ETSI have not been particularly investigated as most work 

considers rural motorways and highways synonymous in terms of channel characterisation 

[72]. 
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2.4.1.3 Highway Driving Environment 

ETSI describes highway environments as roads with two or more lanes reserved for 

unidirectional traffic and with relatively higher maximum allowable speed of between 120 

km/h and 140 km/h. Hence, the Doppler spread experienced by V2X channels in highway 

driving environments can be relatively higher. The density of scatter initiating objects such as 

guardrails, bridges and overhead road signs are higher in highway scenarios as compared to 

rural roads. Highways often have long and straight road stretch with relatively unobstructed 

line-of-sight (LOS), reducing blocking rate and allowing signals to propagate over longer 

distances. The dynamic topology of highways requires that further work be done in 

characterising its propagation environment. For example, the work done in [77] investigates 

the propagation characteristics and stationary distance that satisfies Wide-Sense Stationary 

Uncorrelated Scattering (WSSUS) in highway for both V2I and V2V link modes. The results 

shows that the stationary distance is a function of number of multipath components and 

relative speed. Similar research seeking to evaluate stationary distance at Yeoju expressway 

in South Korea is reported in [78]. 

2.4.1.4 Tunnels 

Tunnels are defined as a one-way traffic road within a tunnel with two or more lanes. The 

road is characterised with scattering from the walls, ground, and roof of the tunnel. V2I LOS 

is expected to be severely blocked by tunnel structure. Understanding the channel 

characteristics is currently gaining momentum. A measurement campaign in Shanghai, China 

leveraged a tunnel measurement of V2I and V2V channel presented in 3GPP TR 36.885 [35] 

to describe the large- and small-scale fading of the channel and then further measured and 

analysed channel parameters (such as path loss, power delay profile, delay spread) against 

distance [79]. Another work analysed V2X pathloss under tunnel scenario and found the V2I 

transmission to be experiencing greater loss with increasing tunnel curvature [80]. 

2.4.2 Channel Model Types 

A reasonably accurate modelling of a V2X wave propagation channel parameter is primarily 

hinged on carrier frequency and driving environment in which the waves propagates. The 

inherent complexity of the driving environment necessitates a careful study of vehicular 

propagation channel parameter characterisation. In the next subsections, we will discuss 
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different approaches to which propagation channels of driving environments have been 

modelled. These approaches will be described under two widely used broad categories: 

Geometric and Non-Geometric Models [72], [81], [82]. The classification approach adopted 

for this review is presented in Figure 2-3. 

 

Figure 2-3. Vehicular propagation channel classification 

2.4.2.1 Geometric-Based Channel Models 

A geometric-based channel model focusses on the physical geometry and layout of the 

propagation environment. Factors such as shape, position, size and materials of objects within 

the environment or propagation path are considered when characterising the propagation 

channel in the environment. The extent to which these factors affect wave properties such as 

scattering, reflection, dispersion and refraction are also analysed. Geometry-based models 

are usually either deterministic or stochastic. 

Deterministic propagation models based on geometry exploit availability of detailed scenario 

information. This approach is scenario-specific and computationally demanding. A commonly 

used geometry-based deterministic model is ray tracing [82]. The ray tracing method exploits 

geometric optics and numerical methods for solving approximations of Maxwell’s equations 

at high frequencies [83]. Many of the recent works that have used ray tracing to develop 

propagation models have exploited it for characterising high frequency wave propagation in 

the mmWave bands. The work in [56] proposed improving V2X mmWave channel model 

accuracy by exploiting diffuse scattering (DS) as a key propagation mechanism. The results 

obtained indicate superior performance in terms of received power and delay spread 

particularly when beam alignment is not in place. An evolutionary ray-tracing propagation 

paradigm described as Dynamic Ray Tracing (DRT) is presented in [84]. It is a model that offers 
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multidimensional channel prediction including Doppler spread and time delays for a every 

ray, by exploiting database of detailed environment attribute at every time instant.  

Geometric based stochastic models on the other hand use a pseudo-random distribution   of 

scatterers around transceivers to model the propagation statistics of real driving 

environments. Geometric based stochastic models are further categorised into irregular 

shaped and regular-shaped models based on geometry of scatter distribution around 

transceivers. The work presented in [85] discusses an irregular geometric-based stochastic 

model for V2V communication in the sub-6GHz frequency range. The model is based on a 

Single-Input-Single-Output (SISO) system and the results were proven by comparing with a 

field measurement campaign carried out in Helsinki, Finland. A similar work carried out over 

MIMO in Lund; Sweden is presented in [86]. Beyond validation of the approach, the result 

here further proves that the channel demonstrates bib Wide Sense Stationary Uncorrelated 

Scattering (non-WSSUS) attributes. However, the assumption that all scatterers are on a 2D-

plane limits the accuracy of this approach. 3D representation of scatters is suggested to 

improve accuracy and realism of this approach. A 3D regular-shaped model for V2V 

communication presented in both [87] and [88] uses an elliptical cylinder model and 2D Von 

Mises Fisher representation to emulate the distribution of scatterers around transceivers. 

Both works demonstrated a better representation of a real V2V propagation environment, 

however with higher computational and complexity burden might be a deterring factor in 

cases where computing resources are constrained. 

2.4.2.2 Non-geometric Channel Model 

Unlike geometric models that focus on the geometry of constituent objects in the propagation 

environment, non-geometric channel models rely on measurements and statistical analysis 

to characterise the propagation channel. Non-geometric models are developed by extensive 

measurement campaign of real-world propagation environment data through actual field 

measurements or the use of channel sounders. Statistical distributions are then used to 

represent measured channel parameters such as pathloss, fading and shadowing effects. 

Non-geometric channel models can be further sub-categorised into Empirical and Stochastic 

models by considering various diffuse scattering models using a ray-tracer tool. 
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Empirical modelling approach use data gathered from measurement campaigns to identify 

singular patterns of the propagation environment to be modelled [81]. Hence, they are 

generally simpler with fewer parameters to characterise the propagation environment. 

They’re commonly used to model propagation in traditional scenarios [89]. Many works have 

been done to characterise the complexity of wave propagation in driving environments. A 

Machine Learning (ML) based empirical V2X channel modelling is presented in [90]. In this 

work, a measurement campaign was conducted, and data was collected from a road network 

in Dresden, Germany. The aim is to use the labelled data from the campaign to train the deep 

neural network algorithm to predict RSSI, using a combination of open-source available road 

information (road type, buildings) and easily obtainable Euclidean distance as output as 

shown in Figure 2-4. Another empirical model presented in [91] ran sub-6GHz narrow beam 

measurement campaign for V2I highway communication in Beijing, China. The empirical 

model is characterised based on measured dispersion parameters such as Root-Mean-Square 

(RMS), delay spread, Doppler spread and angular spread. The studies analyse the effect of 

different antenna and beamforming parameters on measured dispersion parameters. 

 

Figure 2-4. Neural network architecture for a non-geometric deterministic model in [90] 

Non-geometric stochastic models characterise channel models using stochastics and with no 

presumption of scattering distribution and constituent object geometry [92], [93]. One of the 

most popular non-geometric stochastic approaches to channel modelling is the Tapped Delay 

Line (TDL) model. TDL defines channel response using a Finite Impulse Response (FIR) filter 

with specific number of taps, each with different dispersion attributes. For example, the 

channel response can be modelled as superposition of P taps as expressed In Equation (2-1).  
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(2-1) 

Where each tap has N number of unresolvable sub-paths with amplitudes, 𝛼 and Doppler 

frequency, fd. The work in [94] presents six different models based on TDL approach 

representing three V2V and three V2I link modes measured in a highway in Atlanta, Georgia, 

USA. The models have been accepted as the standard V2V model for IEEE 802.11p [95]. 

 

2.5 C-V2X Radio Resource Allocation Models 

As CAVs gain more attention from stakeholders in industry, academics and states the need to 

develop communication infrastructure to support the growing demands has become 

necessary. Radio resources are a critical communication capital that suffers stiff contention 

between increasingly pervasive CAVs. For DSRC, resources are allocated using Carrier Sense 

Multiple Access/ Collision Avoidance (CSMA/CA) scheme. Detailed discussion on resource 

management in DSRC can be found in [96]. This section focuses on 3GPP defined resource 

allocation models for cellular V2X. While detailed physical layer framework of LTE-V2X and 

NR-V2X side-link can be found in [28], the focus of the rest of this section will be cellular V2X 

side-link resource allocation in view of coverage availability (resource allocation modes). 

2.5.1 C-V2X Resource Allocation Modes 

C-V2X broadly offers two modes by which resources are allocated to vehicular users for side-

link communication in LTE-V2X and 5G NR V2X respectively. These modes are categorised 

based on whether the vehicular node requires cellular coverage of the base station (eNodeB 

or gNB) for resource allocation [28]. The first mode requires cellular coverage and is named 

LTE-V2X mode-3/ NR-V2X mode-1, while the second mode operates outside cellular coverage 

and is named LTE-V2X mode-4/NR-V2X mode-2, as illustrated in Figure 2-5 [97]. In LTE-V2X 

mode-3 /NR-V2X mode-1, the eNB/gNB is responsible for scheduling and channel allocation 

for V2V and V2I communication either by dynamic allocation/Dynamic Grant (DG) or through 

Semi Persistent Scheduling (SPS) / Configured Grant (CG) as explained in [28], [48], [98]. 

Though quite similar resource allocation concepts, NR-V2X has a more developed QoS 

consideration in its allocation process as compared to LTE-V2X.  
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Figure 2-5. Cellular-V2X resource allocation modes 

However, it is noteworthy that 3GPP has not defined intricate standards for resource 

allocation in mode 3 and 1, leaving room for use-case or application specific development. 

Mode 4 and 2 on the other hand are standardised in greater detail. Here vehicular nodes 

autonomously select resources using sensing-based Semi Persistent Scheduling (SPS) [99]. A 

flowchart illustration of working principle of sensing based SPS is presented in Figure 2-6. 

 

Figure 2-6. Sensing-based SPS algorithm for mode-4 in LTE-V2X [97] 
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2.5.2 State-of-the-art 

Both mode-3/mode-1 and mode-4/mode-2 are still subject to improvement and have 

attracted huge academic research interests.  It is noteworthy that more research effort has 

been dedicated to mode-4/mode-2 because they are susceptible to greater challenges such 

as collision, interference, and congestion issues. However, developing resource allocation 

schemes to optimize available radio resources in mode-3/mode-1 is critical and is open to 

significant development considering that there is no defined 3GPP standard for mode-

3/mode-1 in this regard. Since the work in this thesis is developed upon mode-3 resource 

allocation, our discussion onward will be focussed on some of the recent developments in the 

LTE-V2X mode-3 and 5GNR-V2X mode-1 resource allocation category. 

The work discussed in [98] proposes an LTE-V2X mode-3 resource allocation scheme that 

meets the QoS requirements of V2V applications while preventing allocation conflict. QoS in 

this context is defined as channel capacity per-vehicle. The authors proposed a mathematical 

framework guided by four conditions: mandating within-cluster subframe reuse, per-vehicle 

QoS differentiation, prevents inter-cluster sub-channel conflicts and minimizing time 

dispersion between assigned sub-channels. The approach avoided conflict and improved per-

vehicle throughput; however, this approach is hugely dependent on the number of clusters 

and the clustering algorithm used. The same authors in [100] presented a centralised mode-

3 resource allocation scheme using a bipartite graph. Here spectrum allocation and vehicles 

are denoted by graph vertices while throughput is signified by edges. The approach is used to 

ensure that the spectrum resources used by vehicles within same clusters are time 

orthogonal. The simulation results show improvement in throughput but provide no clear 

indication of how changes in cluster proximity will be handled. Another spatial re-use 

allocation scheme called DIRAC (aDaptive spatIal Reuse of rAdio resourCes) is presented in 

[101]. The context-aware scheme solves the problem in [100] by adapting its operation to 

context condition to ensure all vehicles experience similar interference levels. The results 

show improvement in overall quality of communication and V2X scalability. While able to 

handle a level of dynamicity in vehicular environment. It is yet to be demonstrated how this 

approach copes with different traffic demands and rapidly changing context. In another work, 

an exchange of resource rank of preference between neighbour vehicles is proposed upon 

which matching game theory algorithm is built [102]. The aim is to establish fairness and 

https://www.sciencedirect.com/topics/computer-science/spatial-reuse
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improved sum-rate in V2I links while guaranteeing reliability of V2V links. The simulation 

results show the system adapts to vehicular network topology changes and achieves 

improved reliability and fairness. Adaptive and Maximum Reuse Distance (AMRD) scheme 

described in [103] seeks to resolve the issues with fixed reuse distance described in [104]  and 

maximum reuse distance (MRD) discussed in [105] by estimating a flexible reuse distance of 

radio resources that adapts to changes in vehicular density while maximizing the distance 

between receivers using same spectrum resource. Though AMRD shows superior Packet Error 

Rate (PER) compared to fixed reuse distance schemes over short distances, but this gain fades 

with increasing distance and reducing vehicular density. Another improvement on MRD is 

proposed in [104]. The location based MRD reuse schemes exploits knowledge of the resource 

querying vehicle to maximise the reuse distance between vehicles using same resource set. 

The results obtained show improvement in reliability and overall capacity in a high-way 

scenario.  

The discussion on the state-of-the-art of 5G NR V2X mode-1 will be initiated here with the 

work in [106] that investigates how resource allocation and scheduling schemes based on 

flexible numerology (sub-carrier spacing, SCS and transmission time interval, TTL) can be used 

to better meet V2X use-case requirements. The result shows that flexible numerology can be 

exploited to improve reliability and reduce latency. In another mode-1 scheme presented in 

[97], Channel State Information (CSI) transmission overhead is aimed to be reduced while 

maximizing throughput. To realise these objectives, the resource allocation is modelled as a 

mixed binary integer nonlinear programming (MBINP) problem. Resource allocation schemes 

presented in [107] propose the use of a Non-Orthogonal Multiple Access (NOMA) power 

control technique for resource allocation to improve capacity, latency, and reliability of NR 

V2X side-links. [107] addresses inefficiency issues confronted by LTE-V2X networks in a 

congestion scenario for unicast and broadcast systems. The simulation results indicate that 

the NOMA-based system efficiently dropped resource access collision which in-turn reduces 

latency and improves reliability.  A centralised graph-based matching and NOMA resource 

allocation scheme aimed at reducing latency and improving system capacity is presented in 

[108] . The results obtained confirms improvement in system capacity through a cooperative 

game power control for NOMA transmission. In [109] a 2-stage centralised resource allocation 

and power control scheme is developed to address the inefficiency associated with gathering 
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location and channel state information in the dynamic network topology. The evaluation of 

the results obtained from the solution of the optimisation problem shows that the proposed 

system conserves energy and improves system SL throughput performance. 

2.6 Vehicular Mobility Models 

This section briefly discusses the framework upon which vehicular mobility can be clearly 

defined and realistically depicted for further analysis.  Available traffic simulator tools are 

discussed followed by a brief review of cognate research strides. 

2.6.1 The framework 

Vehicular mobility models are broadly considered to be either microscopic or macroscopic 

[110]. The macroscopic modelling approach is a high-level approach that is based on fluid 

dynamics. It models gross quantities such as vehicular density and average velocity. 

Microscopic modelling on the other hand is more granular. It takes the computationally 

intensive particle-based modelling approach, considering the vehicles as distinct entities and 

model traffic properties such as trajectory, inter-vehicular distance, and acceleration. 

As presented in Figure 2-7, generating a realistic vehicular traffic model requires 

consideration of the following components: accurate topological maps, obstacles, 

attraction/repulsion points, vehicle characteristics, trips, path, acceleration/deceleration, 

human driving patterns, intersection coordination, time, external interaction. Details of each 

of the components are discussed in [111]. 
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Figure 2-7. Concept guide for generating realistic vehicular mobility models [111] 

It is noteworthy that all building blocks in Figure 2-7 are not necessary for all case studies. As 

every case study have a specific scope an interest. However, the more components a model 

considers, the more realistic it tends to become. Most models today take a simple approach 

and only consider components of interest. 

2.6.2 Generating Vehicular Mobility Models 

The development of vehicular mobility models can generally be categorised to four different 

classes: Synthetic Modelling approach which is essentially based on mathematical 

construction, Survey-based Modelling approach which involves model construction from 

physical measurements, Trace-based Modelling approach that constructs mobility traces 

from real vehicular traffic and Simulation-based modelling approach that generates vehicular 

traces from traffic simulators [111]. We have decided to approach our work using the 

simulation-based modelling approach due to its flexibility and ability to generate complex 

scenarios with relative ease and accuracy. It is also for this reason that the simulation-based 

approach will be discussed in greater detail. 
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2.6.3 Simulation-based Modelling Approach 

Simulation-based models are generated from traffic simulators developed from a stringent 

process of refining of synthetic models and validation using real traces and traffic surveys. 

Hence, traffic simulators generate reasonably realistic traffic traces for different scenarios. 

The large set of parameter configuration capability available to users of the simulators makes 

it suitable to develop a large array of context of varying complexity. Traffic simulators such as 

PARAMICS [112], SUMO [113], VISSIM [114] and TRANSIMS [115] have the capacity to 

generate an array of microscopic model parameters. 

In vehicular communication networks, two simulation modules are required to form a fully 

functioning vehicular network simulation: Network simulators and traffic simulators. Network 

simulators are responsible for constructing a realistic communication channel, routing, and 

topology model, while the traffic simulator generates vehicular traffic and the mobility 

environment [116]. In terms of integration with network models, mobility models can be 

classified into three categories: Low Integrated Simulators (or Isolated Vehicular Mobility) in 

which the mobility simulator module is standalone and not integrated with the network 

module such as the Random Way-Point model [117], BonnMotion [118], SUMO [113], Street 

Random Way-point (STRAW) tool [119] etc. Another category is the High Integrated 

Simulators (or Embedded Vehicular Mobility) in which both the mobility module is integrated 

with the network module. GrooveSim/GrooveNet tool [120] is one of the earliest high 

integrated simulators [121]. With the objective of increasing model accuracy other simulators 

have been developed, some of which include City Model [122] to test vehicular network 

models and MoVes [123]  built upon distributed simulation middleware called Artis [123]. The 

third category of simulators are called federated mobility simulators [111] which defines 

simulators that develop interfaces that integrate isolated mobility simulators with network 

simulators such as MATLAB and OPNET, QualNet and NS-2. Examples include TraNS that 

federates SUMO for mobility model and NS-2 for the network models [124], VGrid Project 

that integrates SWANS network simulator with a scenario-limited synthetic traffic model 

[125], MSIE that integrates VISSIM with NS-2 [126], FDK that integrates QualNet with CORSIM 

traffic generator [127] and open source Vehicles in Network Simulation (VeiNS) that 

integrates OMNET++ with SUMO [128] etc. 
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It is noteworthy that most federated and embedded schemes are either not publicly 

accessible or only commercially available. Most of the open-source simulators, such as the 

SUMO are isolated, readily available and have parsers that makes them easily integrate-able 

with network simulators. 

2.7 Vehicular Clustering 

This section discusses the need for clustering of vehicular networks, the baseline process for 

most clustering schemes and state-of-the-art of clustering schemes in vehicular networks. 

Clustering is a grouping technique that enables vehicles of closely aligned intrinsic, 

operational, spatial or mobility attributes to be grouped and managed efficiently. Usually one 

or more vehicle nodes is/are elected as Cluster Head(s) (CH) within each cluster while other 

nodes within clusters are referred to as cluster members (CMs). Vehicles that do not belong 

to a cluster are called Free Vehicles (FVs) while edge vehicles that belong or serve more than 

one cluster are called gateways (GWs). Clustering algorithms are generally categorised to be 

either active or passive. In active clustering, all nodes take part in the clustering process by 

sharing relevant information with neighbours and taking roles within clusters. Active 

clustering monitors and adapts to traffic and topology changes, and is therefore suitable for 

the dynamic network topology of vehicular networks. Passive clustering schemes on the other 

hand is more static and relies on predefined configuration. 

2.7.1 Why clustering? 

Clustering in vehicular networks can be exploited to solve issues related to dynamic network 

topologies, network management, QoS, security and hidden nodes. Addressing these issues 

are important, given the critical nature and stringent QoS requirements of vehicular network 

applications.  All vehicular clustering schemes can also be classified as either general purpose 

or purpose built (application-specific). Since application-specific clustering algorithms are 

designed to meet a specific objective, they tend to perform better in those specific scenarios 

for which they are designed. It is apparent that application-specific clustering algorithms are 

inflexible, and application restricted, however, with developments in Software Defined 

Networking (SDN) and development of more application-specific clustering algorithms, these 

restrictions can be mitigated while maintaining their application specific performances. 

Different survey works have classified clustering schemes based on the objectives or key 
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benefit for which the clustering scheme has been developed [31], [129], [130], [131]. In [31] 

clustering algorithms are categorised based on objectives as scalability and reliability, 

stability, delay, and routing overhead. In [129], clustering algorithms are classified based on 

the following set objectives: collision avoidance, reliability, communication range and 

stability. The work in [130] classified clustering algorithm-based objectives:  cluster stability, 

load balancing, social awareness, fairness and QoS. [131] [131]also categorised clustering 

algorithms based on proposed benefits such as stability, data dissemination reliability and 

QoS. From our observation we regard stability as the most challenging issue with clustering. 

Beyond categorization, we present a comprehensive list of benefits derivable from clustering 

algorithm in vehicular networks in Figure 2-8. 

 

Figure 2-8. Benefits of clustering in vehicular networks [130] 

2.7.2 State-of-the-art 

From our discussion about objective-based vehicular clustering categorization in 2.7.1, the 

most targeted clustering objectives are stability, reliability and QoS improvement. Many 

literatures have studied these performance parameters and proposed new clustering 

schemes to meet these objectives. In this section we will discuss some of the recent work that 

sought to achieve these objectives 

In [132], a stochastic study of a one-hop vehicular cluster on a single-lane highway with the 

aim of studying cluster stability is presented. While a stochastic mobility model is adopted, 

discrete-time Markov chain analysis was used to model cluster membership and cluster 
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overlap. The result shows that the stability performance observed in the analytical approach 

adopted is in tandem with MATLAB simulation. Though the work here only validated its 

analytical approach through simulation and produced useful results that could be exploited 

for efficient cluster algorithm development, it has not specifically looked at cluster stability 

improvement. 

The works in [133] and [134] present a multi-metric clustering scheme using metrics such as 

average neighbour distance, relative position, relative speed, and vehicle trajectory to group 

vehicles into clusters. The multi-metric optimization problem in [134] is optimised using a 

Non-dominated Sorted Genetic Algorithm version 2 (NSGA-II) while [134] uses YATES 

algorithm. [134] demonstrates stability improvement over other optimisation methods such 

as Multi-objective Particle Swarm Optimization (MOPSO) and Multi-objective Differential 

Evolution (MODE), however the approach assumes re-clustering is inimical to cluster stability 

and avoids re-clustering in cluster maintenance process. This approach affects intra-cluster 

links and sustains CHs if they remain a CM even when not best fit for cluster leadership. [134] 

estimates the stability index of every vehicle before CH selection. This approach shows that 

the best vehicle is selected as CH for stability but fails to describe how the cluster is 

maintained over travel time or describe the effect on any QoS parameter. 

In more recent work presented [[135], a stability-based clustering scheme proposed for urban 

environment seeks to improve stability and minimize overhead. The mobility metrics used 

include, vehicle position, trajectory, and relative speed, while the stability is evaluated based 

on CH lifetime. A distance threshold is set at which nearing clusters merge. This work only 

studies how stability vary with traffic flow and maximum lane speed. The results show stability 

across the range of both variables. Again, the assumptions in [133] is sustained and no result 

demonstrating stability is enhanced is presented. 

[136] presents a Stable Clustering Algorithm for vehicular ad hoc networks (SCalE) that 

proposes the use of backup CHs to take over when the current CH leaves the cluster to 

maintain cluster stability and minimize re-clustering. Though stability is improved, how the 

improvement in stability affects QoS parameters such as throughput and jitter is not 

evaluated. 
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Residual Route Time (RRT) is used in [137] to select CH through a navigation-based system. 

RRT is a function of the duration a vehicle can stay around a cluster neighbourhood during 

the travel time. Vehicles share their navigation information with other vehicles then each 

vehicle use the RRT set available to it to either announce itself as CH or recognise one. The 

scheme demonstrates stability improvement but performs poorly in terms of number of 

successfully transmitted packets. 

The work done in [138] leveraged and extended the advancement of the Optimized Link State 

Routing (OLSR) with multi-relaying work in [139] to develop an optimized CH and multi-point 

relay (MPR) selection algorithm that demonstrates superior stability and QoS performance in 

urban environment using link and street-centric parameters. Though the approach showed 

improved performance of QoS parameters such as throughput and Packet Delivery Rate 

(PDR), how this performance is maintained across travel time is not clear. 

A fuzzy CH selection in a Cognitive Radio-based vehicular network is presented in [140]. As in 

[138] the fuzzy system considers street-centric parameters to make decision. It takes in 

average relative velocity, distance, network connectivity, lane weight and trustworthiness as 

input to select a stable and reliable CH. Though stability objective was achieved, the work did 

not describe how the network quality fared over travel time. 

Another Fuzzy-based system is introduced in [141]. It combines the hesitant fuzzy with 

different multi criteria decision making schemes to select CHs that promises stability. 

Methods such as EVAluation of MIXed data (EVAMIX), technique for order of preference by 

similarity to ideal solution (TOPSIS) and Vlse Kriterijumska Optimizacija Kompromisno Resenje 

(VIKOR) methods are studied under a highway driving scenario. The result showed greater 

cluster stability in EVAMIX as compared to TOPSIS and VIKOR. Like many other papers, [141] 

did not indicate the QoS performance of the network over time. 

The works in [27], [142], [143] make use of K-means and Floyd-Warshall algorithm for cluster 

formation and CH selection. The Floyd-Warshall algorithm estimates the shortest distance for 

all vehicle pair. The vehicle with the shortest average distance to all other vehicles will be 

nominated CH. In all these works improved stability and minimized re-clustering were 
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achieved without any assessment of the effect on link performance. The only difference with 

the works here is the context of application. 

A QoS focussed scheme that clusters vehicles and elects CHs based on QoS, and vehicle 

trustworthiness is presented in [144]. This approach demonstrated potential for improved 

PDR and stability. To maintain stability, it proposes a ranking-based gateway recovery 

algorithm to replace failed CH. While the key objectives are achieved, the approach do not 

clearly define what a CH fail indicates but seem to align with the loss of cluster membership 

approach assumed by the other literatures. 

In summary, all the approaches sought to minimize re-clustering and improve stability by 

sustaining a single CH if it remains active and within the cluster. The downside to this 

approach is a CH will remain sustained even when it is not the optimal CH choice, and this 

might affect CH-to-CM link performance and might even affect decision making when inter-

CH proximity is used to make re-clustering decisions. Also, when closest CM to an edge-

located CH is used as a backup CH as in [145], [146]. The backup CH might also be sub-optimal. 

Hence a scheme that improves stability while sustaining QoS performance is necessary. 

2.8 Conclusion 

This section summarises our review of the literature, specifically discussing how we have 

arrived at narrowing down the scope of our work. From the discussion on V2X access 

technologies in section 2.2, we inferred that C-V2X has a greater development prospect since 

its standards are developed along with established cellular access technology standards. We 

believe that its relative newness, greater coverage, and potential for coordination presents 

great opportunity for novelty.  

The case study we have decided to adopt from our review is an emerging real-time 

geocast/multicast use-case. Proposals on streaming and sharing of real-time safety and non-

safety media content between vehicles over PC5 interface has been discussed in 3GPP 

technical report [147]. It is upon this discussion we have decided to investigate a non-safety 

traffic efficiency use-case: real-time download of enhanced route guidance and navigation 

information, as our case-study of interest. 
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A standardised geometric-based regular stochastic model presented in [72] has been adopted 

here. This is based on the believe that a simple pathloss and shadow model will be sufficient 

to reasonably present the essence of our findings.  We have decided to work with models of 

urban and highway scenarios in our work. We reckon that this scenario widely covers typical 

areas where vehicular communication will be required. 

We have adopted a network assisted mode-3 underlay cluster re-use approach for our 

resource allocation scheme. We sought this approach to exploit the bird-view oversight of 

cellular coverage for resource allocation and avoid the interference from mobile cellular 

users. Similar approaches are discussed in [24], [25], [57], [58] 

For the simulation model we chose to adopt the microscopic, simulation-based modelling 

approach as this tends to properly represent the contribution of each vehicle’s mobility to the 

dynamic topology of the network and tends to be more accurate. Simulation is adopted for 

flexibility, ease of implementation and cost efficiency. SUMO specifically is adopted because 

it is open source and is equipped with functions that help to reasonably model realistic 

scenarios. SUMO is also used in [26], [116]. 

Since we are focussed mainly on post-formation processes of clusters, we have decided to 

form our clusters based on simple centroid-based clustering approach upon which we 

developed maintenance and re-clustering algorithms to sustain stability and link 

performance. 

In the succeeding sections we will be describing in detail how we have implemented each of 

the highlighted chosen approaches as components of our work. 
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3.1 Introduction 

Though next-generation V2X communication networks are expected to consist of a variety of 

communication modes, only four apply to most use-cases; Vehicle to Infrastructure (V2I), 

Vehicle to Pedestrian (V2P), Vehicle to Network (V2N), and Vehicle to Vehicle (V2V) [15]. All 

these V2X modes, particularly the V2V mode are subject to a harsh communication 

environment resulting from high mobility and a fast-changing network topology associated 

with vehicular networks. Clustering has been identified as one way to deal with the issue of 

the changing vehicular network environment. Extensive research has been done on the 

implementation of different clustering algorithms in Vehicular Ad-hoc Networks (VANET) to 

solve issues related to the challenging communication environment such as the hidden node 

problem and fast changing channel caused high vehicular mobility [16], [17], [18], [20], [21], 

[22]. Different types of clustering schemes have also been suggested for the stability of 

vehicular network topologies as discussed in section 2.7.2. All these schemes employ different 

CH selection schemes with the aim of selecting a CH that serves as long as possible. However, 

as vehicles move without CH reselection in time relative to one another, the CH position 

becomes sub-optimal, the efficacy of these clustering algorithms diminishes, and V2V link 

performance drops. Hence, vehicles might need to be re-clustered to maintain acceptable link 
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performance. However, most works described in section 2.7.2 assume that persistent re-

clustering negatively impacts stability. Hence developing schemes that mitigate the adverse 

stability effect of persistent re-clustering or link performance issues associated with stability 

focussed CH selection scheme is worthwhile. 

For download of real time HD or machine map updates, high throughput, low jitter, and link 

stability are key performance indicators.  In a clustered hotspot driving scenario where certain 

vehicles within the cluster serve as a relay to Base Stations (BS) for other vehicles within the 

same cluster, the links between other cluster vehicles and the relay cluster head vehicle 

suffers an average throughput drop as the vehicles move relative to one another in distance 

and time without re-clustering. Though this comes with a gain in stability, it can become a 

problem in situations of map data streaming or download of real time updates. Hence, we 

have resolved to develop a scheme that leverages the throughput gain of persistent CH 

reselection and SNR-based clustering criteria while exploiting a memory-based re-clustering 

approach for cluster maintenance to improve jitter and stability performance. 

In our work, we showed how SNR can be incorporated into a k-means clustering approach to 

improve V2V user throughput in a download hotspot scenario. We named this scheme KmSNR 

and compared its performance with the existing KmFW clustering technique presented in 

[27]. Having observed a superior throughput performance and comparable stability 

performance, unlike previous work we show how the cluster information stored in the 

memory of previous clusters in time can be used to reduce jitter and reduce overhead that 

could be otherwise introduced by typical persistent re-clustering and improve stability. We 

achieved this by further building upon our SNR-based scheme, with two different memory-

based re-clustering approaches (Centroid-based Waterfall Scheme, CWS and Seed-based 

Waterfall Scheme, SWS) that seek to sustain the throughput performance of KmSNR while 

improving stability. These approaches make use of current cluster information to determine 

succeeding cluster heads and centroid positions in subsequent clustering phases. We 

compared the results obtained here to our corresponding memoryless scheme as used in our 

previous work in [26] and the Floyd-Warshall scheme used in [27].  
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3.2 Vehicular Mobility Traffic Generation 

The efficacy of vehicular clustering algorithms can only be tested in a vehicular mobility 

context. For ease of implementation and flexibility we have decided to approach context 

generation using simulation based vehicular mobility tools. Due to ease of access and 

interface readiness for MATLAB integration we have adopted SUMO as our mobility traffic 

generator of choice. 

Though defined as “urban”, SUMO is an open source, microscopic, space-continuous, time 

discrete and portable traffic simulator capable modelling a large array of different mobility 

scenarios. In SUMO, road networks can be developed from scratch with specific infrastructure 

and mobility properties, however our focus here is to demonstrate the performance of our 

schemes in a realistic scenario that imitates real road networks. Hence, we opted for a simple 

and efficient SUMO solution called OSM Web Wizard which leverages Open Street Map (OSM) 

using python programming to generate real maps and networks from which our desired 

target area of analysis or Traffic Analysis Zone (TAZ) is selected and upon which mobility 

scenarios are generated [113].  

The OSM is essentially a collection of python programmes in the directory tools of our SUMO 

installation root. We invoked the OSM Web Wizard python script from the tools’ directory 

using the command in   

Once the python script started running, the OSM web wizard interface opens via our default 

browser. The interface opens with a window showing a map overview and the position 

selection panel as depicted in Figure 3-2. We then searched for our road map of interest, 

A5012, York, and then selected an area of interest within the map, depicted as the bright 

region of the entire map. 

Python osmWebWizard.py 

Figure 3-1. OSM web wizard invocation command 
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Figure 3-2. SUMO OSM web wizard 

After generating the area of interest, we then generated vehicular traffic from the demand 

generation panel depicted with a car pictogram. As can be seen, the SUMO Web Wizard 

supports different modes of transportation and mobility nodes which can be activated by 

ticking the white boxes next to the lists. For simplicity, we have limited our mobility unit type 

to just cars. For each chosen means of transportation, the OSM Web Wizard generates a 

random mobility traffic demand based on a probability distribution influenced by two factors: 

The through traffic factor, which defines the probability that an edge at the boundary of the 

simulation will be selected as emergence and departure edge for each vehicle generated, as 

compared to an edge located within the simulation space. A high value of through traffic 

factor indicates more vehicles will emerge and depart at the boundary of the simulation 

space. Specifying a high value is important to retain vehicles within the simulation for as long 

as possible to study the effect of the mobility of a fixed set of vehicles over time. We selected 

a very high through traffic factor to maintain a reasonable assurance that at least 100 vehicles 
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can be studied over time. The count factor defines the rate at which vehicles are generated 

per lane-kilometre. We used a count factor of 65 which means for a two-lane road of 7 km 

long, 910 vehicles will be generated per hour on the highway. This results in approximately in 

one car generated every 4 seconds [113]. 

In the options panel, we chose the simulation to run for an hour after which we generated 

the scenario which took a few minutes to run. The output of the generated scenario is in the 

form of a sumo configuration file, sumo.cfg. The sumo.cfg file opens by default on generation 

and presents the selected area with a ready-to-run traffic as depicted in Figure 3-3. 

 

Figure 3-3. A picture of open SUMO configuration file 

The diagram on the right of Figure 3-3 clearly shows the map of the A-5012 road, while the 

diagram on the left is a zoomed-in map of the map after being run to reflect the vehicular 

mobility. 

Since we have decided to integrate SUMO into MATLAB, we had to extract the vehicular traces 

from sumo.cfg. The output of the data extraction is called a Floating Car Data (FCD). The 

output contains the coordinates of each vehicle at every point-in-time, the speed at every 

point-in-time, vehicle ID and time stamp. By default, the time stamp is in x-y coordinates, but 

the extraction process can be adapted to generate a longitude/latitude coordinate. We 

extracted both the rectangular and geographical coordinates of the vehicular traces for our 

work and saved the file in a .csv format, since this format is MATLAB friendly. 
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We integrated the trace file into MATLAB and superimposed it on google map of the same 

road from which it was extracted. We faced some compatibility issues when we tried to reuse 

Open Street Map (OSM) within MATLAB. A depiction of the superimposed vehicle traces is 

shown in Figure 3-4. 

 

Figure 3-4. MATLAB generated superimposition of vehicle traces on google map 

3.3 System Model 

The communication model is built as a single cell C-V2X network model. The base station is 

responsible for initiating clustering of vehicles and resource allocation. The single cell serves 

multiple vehicle clusters and un-clustered free vehicles directly via the Uu interface. Vehicles 

can also share information between one another via the PC5 interface. We have modelled 

only the V2V communication mode into our communication model since this is where the 

effect of our contribution is realised.  

The system assumes every vehicle has both the Uu and PC5 interface, hence capable of both 

V2V and V2I communication and are each electable as CHs. CMs of same cluster are modelled 
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to use orthogonal channels and centrally allocated resources, hence effectively avoiding the 

hidden node problem.  

We adopted a highway V2V path loss model from [148] for both LOS (Line of Sight) and NLOSv 

(Non-Line of Sight for vehicles on same street).  

 𝑃𝐿𝑙𝑜𝑠 = 32.4 + 20 log10 𝑑𝑒𝑢𝑐 + 20 log10(𝑓) +𝑋𝜎  (3-1) 

  𝑃𝐿𝑛𝑙𝑜𝑠𝑣 = 32.4 + 20 log10 𝑑𝑒𝑢𝑐 + 20 log10(𝑓) + 𝐴𝑠𝑘 +𝑋𝜎  (3-2) 

 When  𝑣 = −0.7

𝐴𝑠𝑘 = 6.9 + 20 log10 [√(𝑣 − 0.1)2 + 1 + 𝑣 − 0.1]   

Else, 𝐴𝑠𝑘 = 0

 

(3-3) 

 
𝑣 = √2

𝐻𝑑
𝑟𝑓

 
(3-4) 

 

𝑟𝑓 = √
𝑛𝑓𝜆𝑑1𝑑2

𝑑𝑒𝑢𝑐
 

(3-5) 

 

 

Figure 3-5. System model cluster based c-v2x 
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Where 𝑋𝜎 Is the shadowing parameter, 𝐴𝑠𝑘  is additional blocking attenuation due to vehicular 

obstruction, 𝐻𝑑 is the difference between obstruction height and horizontal link plane, 𝑛𝑓 is 

the Fresnel number, 𝑑𝑒𝑢𝑐 is the Euclidean distance between VUEs or length of V2V links, 𝑑1 is 

the distance of a specific point to the transmitting antenna,  𝑑2 is the distance of the same 

specific point to the receiving antenna, 𝑟𝑓 is Fresnel ellipsoidal radius, and 𝜆 is wavelength. 

The probability of LOS and NLOSv is estimated based on a distance threshold, 𝑑𝑡ℎ of 450 

meters. The probability of LOS or NLOS for each V2V link is estimated based on whether the 

difference, 𝑑𝛿 between the link distance, 𝑑𝑒𝑢𝑐 and distance threshold, 𝑑𝑡ℎ is positive or 

negative [148], as described in equations (3-6), (3-7) and (3-8). A link is assumed to be LOS if 

the probability of LOS, 𝑃(𝐿𝑂𝑆) exceeds the probably of NLOS, 𝑃(𝑁𝐿𝑂𝑆) and vice versa. 

 𝑑𝛿 = 𝑑𝑒𝑢𝑐 − 𝑑𝑡ℎ (3-6) 

 
𝑃(𝐿𝑂𝑆) =  {

min(1, 𝑎 + 𝑑𝑒𝑢𝑐
2 + 𝑏 ∗ 𝑑𝑒𝑢𝑐 + 𝑐)      𝑑𝛿 ≤ 0    

max(0,0.54 − 0.001 ∗ 𝑑)                    𝑑𝛿 > 0             
 

(3-7) 

 𝑃(𝑁𝐿𝑂𝑆) = 1 − 𝑃(𝐿𝑂𝑆) (3-8) 

 Where 𝑎 = 2.1013 × 10−6, 𝑏 = −0.002 𝑎𝑛𝑑 𝑐 = 1.0193  

3.4 Resource Allocation Model 

We have adopted a new cluster-based resource allocation scheme based on 3GPP’s LTE-V2X 

mode-3 resource allocation standard, though the 3GPP has not defined a specific scheduling 

scheme for LTE-V2X mode-3, they have outlined centralized scheduling procedure 

requirements. The document states that the VUE needs to be in RRC_CONNECTED mode to 

transmit in mode 3. In this mode, all communication parameters are known to both the VUE 

and the base station. The VUE interested in a V2V communication, informs the eNodeB about 

the impending link to be established by transmitting a side-link UE information message. This 

message is also used to request resources for side-link communication. Mode-3 supports both 

dynamic and SPS allocation. SPS however is best suited for the scenario of context, and it is 

based on the SPS allocation that we have designed our resource allocation algorithm.  
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We have selected mode-3 for its centralization benefits such as improved resource 

coordination, avoidance of the hidden node problem and simpler cluster formation process. 

We have also adopted the overlay as opposed to the underlay approach of resource allocation 

to eliminate the interference from non-vehicular users served by the base station [160]. We 

believe the cluster-based approach we have adopted will help efficiently manage the limited 

access to resource associated with the underlay approach. 

The rest of this section describes our variant of the C-V2X mode-3/mode-1 SPS scheme. The 

resource allocation algorithm dedicates a resource set for V2V side-link communication, 

because of which interference from cellular base stations and users are non-existent.  

Resources for V2V communication are allocated to clusters by eNodeBs. However, eNodeBs 

are not involved in the actual V2V communication. Cluster heads are responsible for the 

allocation of resources within the cluster based on the Resource Block Group (RBG) 

interference information received from the eNodeB. Information about the cluster is 

periodically transmitted to the eNodeB and request for cluster resources is sent via UL-DCCH 

(uplink Dedicated Control Channel). Vehicle location of CMs can also be reported via the CH 

to the eNodeB. The eNodeB uses the vehicle information provided by the CH to the eNodeB 

allocate resources to each cluster. Cluster heads are responsible for allocation of resources 

within the cluster based on the Resource Block Group (RBG) interference information 

received from the eNodeB 

The physical layer of LTE-V2X is defined to support 10 or 20MHz of channel bandwidth with 

50 or 100 Resource Blocks (RB) respectively. A frame is 10ms long and divided into 10 

subframes of 1ms each. In our SPS allocation scheme we assumed that resources are retained 

by each VUE over 100 frames or 1 second. Each RB consists of 12 subcarriers (15 kHz each) 

and it is 180 kHz wide in frequency. In our scheme, the number of RBs per VUE, 𝑁𝑟𝑏𝑝𝑢 is 

dependent on the maximum cluster size under the cell covered by the eNodeB at the 

scheduling instance. All users are also allocated the same size of resource at every scheduling 

interval. As shown in equation (3-9) and (3-10), 𝑁𝑟𝑏𝑝𝑢 is estimated from the total available 

resource blocks, 𝑁𝑟𝑏 and maximum cluster size, 𝐶𝑠𝑧. 
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 𝑁𝑟𝑏𝑔 = ⌊𝑚𝑎𝑥{𝐶𝑠𝑧} × 1.5⌋ (3-9) 

 
𝑁𝑟𝑏𝑝𝑢 = ⌈

𝑁𝑟𝑏
𝑁𝑟𝑏𝑔

⌉ 
(3-10) 

Where 𝑁𝑟𝑏𝑔 is number of resource block groups (sub-channels) and 𝑁𝑟𝑏𝑝𝑢 is the size of a 

resource block group or number, resource blocks in a resource block group or number of 

resource blocks per user, given that one resource block group is allocated to a user. 

 The scenario envisages a context where resources are allocated to all CH to CM links for 

transmission of DENMs such as emergency traffic information, location-based information or 

imminently required HD maps. First, CMs under a specific cluster request resources via their 

CHs. Based on periodic status information already reported to the eNodeB, the eNodeB 

allocates resources to clusters by first checking for free sub-channels able to meet the cluster 

request. If available, the free sub-channels are randomly allocated to the cluster and 

eventually to the CMs. If there no free sub-channels available, the algorithm checks for 

occupied resources and aggregates a set of sub-channels whose current users poses least 

interference to the CH and allocates them to the cluster. Since the CH is aware of the 

interference properties of the sub-channels and location of the CM, it can estimate the 

interference each of the vehicles occupying the allocated resources have on individual CMs 

and allocate to each CM the resource that poses minimum interference. So, it appears to be 

a 2-tier resource allocation. Users within same cluster are not allocated same sub-channel. 

Figure 5 shows a graphical depiction of the allocation. The number of resources allocated to 

a cluster, 𝑁𝑟𝑏𝑝𝑔 is given as 

 𝑁𝑟𝑏𝑝𝑐 = 𝐶𝑠𝑧𝑘 × 𝑁𝑟𝑏𝑝𝑢 (3-11) 

For a set of clusters, 𝐶 = {𝐶1…𝐶𝑘} of size, 𝐶𝑠𝑧 = {𝐶𝑠𝑧1 …𝐶𝑠𝑧𝑘}, and CH, 𝐶ℎ = {𝐶ℎ1…𝐶ℎ𝑘}, 

occupying sets of sub-channels 𝑆𝑐 = {𝑆𝑐1…𝑆𝑐𝑘},  if a specific cluster, 𝐶𝑖 ∈ 𝐶 requires 𝐶𝑠𝑧𝑖 sub-

channels, assuming all resources have been allocated, the algorithm estimates the sum of 

power received by  𝐶ℎ𝑖 from all vehicle exterior to 𝐶𝑖that are occupying each sub-channels. 

Then selects the 𝐶𝑠𝑧𝑖sub-channels that constitutes minimum interference to it for allocation 
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to corresponding cluster members. If the set of exterior vehicular users occupying a specific 

sub-channel, 𝑝 is given as 𝑋𝑐 = {𝑥𝑐1…𝑥𝑐𝑔}, and the power received by 𝐶ℎ𝑖 from each user, 

𝑥𝑐𝑘is 𝑃𝑟
𝑥𝑐𝑘 , the total received power by 𝐶ℎ𝑖 from  exterior vehicles 𝑋𝑐 occupying the specific 

sub-channel is estimated to be 

𝑃𝐶ℎ𝑖
𝑋𝑐_𝑝 =∑𝑃𝑟

𝑥𝑐𝑘

𝑔

𝑘=1

 
(3-12) 

For a specific cluster 𝐶𝑖 with cluster head 𝐶ℎ𝑖 and cluster size 𝐶𝑠𝑧𝑖. The set of sub-channels 

allocated to the cluster is given as: 

Figure 3-6 shows a simple depiction of the scheduling scheme.  

For a cluster 𝐶𝑖 ∈ 𝐶 with cluster members, 𝐶𝑖 = {𝑐1…………𝑐𝐶𝑠𝑧𝑖
} allocated a set of sub-channels,  

𝑆𝑐𝑖 . 𝐶ℎ𝑖 allocates these channels to individual CM by estimating SINR, 𝛾 to each CM for each 

sub-channel in 𝑆𝑐𝑖 , then selects for each CM the sub-channel that presents the maximum 

SINR. If a CM, 𝑐𝑓 ∈  𝐶𝑖 is to be allocated one of 𝑆𝑐𝑖  sub-channels, the CH, 𝐶ℎ𝑖 assigns a sub-

channel, 𝑆𝑐𝑖_𝑓 ∈ 𝑆𝑐𝑖 for which CM experiences maximum SINR, 𝛾𝑚, given as: 

 𝑚𝑎𝑥{𝛾𝑚|1 < 𝑚 ≤ 𝐶𝑠𝑧𝑖} →𝑆𝑐𝑖_𝑓  (3-14) 

min
𝐶𝑠𝑧𝑖

{𝑃𝐶ℎ𝑖
𝑋𝑐_𝑝|1 < 𝑝 ≤ 𝑁𝑟𝑏𝑔} →𝑆𝑐𝑖  (3-13) 

Figure 3-6. Depiction of resource allocation scheme 
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3.5 Proposed Clustering Schemes 

Efficient and reliable transmission of messages within vehicular networks is crucial to the 

success of Intelligent Transportation System (ITS) and more specifically to vehicular networks. 

Management of the fast-changing topology and moving nodes of the network environment is 

crucial to reliable transmission of data within the network. Logical grouping of vehicles into 

manageable clusters has been discussed in many literatures as an efficient way to introduce 

stability [17], [21], [22] and improve bandwidth efficiency [24], [25] in vehicular networks. 

The grouping is often based on proximity or estimated proximity along travel time. Vehicles 

in a cluster are identified to be in one of three states, Free Vehicles (FV), Cluster Members 

(CM) or Cluster Heads (CH). The CH coordinates and facilitates the communication needs of 

CMs within its cluster. This could be routing, resource allocation or authentication. The FV is 

a vehicle that is yet to meet the criteria of any cluster, hence, remains outlying. CMs are 

vehicles who have met a clustering criterion and are now associated with a CH. 

3.5.1 K-means Based SNR Clustering (KmSNR) 

This work chooses to exploit the simplicity and centroid convergence offered by k-means, 

while adopting Signal-to-Noise-Ratio (SNR) as our vehicle clustering metric. We envisage that 

SNR will present a more accurate network performance-oriented grouping as compared to 

distance metric adopted in traditional clustering schemes. We then compare our result with 

K-means and Floyd-Warshall Technique (KmFW) presented in [27]. KmFW simply use the 

traditional k-means to cluster vehicles and then elects CHs by estimating the minimum 

average shortest distance between vehicles using Floyd-Warshall algorithm. 

Unlike KmFW, KmSNR uses a combination of k-means++, k-means and silhouette criterion to 

generate optimal centroid position. It then elect CH vehicles based on closest proximity to 

centroid position. This is done to ensure even distribution of centroids and consequently CHs. 

We then group vehicles into clusters based on their relative SNR levels to CHs. We have 

described our proposed clustering algorithm in three segments based on functions: 

evaluating the number of clusters and initial seeds, identifying stable centroids, and 

identifying CHs and CMs. 
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3.5.1.1 Kmeans++ 

The first step in our clustering process is the selection of centroids using kmeans++. Centroids 

are selected based on the number of required clusters. Here the number of clusters is not 

predetermined. So kmeans++ will be run for the maximum range of clusters possible, k.  The 

process starts by using k-means++ to select initial centroids called seeds for each k clusters 

under test. For a given number of clusters, we select a vehicle, 𝑣1 ∈ 𝑉 at random. The chosen 

vehicle, 𝑣1 is identified as the first seed, 𝑠1. The Euclidean distance between all vehicle points 

and 𝑠1is estimated. If the distance between a certain vehicle 𝑣𝑛 ∈ 𝑉 and the identified seed, 

𝑠𝑖 is denoted as 𝑑(𝑣𝑛, 𝑠𝑖). The next centroid, 𝑠2 ∈ 𝑆 is selected with the probability, 𝑃𝑟(𝑑) 

given in equation (3-15). 

 
𝑃𝑟(𝑑)=

𝑑2(𝑣𝑛, 𝑠𝑖)

∑ 𝑑2(𝑣𝑛, 𝑠𝑖)
𝑧
𝑢=1

  
(3-15) 

Vehicle points with the highest probability,𝑃𝑟 will be selected the next centroid, 𝑠2. To select 

the next centroid, the distance between all vehicle points and existing centroids are 

computed. Vehicles are associated with the existing centroid to which they are closest. The 

distance-based probability, 𝑃𝑟(𝑑) is then computed for each assigned vehicle points and the 

vehicle with the highest probability is selected the next centroid. This process is repeated until 

the desired number of seeds, 𝑠𝑘 are reached. 

3.5.1.2 K-means 

K-means clustering is then used to obtain a more stable centroid by an iterative data 

partitioning process.  Vehicles are clustered around the k-means++ selected seeds, 𝑠𝑘 by 

computing seed to vehicular point Euclidean distances 𝑑(𝑣𝑥, 𝑠𝑘). Batch update is then used 

to assign users to closest centroid. Newer and a more central set of centroids are obtained by 

averaging the positions of vehicular points in each cluster. The iteration is repeated until 

convergence is reached. The centroid arrived at becomes the theoretical centroid, 𝑐𝑘 for each 

of the number of centroids under test. Vehicles are now attached to centroids to which they 

are closest. 
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3.5.1.3 Silhouette Criterion 

Having repeated the k-means++ and the k-means procedure on the different numbers of 

clusters under test, k, the silhouette criterion is then used to select the optimum number of 

clusters to be used, 𝐾𝑜𝑝𝑡. The silhouette value, 𝑠(𝑢) is a measure of proximity-based 

distinctiveness of resulting clusters. It assigns a value {𝑠(𝑢)|−1 ≤ 𝑠(𝑢) ≤ 1} to each CM 

point indicating the level of compliance to cluster identity relative to neighbouring clusters. 

CM with value of 1 indicates full compliance to cluster identity, and CMs with value of -1 

indicates misplaced cluster assignment. A value of 0 indicates that a CM is at a decision 

boundary. For a set of possible Number of clusters, 𝑁𝑐, the silhouette criterion is tested across 

each to determine the optimum number of clusters, 𝐾𝑜𝑝𝑡. For each number of clusters 𝑘 ∈ 

𝑁𝑐 , a silhouette value is estimated, 𝑠(𝑘). The 𝑘 with the highest silhouette criterion value is 

chosen as the optimum, 𝐾𝑜𝑝𝑡. Since the silhouette criteria characteristically selects the 

maximum number of clusters obtainable as optimum, we set a maximum threshold for 𝑘 

(0.5 𝑁𝑣𝑒ℎ) for which the silhouette criterion test can be executed. This assumes that on 

average we will have at least two vehicles per cluster.  

 𝑁𝑐 = {𝑘|𝑘 ∈ ℕ, 1 < 𝑘 ≤
𝑁𝑣𝑒ℎ
2

} (3-16) 

For a vehicle point 𝑢 ∈ 𝐶𝑢, let the mean distance between 𝑢 and all other vehicles within the 

cluster will be: 

 
𝑎(𝑢) =

1

|𝐶𝑢| − 1
∑ 𝑑(𝑢, �̅�)

𝑢∈𝐶𝑢

 
(3-17) 

Where |𝐶𝑢| is the number of vehicular points in cluster, 𝐶𝑢. To estimate the inter-cluster 

proximity, we then evaluate the mean of the distance between vehicle point 𝑢 and all other 

vehicles in a different cluster 𝐶𝑤 as the distance between the point 𝑢 and the cluster, 𝐶𝑤. 

For 𝑢 ∈ 𝐶𝑢, we define the minimum distance between vehicle point 𝑢 and all other clusters 

of which vehicle point 𝑢 is not a part of as: 
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𝑏(𝑢) = min

𝑢≠𝑤

1

|𝐶𝑤|
∑ 𝑑(𝑢, 𝑣)

𝑣∈𝐶𝑤

 
(3-18) 

 

The cluster holding the value 𝑏(𝑢) is described as a neighbour cluster of 𝐶𝑢 or the next best 

fit cluster for vehicle point 𝑢. We then define the silhouette index of a single vehicle point as: 

 
𝑠(𝑢) =

𝑏(𝑢) − 𝑎(𝑢)

max{𝑎(𝑢), 𝑏(𝑢)}
, 𝑖𝑓 |𝐶𝑢| > 1 

(3-19) 

The mean 𝑠(𝑢) over all points of a cluster is a measure of how closely grouped the CMs of the 

cluster are relative to CMs of other clusters. The mean 𝑠(𝑢) over the entire data set of vehicle 

points indicates how perfectly clustered the vehicle points are, over a given number of 

clusters, 𝑘. The entire procedure is repeated over a set of number of clusters, 𝑁𝑐.  

 

𝑠(𝑘)=
1

𝑘
∑

1

|𝐶𝑢| − 1
∑

𝑏(𝑢) − 𝑎(𝑢)

max{𝑎(𝑢), 𝑏(𝑢)}

|𝐶𝑢| 

𝑢=1

𝑘

𝑛=1

 

(3-20) 

If a set of numbers of clusters, 𝑁𝑐, and a set of average silhouette values for all data sets of a 

given number of cluster, 𝑆 is  given as 𝑁𝑐 = {𝑘1…………𝑘𝑛} and 𝑆 = {𝑠1……………….𝑠𝑛}, then 

the optimum number of clusters, 𝐾𝑜𝑝𝑡 will be 

𝐾𝑜𝑝𝑡 = {𝑘 ∈ 𝑁𝑐|max(𝑠 ∈ 𝑆)} (13) 

Essentially, 𝐾𝑜𝑝𝑡 defines the number of clusters for which clusters are most distinctively 

partitioned. A silhouette plot depicting the silhouette indices of all vehicle points for 8 clusters 

in our test dataset is presented in Figure 3-7 . All vehicular nodes have their silhouette index 

above 0, indicating that none of the vehicle points are inappropriately placed in a cluster. 

None of the vehicle points also have an index of 0, indicating no ambiguity in placement. 

However, we can see that a few clusters have only one member vehicle node, this indicates 
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which are expectedly perfectly placed. However, this is not ideal and is due to the sparse 

population of vehicles. 

3.5.1.4 SNR Clustering 

The 𝑘 clusters, now have corresponding 𝑘 centroids defined by set, 𝐶 = {𝑐1……… . 𝑐𝑘}. For 

clarity, we name these centroids the theoretical centroid. We then estimate the Euclidean 

distance of each vehicle to the theoretical centroids, denoted as 𝑑2(𝑣𝑛, 𝑐𝑘). The vehicles with 

the minimum distance to each of the centroids are termed vehicular centroids and are 

defined by set, 𝐶𝑣 = {𝑐1
𝑣………𝑐𝑘

𝑣}. For a theoretical centroid,𝑐𝑘 ∈ 𝐶
𝑣  if the set of 

Euclidean distances of each vehicle in a set, 𝑉 to 𝑐𝑘 is given as 𝑑2(𝑉, 𝑐𝑘), then the 

corresponding vehicular centroid, 𝑐𝑘
𝑣 will be that vehicle 𝑣𝑛 ∈ 𝑉 whose distance to 𝑐𝑘, 𝑑𝑘

𝑣𝑛  

is minimum as expressed in equation (3-21). 

 𝑑𝑘
𝑣𝑛 = 𝑚𝑖𝑛{𝑑2(𝑉, 𝑐𝑘)} (3-21) 

These vehicular centroids are the chosen CHs around which the logical partitioning of vehicles 

into clusters are formed. Vehicles are associated with CHs to which they have highest mutual 

SNR. If the set of Signal-to-Noise Ratio between a vehicle, 𝑣𝑛 ∈ 𝑉 and each vehicular centroid 

in 𝐶𝑣  is given as 𝑆𝑁𝑅𝑛 = {𝑠𝑛𝑟1
𝑛………𝑠𝑛𝑟𝑘

𝑛}, then the vehicular centroid, 𝑐𝑗
𝑣 ∈ 𝐶𝑣   to which 

𝑣𝑛 will associate will be that whose SNR is minimum, 𝑠𝑛𝑟𝑗
𝑛 ∈ 𝑆𝑁𝑅𝑛 as expressed in equation 

(3-22). 

Figure 3-7. Silhouette plot from our pilot dataset depicting the silhouette criteria 
indices 
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 𝑠𝑛𝑟𝑗
𝑛 = 𝑚𝑎𝑥{𝑆𝑁𝑅𝑛}  (3-22) 

 𝑆𝑁𝑅𝑛 = {[𝑃𝑅(𝑣𝑛, 𝐶
𝑣)]./[𝑃𝑁(𝑣𝑛, 𝐶

𝑣)]} (3-23) 

[𝑃𝑅(𝑣𝑛, 𝐶
𝑣)] Is a set of measured received signal strength values by 𝑣𝑛 from each vehicular 

centroid in 𝐶𝑣, while [𝑃𝑁(𝑣𝑛, 𝐶
𝑣)] is the received noise accompanying the signal. A holistic 

flowchart of the four steps in the clustering process is presented in Figure 3-8. 

 

Figure 3-8. A flow chart of the clustering process 
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3.5.2 Cluster Formation 

The formation of clusters proposed for our C-V2X based clustering scheme is initiated by the 

base station but requires a collaboration of the base station and the vehicles to be completed. 

Vehicles implanted with C-V2X chips are equipped with the Uu and the PC5 interface. All 

vehicles are assumed to be capable of transmitting status information to the eNodeB via the 

Uu interface and to vehicles within range via the PC5 interface. At inception of the clustering 

process, the eNodeB/gNB is assumed to have knowledge of vehicle positions acquired via the 

use of hybrid 3GPP and non-3GPP technologies such as Observed Time Difference of Arrival 

(OTDoA), Global Navigation Satellite System (GNSS) and positioning sensors. The CH status 

are evaluated and allocated to the appointed vehicles by the base station using the elbow/k-

means++/k-means methods. The CH status is communicated to the appointed vehicles via the 

Uu interface. The CHs then transmits their CH status information, clustering criteria (SNR) and 

method to neighbouring vehicles via the PC5 interface. Vehicles use the clustering method 

information to decide based on best SNR the vehicular centroid to which the vehicles are to 

associate. A flowchart of the process is presented in Figure 3-9. 

 

Figure 3-9. Cluster formation process 

When a new vehicle is activated in an existing clustering scenario, it shares its status 

information with other vehicles. It then receives status information from other vehicles and 
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uses the status information received from CHs to make decision on the CH to which it will 

associate. If no cluster head is found, it remains a FV and keeps direct Uu connection with the 

base station for same services for which clustering was intended. In the next clustering 

instance, the newly activated vehicle along with other vehicles will be considered for CH 

status appointment.  

3.6 Re-clustering Schemes 

With some compromise on stability, we have demonstrated a superior throughput 

performance of our k-means based SNR clustering scheme (KmSNR) over a distance-based 

clustering scheme (KmFW) as shown in Figure 3-11 and Figure 3-12. Having done this, we 

introduced two memory-based re-clustering schemes built upon our k-means based SNR 

clustering scheme. This is intended to sustain the superior throughput performance of CH-to-

CM links while improving on stability. The two schemes are waterfall models based on two 

separate centroid selection techniques, initiated at every re-clustering phase. The idea behind 

the memory-based scheme is to limit the inherent instability introduced by random initial 

seed selection of traditional k-means schemes in subsequent clustering phases by by-passing 

the k-means++ component of the clustering scheme. We have distinctly named the two 

schemes the Seed-based Waterfall Scheme (SWS) and Centroid-based Waterfall Scheme 

(CWS). 

In SWS, the initial clustering is done in three steps. First the elbow algorithm is used to 

estimate the number of clusters, k. Then initial seeds are generated using k-means++ 

algorithm, after which k-means algorithm is used to generate convergent centroids. Finally, 

CHs are generated, and clusters are formed around them using the KmSNR we have 

developed. For subsequent clustering phases, the k-means++ component that generates 

seeds for the k-means algorithm is replaced by a waterfall system that feeds the coordinates 

of current CHs as seeds for the k-means algorithm which generates convergent centroids for 

the KmSNR that will generate the new cluster heads and corresponding clusters.  As for the 

implementation, the eNodeB is assumed to have knowledge of the position coordinates of 

vehicles under its coverage cell. When subsequent clustering is required, the eNodeB uses 

the position coordinate of the current CHs as the seeds for the clustering process to be 

initiated. These seeds serve as input to the k–means algorithm, where the new centroids are 
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generated. After which the new CHs are identified. All of these takes place in eNodeB. The 

base station informs the new CHs about their new status and the new CHs in-turn shares their 

new status information with their neighbours. Neighbours then associate with CHs based on 

a clustering criterion defined in the k-means variant algorithm. The process is repeated in 

subsequent clustering phases. 

 

Figure 3-10. A combined high level block diagram of CWS and SWS 

For CWS, the initial clustering follows the same process as that of the SWS. However 

subsequent clustering does not require both the k-means++ and k-means algorithm. CWS 

does this by a different feedback system that takes the mean position coordinate of vehicles 

in a cluster and feeds this mean position to the k-means variant algorithm which evaluates 

the new vehicular CH around which new clusters are formed. The implementation of CWS 

also involves both the eNodeB and the VUEs. The eNodeB is assumed to be aware of the 

clusters or will be informed about cluster information by CHs. The eNodeB estimates the 

mean position coordinate of cluster vehicles for each cluster and uses this information as 

centroids and input to the k-means variant. The k-means variant estimates and identifies the 

current CHs. The eNodeB then informs the new CHs about their new statuses. The new CHs 
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then inform their neighbouring VUEs about their new status. The neighbour VUEs then 

associate with CHs that meets the clustering criteria specified in the k-means variant 

algorithm. The process is repeated in subsequent clustering processes. A combined high level 

block diagram of the re-clustering process of both CWS and SWS is presented in Figure 3-10. 

Two baseline approaches are developed for comparison. The first is a total non-re-clustering 

approach and the other is a complete re-clustering approach from the k-means++ seeding 

component to the k-means component and then to the k-means variant component. 

3.7 Performance Evaluation 

This section explains the context and performance parameters by which we have compared 

the different schemes we have discussed.  

The clustering, communication and resource allocation models are built around a scenario of 

a single carriage highway (A5012, UK) with increased traffic build-up. The vehicle traces are 

generated from the SUMO (Simulation of Urban Mobility) tool. The vehicle traces depict 

vehicles moving at different speeds and in both directions along the carriageway. The scenario 

paints a situation where a large HD/machine map is to be streamed in real time to specific 

vehicles. The information is transmitted from the base station through CHs (Cluster Heads) to 

the CMs (Cluster Members). 

The performance evaluation focusses on V2V links between individual CHs and corresponding 

CMs. Each cluster has only one Uu link from the CH to the base station, and side-links 

corresponding to the number of CMs in a cluster as depicted in Figure 3-5. Hence, the number 

of vehicles within our simulation, 𝑁𝑣𝑒ℎ will be a summation of all V2V links in each cluster and 

the size of CHs. Since we have a single CH per cluster, if the number of clusters is defined as 

𝐾𝑜𝑝𝑡 and the set of the size of CMs in each cluster is given as 𝑆𝑧 = {𝑠𝑧1……… . 𝑠𝑧𝑘} we can 

estimate the total number of vehicles as:  

 

𝑁𝑣𝑒ℎ = 𝐾𝑜𝑝𝑡 + ∑ 𝑆𝑧𝑦

𝑦=𝐾𝑜𝑝𝑡

𝑦=1

 

(3-24) 
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The simulation assumptions are set according to 3GPP TR 37.985 [163]. Table 3-1 shows the 

simulation parameters used. We considered 100 vehicles moving on a carriage highway over 

a period 2 minutes and 40 seconds. 

Table 3-1. Simulation parameters 

Parameters Values 

Bandwidth 10MHz 

Carrier frequency 5.9GHz 

Maximum transmission range 1000m 

SINR threshold for successful reception 5dB 

Distance threshold for NLOS 475m 

Number of V2V vehicles 

Maximum Transmit power 

20 

23dBm 

Noise power -113dBm 

Shadowing distribution Log-normal 𝜎 = 3𝑑𝐵 

Resource Block size 180kHz 

Range of vehicle speed [40,120]km/h 

The focus here is on the throughput and link reliability performance of the centroid selection 

models. We evaluated these performance indices by estimating the system content delivery 

capacity, cluster stability and link stability over all the links between each CH and 

corresponding CMs. 

Our V2V link performance was estimated in terms of content delivery capacity, Cumulative 

Distribution Function (CDF) of link throughput in time, sum-rate, and jitter. 

First the SINR and throughput is estimated as presented in equations Error! Reference source n

ot found. and Error! Reference source not found.. The throughput performance of V2V links 

is critical to the efficient transmission of real-time traffic updates in a hotspot network 

topology. The V2V link throughput CDF performance for the different schemes demonstrates 
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variation of link throughput values over the performance range and identifies possible outliers 

that might affect the perception of the throughput performance of schemes. Sum-rate and 

CDF gives end-end insight into network performance from the overall network capacity to the 

more granular contribution of individual link throughput to overall performance. 

 
𝛾𝑥 =  

𝑃𝑟𝑤𝑥

𝑁 + ∑ 𝑃𝑟𝑤𝑗
𝑗=𝑛
𝑗=1

 
(3-25) 

 𝜌𝑙𝑥 = 𝑊 log2(1 + 𝛾𝑥) (3-26) 

Where 𝑃𝑟𝑤𝑥 is downlink received signal strength from CHs to CMs, 𝑁 is noise and 𝑃𝑟𝑤𝑗 is the 

received interference from transmitting CHs sharing same resource block group, 𝑊 as link, 𝑥. 

The content delivery capacity defines the number of vehicles with the link capacity to 

download a fixed size of urgent traffic data such as traffic or software update within a required 

time interval. This could be data related to safety or traffic management. This gives a different 

insight to the perception of how throughput performance affects the safety and efficiency of 

vehicular networks. Traffic content delivery capacity is estimated by evaluating for each 

centroid re-selection model the number of vehicles that could successfully complete the 

download of a fixed size of data, 𝑑𝑠𝑧 within specific time threshold, 𝑡𝑡ℎ as indicated in 

equation Error! Reference source not found..  

 

𝑓(𝑡𝑡ℎ) =

{
 
 

 
 𝑢𝑛𝑠𝑢𝑐𝑐𝑒𝑠𝑓𝑢𝑙, 𝑡𝑡ℎ −

𝑑𝑠𝑧
𝜌𝑙𝑥

   < 0

𝑠𝑢𝑐𝑐𝑒𝑠𝑠𝑓𝑢𝑙, 𝑡𝑡ℎ −
𝑑𝑠𝑧
𝜌𝑙𝑥

   ≥ 0

 

(3-27) 

Sum-rate, 𝜌𝑠 was estimated to account for the number of vehicles accommodated in each 

clustering scheme to have a holistic capacity estimation. This is done by summing the 

throughput per user over entire travel time for each clustering approach.  
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𝜌𝑠 =∑∑∑𝜌𝑙𝑥

𝑚𝑝

𝑚1

𝑛𝑘

𝑛1

𝑡𝑠

𝑡1

 

(3-28) 

Where 𝑝, is the total number of CMs, 𝑚 is the CM index, 𝑘 is the number of clusters, n is the 

cluster index and 𝑡 represents the travel duration, with 𝑡𝑠 being the total travel time. 

In contexts such as cooperative download of real-time 3D maps or use cases such as 

cooperative merging requiring real time communication, low jitter offers vehicular nodes 

synchronous reception of critical traffic data and coordinated responses. Conversely, a poor 

jitter performance might also generate inconsistencies in received perception information, 

subsequently prompting uncoordinated responses. Given the total travel time duration of 

vehicles from the start time to a specific point-in-time, 𝑡𝑘 to be𝑡𝑘 − 𝑡1, jitter performance (𝜓) 

of the re-clustering decision schemes is estimated by evaluating the variation in the time 

taken to download a fixed packet size of data, 𝑃𝑠𝑧 of successive points-in-time. The mean 

jitter, 𝜓(𝑠𝑒𝑐𝑠) across the total travel time per user has been estimated to be: 

 

𝜓(𝑠𝑒𝑐𝑠) =
1

𝑡𝑠 − 𝑡1
(∑|

𝑃𝑠𝑧
𝑐𝑡𝑠

−
𝑃𝑠𝑧
𝑐𝑡𝑠−1

|   

𝑡𝑠

𝑡2

) 

 

(3-29) 

Reliability of vehicular network links is a critical performance parameter in evaluating 

vehicular clustering schemes primarily because of the intrinsic dynamic property of vehicular 

network topology. In vehicular networks reliability is often defined by the stability of vehicular 

links. Reliability of the link is evaluated here using 3 different stability-metrics: distinct CH 

stability, CH set stability and CH-to-CM side-link stability.  Given a vehicular network instance  

with N vehicular nodes and 𝑘 clusters, where the set 𝐶 = {𝐶𝑖1𝑘: 𝐶1,𝐶2,……… . . 𝐶𝑘,
} is a set of 

clusters with 𝐶𝑖 ∈ 𝐶 representing individual cluster in time and  𝑐ℎ =

{𝑐ℎ𝑖1𝑘: 𝑐ℎ1,𝑐ℎ2,……… . . 𝑐ℎ𝑘
} is set of CHs, the number of CHs  and number of clusters, k are 

equal. Hence, the maximum number of possible CH changes at any time instant, t is k. And 

the total possible CH changes over entire travel time, T is T*k. Hence, the degree of individual 

CH status stability,  𝑐ℎ_𝑠𝑡𝑎𝑏  is described by the equation in (3-30). 
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 𝑐ℎ𝑠𝑡𝑎𝑏% =

∑ 𝑘 − 𝑐ℎ∆_𝑡
𝑡=𝑇
𝑡=1

𝑘𝑇
 

(3-30) 

Where 𝑐ℎ∆_𝑡 defines the number of clusters that has changed CH at a specific time, t.  

Given an array of logical output resulting from observing the CH status of clusters at a given 

time to be; 𝐿𝑐ℎ∆ = [⋁ 𝐿𝑐
ℎ∆𝑖1

𝑘
1
0 : 𝐿𝑐ℎ∆1,𝐿𝑐ℎ∆2 ……… . . 𝐿𝑐ℎ∆𝑘], the metric estimating the number of 

times all CH set has maintained their CH status is estimated as shown in equation (3-31) 

 
 𝑐ℎ𝑎𝑙𝑙_𝑠𝑡𝑎𝑏% =

∑ ⋀ 𝐿𝑐ℎ∆𝑖
𝑡𝑘

1
𝑡=𝑇
𝑡=1

𝑇
 

(3-31) 

For the percentage side-link stability measure,  𝑐ℎ𝑡𝑖𝑚𝑒_𝑠𝑡𝑎𝑏% , we determined the time 

proportion with which each side-link spanned relative to the total travel time as described in 

equation (3-32). 

 

𝐿𝑠𝑡𝑎𝑏% =
∑

𝑡𝑥
𝑇

𝑥=𝑁𝑙
𝑥=1

𝑁𝑙
 

(3-32) 

Where 𝑡𝑥 is the time duration a side-link, 𝑥 lasts, while 𝑁𝑙 is the number of side-links which 

can be estimated as; 

 𝑁𝑙 = 𝑁 − 𝑘 (3-33) 

3.8 Result and Discussion 

This section presents the results that have emerged from comparing the clustering and re-

clustering models we have developed to baselines and divergent schemes.  

The first result presented as shown in Figure 3-11 is the CDF of the throughput performance 

of the V2V CH-to-CM links for our k-means-based SNR clustering scheme and KmFW. The 

result indicates that the probability of a vehicle selected at random will have a throughput 

falling below 4 Mbps if the KmFW scheme is used is 0.9. However, for our SNR clustering 

scheme, 9 of 10 vehicles can reach up to 6.5Mbps.  
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Figure 3-11. CDF of user throughput for K-means clustering algorithm variants 

The superior throughput is accounted for by the communication-centric accuracy introduced 

by using SNR over proximity for vehicle grouping. However, KmFW performs slightly better in 

terms of cluster and link stability as shown in Error! Reference source not found..  

 

Figure 3-12. Reliability measure of clustering methods 
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Having demonstrated the superior throughput performance of KmSNR clustering over KmFW, 

however with a compromise on stability, we will now be presenting results showing how our 

new CWS and SWS techniques built upon the k-means-based SNR clustering scheme 

performed in terms of stability and jitter while sustaining throughput performance. 

The result in Figure 3-13 indicates the reliability of V2V CH-CM links for each of the clustering 

approaches. Two cluster stability and one link stability measures are used to estimate the 

reliability of the communication system. It can be seen clearly that the introduction of the 

memory-based waterfall techniques significantly improved the stability of the k-means-based 

SNR clustering scheme. Both waterfall schemes can be seen to have performed better than 

the KmSNR and KmFW over all the reliability measures.  

We believe this is due to the elimination of the seeding component in subsequent re-

clustering phases and the cascading of the clustering phases. The fixed scheme performed 

best as expected, since their clusters and hence links are kept unchanged, though at the cost 

of V2V vehicle participation and throughput. The two memory-based schemes can be 

observed to have comparable values in both the CH stability and link stability evaluation. 

 

Figure 3-13. Bar chart comparing reliability parameters. 
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For jitter, it can be clearly seen in Figure 3-14  that the KmSNR clustering schemes 

outperforms KmFW. However, our memory-based waterfall schemes further outperforms 

both discrete clustering schemes (KmSNR and KmFW).  

 

Figure 3-14. CDF plot of jitter performance for clustering approaches 

For both memory-based schemes at least 95% of the vehicles has a jitter below 500 

microseconds while for the discrete clustering schemes (KmSNR and KmFW) have at most 

80% of the vehicles below the 500 microseconds of jitter. 

The result in Figure 3-15 reiterates the relatively poor jitter performance of KmFW. We 

attribute the conspicuously poorer jitter performance of the KmSNR clustering and KmFW 

clustering to the mutual discreteness between their clustering phases unlike the memory 

based cascaded clustering phase schemes (SWS and CWS). We attribute the superior jitter 

performance of CWS to the more direct relationship between the mean cluster position 

output of a preceding clustering phase and the centroid of the succeeding clustering phase. 
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Figure 3-15. Bar chart of average jitter for each centroid re-selection scheme 

The SWS scheme demonstrates a 5-fold reduction in average jitter while the CWS shows 10-

fold reduction in average jitter compared to the discrete KmSNR scheme. KmFW 

demonstrated the poorest average jitter performance. 

Having demonstrated improvement in jitter and reliability performance of the cascaded 

clustering phase schemes over KmSNR and KmFW, we now present results demonstrating 

how the different techniques of cascading clustering phases fared in terms of throughput 

capacity. 

 The result in Figure 3-16 and Figure 3-17 show that the V2V throughput capacity for our 

waterfall schemes remains undiminished despite considerably improved stability and jitter 

performance.  

As expected the number of vehicles able to download the required map data increases with 

time threshold allowed for download in all the schemes. However, the waterfall schemes 

sustain the gain in throughput experienced without the waterfall technique and even seem 

to show slight improvement over other schemes at every time threshold considered. The 

result further reveals CWS’s superior download capacity over SWS, partly due to the averaging 

approach to centroid selection used in CWS. 
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Figure 3-16. Bar chart comparing content delivery capacity. 

We have presented the sum-rate for each clustering scheme in Figure 3-17 to consolidate on 

our claim that the stability and jitter improvement in CWS and SWS has not jeopardised its 

throughput gain. 

  

Figure 3-17. Sum-rate of re-clustering schemes 
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3.9 Conclusion 

The work presented in this section describes the design of a k-means based SNR (KmSNR) 

clustering scheme upon which we built two different memory-based re-clustering schemes in 

which clustering phases in time are cascaded. The communication resource to which 

clustered entities operate are allocated based on cluster-oriented LTE-V2X mode-3 SPS 

scheme overlaid over a single-cell cellular network. We establish that our KmSNR scheme 

showed an improvement in throughput performance. We also demonstrated that our 

memory-based schemes showed considerably better stability and resistance to jitter without 

compromising on throughput gain achieved in our KmSNR approach. We have demonstrated 

that with our schemes more vehicles are able to completely download a data within a given 

time constraint and within V2V resources allocated without apparently constituting resource 

and interference burden on traditional users of the cell. Our scheme is applicable in scenarios 

where a group of vehicles approach a geo-fenced traffic-region and requires urgent download 

of critical traffic information. It will also find use in a case where download of real-time maps 

in a highly dynamic traffic environment is required. 

In this work, re-clustering is assumed to be at certain time intervals. For our future work, we 

propose an event based re-clustering based on cluster and link performance quality, with the 

aim to further improve V2V throughput and stability. 
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4.1 Introduction 

As new real-time and bandwidth intensive vehicular applications such as Augmented Reality 

(AR) road signs and HD map streaming emerge, developing a new V2X network paradigm to 

accommodate these applications has become pertinent. Vehicular clustering schemes have 

been considered as promising solution for reliability and Base Stations (BS) spectrum resource 

demand issues in a vehicular network environment. However, cluster viability and network 

performance of cluster based V2X networks drop as vehicles move in time and distance. 

Hence, the need for clusters to be updated or re-formed at intervals to sustain compliance 

with use-case requirements. In our work discussed in section 3, re-clustering is initiated at 

fixed time intervals and is totally agnostic of cluster or network performance. In this work, we 

developed two context-oriented re-clustering decision schemes, one based on a cluster 

performance index and the other based on a network performance index. We named the 

schemes, Cluster Quality Re-clustering Decision (CQRD) scheme and Link Quality Re-clustering 

Decision (LQRD) scheme respectively. CQRD is inspired by the Calinski-Harabasz index of 

optimum number of cluster selection. However, unlike the conventional Calinski-Harabasz 

scheme in which index evaluation criterion is based on Euclidean distance, our scheme’s 

criterion is based on Signal-to-Noise Ratio (SNR). LQRS on the other hand is based on centrally 
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estimated mean V2V link throughput. In both schemes, the estimated criteria are used to 

compare current cluster viability against a logically reformed cluster. We compared our 

schemes with a persistent re-clustering scheme and Cluster Head (CH) membership 

evaluation scheme. Considering equally weighted throughput, jitter, and stability 

performance indices, LQRD outperforms the two baseline schemes in both a highway and 

urban scenario, while CQRD outperforms the CH membership baseline scheme in both 

scenarios. 

4.2 System Model 

We adopted the same highway V2V channel model and resource allocation model as used in 

our previous work reported in chapter 3. However, in this section, we also tested our 

proposed algorithm in the urban area. This section intends to describe the channel model we 

have adopted for our urban environment. 

We adopted an urban V2V path loss, blocking and shadow model from [148] for both LOS 

(Line of Sight), Non-Lone of Sight (NLOS) and NLOSv (Non-Line of Sight for vehicles on the 

same street).  

 𝑃𝐿𝑙𝑜𝑠 = 38.77 + 16.7 log10 𝑑𝑒𝑢𝑐 + 18.2𝑣 log10(𝑓) +𝑋𝜎  (4-1) 

  𝑃𝐿𝑛𝑙𝑜𝑠 = 36.85 + 30 log10 𝑑𝑒𝑢𝑐 + 18.9 log10(𝑓) +𝑋𝜎   

 𝑃𝐿𝑙𝑜𝑠𝑣 = 38.77 + 16.7 log10 𝑑𝑒𝑢𝑐 + 18.2𝑣 log10(𝑓) + 𝐴𝑠𝑘 +𝑋𝜎   

 When  𝑣 = −0.7

𝐴𝑠𝑘 = 6.9 + 20 log10 [√(𝑣 − 0.1)2 + 1 + 𝑣 − 0.1]   

Else, 𝐴𝑠𝑘 = 0

 

(4-2) 

 
𝑣 = √2 ×

𝐻𝑑
𝑟𝑓

 
(4-3) 
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𝑟𝑓 = 𝑑ℎ𝑚 × 0.25 × √
𝑛𝑓 × 𝜆

𝑑𝑒𝑢𝑐
 

(4-4) 

𝑋𝜎 Is the shadowing parameter, 𝐻𝑑 is the difference between obstruction height and 

horizontal link plane, 𝑛𝑓 is the Fresnel number, 𝑑𝑒𝑢𝑐 is the Euclidean distance between VUEs 

or length of V2V links and 𝜆 is wavelength. 

The probability of LOS and NLOSv is estimated based on a distance threshold of 100 meters. 

The probability of NLOS for each V2V link is estimated individually based on whether their 

difference, 𝑑𝛿 against the distance threshold is positive or negative [148], as described in 

equation (3-6). For the urban environment the approach is different, the individual link 

distance is directly plugged into the LOS probability equation in (4-5). If the probability of LOS 

is smaller than the probability of NLOS, hen the looked is taken to be LOS and vice versa. More 

on this can be found in [148]. 

 𝑃(𝐿𝑂𝑆) =  𝑚𝑖𝑛{1,1.05 ∗ 𝑒−(0.0114𝑑)} (4-5) 

 𝑃(𝑁𝐿𝑂𝑆) = 1 − 𝑃(𝐿𝑂𝑆) (4-6) 

Log-normal distribution with zero mean and a specific value of standard deviation, σ is 

assumed for shadow fading. The values of σ are adjusted to accurately define specific 

environment and link types. The values defined for our different link types based on line-of-

sight definitions as specified in ETSI technical report 103 257-1 [148] is presented in Table 4-1. 

Table 4-1 Shadow fading standard deviation parameter for V2V. 

Link Type Urban Highway 

LOS 5.2 dB 3.3 dB 

NLOSv 5.3 dB 3.8 dB 

NLOS 6.8 dB n/a 
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4.3 Cluster Formation and Optimal K-Selection. 

The clustering process employed here is quite similar with that described in section 3.5. It 

employs the KmSNR approach to clustering the vehicles. However, the approach earlier 

described made use of heuristics to define the range from which the number of clusters are 

selected. The definition of the number of clusters or a static input from which number of 

clusters can be selected is one drawback that limits the performance of kmeans-based 

clustering schemes in dynamic scenarios.  In this chapter, aside from our core work of 

performance-based determination of re-clustering instances, we have also opted for an 

approach of determining the optimum number of clusters, 𝐾𝑜𝑝𝑡 using an adaptation of elbow 

method like the approach described in [149]. Though the elbow method generally uses visual 

inspection to determine the optimal number of clusters [150], [151], here we employed a 

quantitative method to obtain the elbow value to address the elbow method reliability issues 

stemming from the ambiguity associated with the visual inspection of the elbow point. 

Our elbow method variant estimates the intra-cluster proximity using the sum of square 

Euclidean distance estimate. This estimate evaluates the sum of the distance of each vehicle 

point to their respective cluster centroid. Then averages the sum over the entire set of vehicle 

points at that instance. This is repeated for different numbers of clusters, k. The resulting 

average similarity index of the entire set of vehicle points are then plotted against k, which 

essentially ranges from 1 to the number of vehicle points, N.  So, the smaller the average sum 

of square estimate the better cluster performance. The point on the graph beyond which the 

mean sum of the square estimate becomes hardly sensitive to changes in number of clusters 

indicates the optimal number of clusters. Our variant specifically seeks to quantitatively 

identify that point. 

For a vehicular network instance X with N vehicular points and 𝑘 clusters, where 𝑘 =

{1,2, …… . . 𝑁} and 𝐶 = {𝐶𝑖1𝑘: 𝐶1,𝐶2,……… . . 𝐶𝑘,
}. Here, 𝐶𝑖 represents individual cluster of a 

vehicular network instance in time. The centroids of the clusters, 𝑐 = {𝑐𝑖1𝑘: 𝑐1,𝑐2,……… . . 𝑐𝑘,
} 

corresponding to the individual clusters in set C at the time instance X is generated from the 

converged k-means update as described in sub-section 3.5.1.2. For a given number of clusters, 

k and a set of vehicle points in a cluster 𝐶𝑖 at a time instance X given as; 𝑉 =
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{𝑣
𝑢1
𝑛≤𝑁
𝑖≤𝑘 : 𝑣1

𝑖 , 𝑣2
𝑖 ……… . . 𝑣𝑛

𝑖 } and with coordinates (x, y), we define the sum of square of 

Euclidean distance, SSED as described in equation (4-8), the mean (over the total number of 

vehicle points, N) of which, we call the mean distortion, MD and describe in equation (4-8). 

 
𝑆𝑆𝐸𝐷𝑘 =∑∑(𝑣𝑢

𝑖
𝑥
− 𝑐1𝑥)

2 + (𝑣𝑢
𝑖
𝑦
− 𝑐1𝑦)

2

𝑢=𝑛

𝑢=1

𝑖=𝑘

𝑖=1

 
(4-7) 

 
𝑀𝐷𝑘 =

𝑆𝑆𝐸𝐷𝑘
𝑁

 
(4-8) 

Having estimated the MDk for each k number of clusters, we then normalised the each 

resulting value using the MinMaxScaler. The normalised value is then scaled between the 

ranges of 0 to 10, to obtain a normalised scaled value of MDk, 𝑁𝑚𝑑
𝑘  as described in equation 

(4-9). 

 
𝑁𝑚𝑑
𝑘 =

𝑀𝐷𝑘 −𝑀𝐷(𝑚𝑖𝑛)

𝑀𝐷(min) −𝑀𝐷(min)
∗ 10 

(4-9) 

Considering two adjacent points i and j on the 2-dimensional plot of 𝑁𝑚𝑑
𝑘  against K in Figure 

4-1. The points i and j can be described by coordinates (mdi, ki) and (mdj, kj) with each pair of 

the coordinates representing a value along the 𝑁𝑚𝑑
𝑘  and K axis respectively. To form the elbow 

curve we joined adjacent points on the plot and estimated the Euclidean distance between 

them. The Euclidean distance between the points i and j is given as: 

 
𝐷𝑖𝑗 = √(𝑚𝑑𝑖 −𝑚𝑑𝑗)

2
+ (𝑘𝑖 − 𝑘𝑗)

2
 

(4-10) 
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Figure 4-1. Elbow plot of number of clusters against to normalised mean distortion 

Now considering 3 points, i, j and l, forming a triangle with adjacent points on either side 

themselves. We can estimate the angles, 𝛼𝑖 , 𝛼𝑗 and 𝛼𝑙  that subtends at the points i, j and l 

using the cosine trigonometric rule as described in equation (4-11). 

 
𝛼𝑗 = cos

−1
𝐷𝑖𝑗
2 + 𝐷𝑗𝑙

2 − 𝐷𝑖𝑙
2

2𝐷𝑖𝑗𝐷𝑗𝑙
 

(4-11) 

As can be observed in the plot, 𝛼𝑗 subtending at j is the most acute angle and represents the 

point beyond which mean distortion becomes minimally sensitive to changes in number of 

clusters and corresponds to the number of clusters kj. 

After evaluating the optimum number of clusters, Kopt, we then cluster the vehicles using the 

SNR-based node association component of the waterfall schemes, KmSNR as described in 

section 3.5. 
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4.4 Re-clustering Decision Architecture 

After clusters have been formed based on the our KmSNR approach described in section 3.5.1 

and re-clustering is based on CWS described in section 3.6, since it demonstrated relative 

superior performance in the performance metrics considered, here we describe the general 

architecture upon which our re-clustering decision schemes are developed. We have 

developed a block representation of our decision architecture and presented in Figure 4-2. 

 

Figure 4-2. Re-clustering decision architecture 

After the initial clustering is evaluated, implemented and cluster configuration stored in the 

edge server, a time interval, ts, is defined at which the cluster performance is evaluated. As 

the clusters lifespan/travel duration approaches ts, the edge server via the BS requests for 

location coordinates of all vehicular nodes within and outside current clusters. Vehicle nodes 

could use different location technologies to calculate their position coordinates. For vehicles 

outside the cluster their location coordinate is sent directly to the edge server via the BS and 

Uu interface, while vehicles within the cluster have their coordinate information sent via the 

PC5 interface to the CH and then relayed to the edge server via the BS and the Uu interface. 
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After the vehicle node position data has been received by the edge server, a logical re-

clustering process is initiated based on the collected current vehicle coordinates and our CWS 

re-clustering scheme. After the logical clusters are formed, the cluster configuration 

performance is evaluated based on performance parameters of interest. The current cluster 

configuration is retrieved from edge storage and its performance is also evaluated based on 

the new position coordinates and same performance parameters by which the logical clusters 

are estimated. The performance of the logical and current cluster configuration is compared 

and the cluster configuration with the better performance determines if the current 

clustering configuration be sustained or the logical cluster be implemented. In essence if the 

logical cluster demonstrates superior performance, a new clustering configuration based on 

the logical cluster gets implemented, else the current cluster is sustained. If changes are 

required, the new CHs are notified, and they’ll share their status with neighbouring vehicular 

nodes for association. 

Section 4.5 and 4.6 describes the performance parameters we have employed to decide on 

when to re-cluster before discussing how these decision algorithms and parameters impacts 

on certain QoS parameters in section 4.7. 

4.5 Cluster Quality Re-clustering Decision (CQRD) Scheme 

Our CQRD scheme is inspired by the Calinski-Harabasz Criterion also known as the Variance 

Ratio Criterion (VRC). It leverages the C-V2X’s BS and edge computing central coordination 

function to execute initial cluster formation and estimation of VRC index to make re-clustering 

decisions. We have defined the Calinski-Harabasz or VRC index for the entire vehicular 

network is defined as  

 
𝑉𝑅𝐶 =

𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛
𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡

×
(𝑘 − 1)

(𝑁 − 𝑘)
 

(4-12) 

Where 𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡 is overall inter- cluster SNR variance, 𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛 is the overall intra-cluster 

SNR-based variance and N is the number of vehicles and k is the number of clusters. The 

similitude of 𝑆𝑁𝑅𝑜𝑢𝑡 in traditional Calinsky-Harabasz estimate defines proximity between 
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clusters and central node position, however we used it here to estimate the strength of links 

between CHs and theoretical central node positions. 

 
𝑑𝑖_𝑜𝑢𝑡 = 𝑑𝑖(𝑚𝑖, 𝑚𝑚) = √(𝑚𝑖𝑥 −𝑚𝑚𝑦)2 + (𝑚𝑖𝑦 −𝑚𝑚𝑦)2 

(4-13) 

 𝑠𝑛𝑟𝑖_𝑜𝑢𝑡 = 𝑓(𝑑𝑖_𝑜𝑢𝑡) (4-14) 

 
𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡 =∑𝑛𝑖 ∗ 𝑠𝑛𝑟𝑖_𝑜𝑢𝑡

𝑘

𝑖=1

 
(4-15) 

Where 𝑛𝑖  is the number of vehicles in cluster i, 𝑚𝑖 is the geographical coordinate of the 

vehicular centroid of cluster i, 𝑚𝑚is the overall mean position of all vehicles, and 𝑑𝑖_𝑜𝑢𝑡is the 

distance between 𝑚𝑖 and 𝑚𝑚. The theoretical SNR,  𝑠𝑛𝑟𝑖_𝑜𝑢𝑡 between 𝑚𝑖 and 𝑚𝑚 is 

estimated as function of distance, 𝑓(𝑑𝑖_𝑜𝑢𝑡)  adopting the approach used in section 3.3. 

𝑠𝑛𝑟𝑖_𝑜𝑢𝑡 is then summed over the number of clusters, 𝑘 and defined as the inter-cluster SNR 

variance, 𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡. 

Overall intra-cluster SNR-based variance,  𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛 essentially defines link strength between 

CHs and their corresponding CMs. It measures how closely clustered vehicle nodes are in 

terms of signal strength. 

 𝑠𝑛𝑟𝑖_𝑥_𝑖𝑛 = 𝑓(𝑑𝑖(𝑚𝑖, 𝑚𝑖_𝑥)) (4-16) 

 
𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛 =∑∑𝑠𝑛𝑟𝑖_𝑥_𝑖𝑛

𝑥=𝑛

𝑥=1

𝑘

𝑖=1

 
(4-17) 

Where 𝑚𝑖 remains the coordinate of vehicular centroid and CH, 𝑚𝑖_𝑥 is the coordinate of 

cluster member x in cluster 𝐶𝑖, 𝑠𝑛𝑟𝑖_𝑥_𝑖𝑛 represents the SNR between CH and CM in cluster 𝐶𝑖. 

A procedural description of how CQRD fits into the re-clustering decision architecture 

described in section 4.4 is presented in the pseudocode in Algorithm 1. Hence a well-defined 
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cluster will have a larger 𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛 and a relatively smaller 𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡. In essence the larger 

the VRC the better the cluster quality of the vehicles. 

Algorithm 1: Cluster Quality Re-clustering Decision (CQRD) Algorithm 

1. i/o 

2. Input:  vehicular node coordinates, CQI & current cluster configuration, Ci 

3. Output: new or affirmed cluster configuration, , Co 

4. Initialization 

5. V: Set of vehicle nodes 

6. VN: vehicle nodes 

7. N: Number of VN, |V| 

8. K: Number of clusters 

9. SRS: sounding reference signal 

10. T: time instant  

11. Td: total time duration 

12. ts: Initialize re-clustering assessment interval 

13. Cl: Logical cluster configuration 

14. Re-clustering Process 

15. For t=1:td 

16.       i= ts:ts:td 

17.      If t≠ 𝑖 

18.             sustain   Ci 

19.      Else 

20.             BS requests CM-to-CH  side-link SRS & all vehicular coordinates, m 

21.             Current Cluster Variance Evaluation 

22.             For all clusters at i 

23.                     BS extrapolates CM-to-CH side-link 𝑆𝑁𝑅𝑖𝑛 

24.             End 

25.             BS estimates the mean position of all VN, mm  

26.             For all clusters at i 

27.                      BS estimates the  𝑆𝑁𝑅𝑜𝑢𝑡 between centroids to the mean vehicular position, mm 

28.             End 

29.             Estimate Intra-and inter-cluster 𝑆𝑁𝑅𝑣𝑎𝑟 

30.             Estimate VRC3c for current cluster configuration is estimated 

31.             Logical Cluster Variance Evaluation 

32.             BS evaluates new logical cluster configuration, Cl using CWS based on current vehicular coordinates, m. 

33.             For all clusters 

34.                      BS estimates the  𝑆𝑁𝑅𝑜𝑢𝑡_𝑙 between centroids to the mean vehicular position, mm 

35.             End         

36.             Estimate Intra-and inter-cluster  𝑆𝑁𝑅𝑣𝑎𝑟_𝑙  

37.             Estimate VRCl2c for current cluster configuration  

38.              Comparator 

39.             If 𝑉𝑅𝐶3𝑐 ≥ 𝑉𝑅𝐶𝑙2𝑐 

40.                     sustain   Ci ( 𝐶𝑖 =  𝐶𝑜 ) 

41.             Else 

42.                    adopt 𝐶 𝑙 as  𝐶𝑜 

43.                       𝐶𝑙 =  𝐶𝑜  

44.            End 

45.      End 

46. End 
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CQRD at specific intervals initiate a logical re-clustering, then estimates the VRC index of 

logical clusters and compares to the actual current cluster status. If the logical cluster exhibit 

a higher VRC than the current cluster state, an actual re-clustering process is initiated. 

However, if the logical re-clustering exhibits lower VRC index as compared to the current 

cluster state, then the current cluster partition is maintained. 

The input for the CQRD algorithm’s is current cluster configuration, vehicular node 

coordinates and CQI, while the output is the new or affirmed cluster configuration. At every 

time interval, 𝑡𝑠 the BS requests vehicular cluster configuration information, node coordinates 

and side-link CQI information. From this information, the BS extrapolates intra and inter-

cluster channel condition information  𝑆𝑁𝑅𝑖𝑛 and  𝑆𝑁𝑅𝑜𝑢𝑡 and then computes 𝑆𝑁𝑅𝑣𝑎𝑟_𝑜𝑢𝑡 and 

𝑆𝑁𝑅𝑣𝑎𝑟_𝑖𝑛 as described in equations (4-15) and (4-17) respectively, and subsequently these 

values are used to estimate the SNR-based variance ratio criterion  for the current cluster 

configuration, 𝑉𝑅𝐶3𝑐. This represents a measure of the cluster quality of the current cluster 

configuration. Also, at the same instance, vehicular nodes are logically re-clustered based on 

Centroid-based Waterfall Scheme (SWS) described in section 3.6 of chapter 3. Again, the 

values of 𝑆𝑁𝑅𝑣𝑎𝑟𝑜𝑢𝑡 and 𝑆𝑁𝑅𝑣𝑎𝑟𝑖𝑛 are extrapolated and used to estimate the cluster quality 

parameter of the new logical cluster configuration, 𝑉𝑅𝐶𝑙2𝑐. The BS then compares the VRC 

values of the current cluster, 𝑉𝑅𝐶3𝑐 to that of the logical cluster, 𝑉𝑅𝐶𝑙2𝑐. If 𝑉𝑅𝐶3𝑐 ≥ 𝑉𝑅𝐶𝑙2𝑐 then the 

current cluster configuration is sustained, else the logical cluster configuration is adopted, 

published to vehicular nodes and subsequently implemented.   

4.6 Link Quality Re-clustering Decision (LQRD) Scheme 

We designed LQRD to make re-clustering decision based average throughput of clusters. The 

aim is to minimize re-clustering overhead while improving link throughput, 𝑐𝑙 between CH 

and CM, defined as: 

 𝜌𝑙𝑥 = 𝑊 log2(1 + 𝛾𝑥) (4-18) 

Where 𝑊 is the bandwidth allocated to each CH-to-CM side-link and 𝛾𝑥 is signal to 

interference and noise ratio of the side-link 
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Algorithm 2: Link Quality Re-clustering Decision (LQRD) Algorithm 

1. i/o 

2. Input:  vehicular node coordinate, current cluster configuration, Ci & CQI  

3. Output: new or affirmed cluster configuration, Co 

4. Initialization 

5. V: Set of vehicle nodes 

6. VN: vehicle nodes 

7. N: Number of VN, |V| 

8. K: Number of clusters 

9. SRS: Sounding Reference Signal 

10. CQI: Channel Quality Indicator 

11. SINR: signal-to-Interference-and-noise-ratio 

12. T: time instant  

13. Td: total time duration 

14. ts: Initialize re-clustering assessment interval 

15. Cl: Logical cluster configuration 

16. Re-clustering Process 

17. For t=1:td 

18.       i= ts:ts:td 

19.      If t≠ 𝑖 

20.             sustain  𝐶𝑖 

21.      Else 

22.             BS requests CM-to-CH  side-link C &  all vehicular coordinates, m 

23.             Current Cluster Throughput 

24.             For all clusters at i 

25.                     BS extrapolates CM-to-CH side-link  𝑆𝐼𝑁𝑅𝑥_𝑐𝑐  from CQI 

26.                     Estimate side-link throughputs, 𝜌𝑙𝑥_𝑐𝑐
𝑖  

27.                Estimate mean cluster throughput  𝜌𝑙_𝑐𝑐
𝑖̅̅ ̅̅ ̅̅  

28.             End 

29.             BS estimates the overall mean throughput, 𝜌1̅̅ ̅ 

30.             Logical Cluster Variance Evaluation 

31.             BS evaluates new logical cluster configuration, 𝐶𝑙 using CWS based on current vehicular coordinates, m. 

32.             For all clusters 

33.                      BS estimates the  𝑆𝐼𝑁𝑅𝑥_𝑙𝑐  between CH to CMs, mm 

34.                      Estimate side-link throughputs, 𝜌𝑙𝑥_𝑙𝑐
𝑖  

35.                 Estimate mean cluster throughput  𝜌𝑙_𝑙𝑐
𝑖̅̅ ̅̅ ̅ 

36.             End 

37.             BS estimates the overall mean throughput, 𝜌2̅̅ ̅ 

38.              Comparator 

39.             If 𝜌1̅̅ ̅ ≥ 𝜌2̅̅ ̅ 

40.                    return to 17 

41.             Else 

42.                    adopt 𝐶 𝑙 as  𝐶𝑜 

43.                       𝐶𝑙 =  𝐶𝑜  

44.            End 

45.      End 

46. End 
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Like CQRD, LQRD is proposed as a non-threshold scheme that compares the mean 

throughput, 𝜌1̅̅ ̅ of CH-to-CM side-links in the current cluster to the mean throughput,  𝜌2̅̅ ̅ of 

CH-to-CM side-links in the logically re-clustered cluster configuration of same vehicles. The 

decision to re-cluster is only made when the mean overall throughput of links in the logical 

cluster configuration exceeds that of the current cluster configuration. At this point the logical 

clustering information is now communicated to the selected CHs for action and onward 

propagation and compliance. The average overall cluster, 𝜌𝑜̅̅ ̅ is defined as 

 
𝜌𝑜̅̅ ̅ =

1

∑ 𝑛𝑖
𝑖=𝑘
𝑖=1

∑∑𝜌𝑙𝑥
𝑖

𝑥=𝑛

𝑥=1

𝑖=𝑘

𝑖=1

 

𝑤ℎ𝑒𝑟𝑒 𝜌𝑜̅̅ ̅ =⋁𝜌𝑜̅̅ ̅

𝑜=2

𝑜=1

 

(4-19) 

 �̅� = max(𝜌1̅̅ ̅, 𝜌2̅̅ ̅) (4-20) 

Both 𝜌1̅̅ ̅ and 𝜌2̅̅ ̅ are estimated and the maximum of which decides what action is initiated. Re-

clustering is only initiated when 𝜌1̅̅ ̅ ≥ 𝜌2̅̅ ̅. 

Where 𝜌𝑙𝑥
𝑖 represents throughput of vehicle side-link 𝑥 in cluster 𝑖, 𝑘 represents the number 

of clusters and 𝑛 represents the number of vehicles in a cluster. Algorithm 2 describes the 

step-by-step approach in which the LQRD is implemented within the re-clustering decision 

framework discussed in section 4.4. 

Just like the CQRD algorithm, the input for the LQRD algorithm are vehicular node 

coordinates, current cluster information, 𝐶𝑖 and CQI, while the output is the new or affirmed 

cluster configuration. At every time interval, 𝑡𝑠 the BS requests node coordinates and CQI. 

From this information, the BS extrapolates side-link signal-to-interference-and-noise-ratio for 

the current clusters, 𝑆𝐼𝑁𝑅𝑥_𝑐𝑐  from CQI information and computes mean side-link 

throughput of the network, 𝜌𝑙_𝑐𝑐
𝑖̅̅ ̅̅ ̅̅  as described in equation (4-19). Also, at the same instance, 

vehicular nodes are logically re-clustered based on Centroid-based Waterfall Scheme (CWS) 

described in section 3.6 of chapter 3. In this case, the value of side-link signal-to-interference-

and-noise-ratio for the logical clusters, 𝑆𝐼𝑁𝑅𝑥_𝑙𝑐  are estimated and used to compute mean 
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side-link throughput of the network, 𝜌𝑙_𝑙𝑐
𝑖̅̅ ̅̅ ̅.  The BS then compares the mean throughput values 

of the current cluster, 𝜌𝑙_𝑐𝑐
𝑖

 to that of the logical cluster, 𝜌𝑙_𝑙𝑐
𝑖

. If 𝜌𝑙_𝑐𝑐
𝑖

≥ 𝜌𝑙_𝑙𝑐
𝑖

 then the current 

cluster configuration is sustained, else the logical cluster configuration is adopted, published 

to vehicular nodes, and subsequently implemented.   

4.7 Performance Evaluation 

This section presents the performance criteria by which we have evaluated the CQRD and 

LQRD. We compared both clustering schemes with a persistent re-clustering scheme and 

another commonly used scheme based on CH membership validity. 

The performance of our decision algorithms is tested for both urban (ring road, Bologna, Italy) 

and highway-rural (A64, Yorkshire, UK) scenario. The vehicles move at varying speed and in 

different directions. The vehicle traces for Bologna ring road were collected from a real-life 

traces of the traffic along the road while a random trip traffic scenario was generated from 

SUMO OSM (Open Street Map) Web Wizard for the vehicular traces of A64 highway rural 

highway. Detailed information on scenario generation from the OSM web wizard has been in 

section 3.2 and more information can be found in [113].  

 

Figure 4-3. Snapshot of clustered vehicle traces in Bologna ring road 
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 A snapshot depiction of the vehicle clusters on the bologna ring-road network is depicted in 

Figure 4-3, while that depicting vehicle clusters on the A64, York road is shown in Figure 4-4. 

The maps were generated from google maps, read into MATLAB and vehicle coordinates were 

overlaid upon them. 

 

Figure 4-4. Snapshot of clustered vehicle traces in A64, Malton Road, Ring Road, Yorkshire, UK 

The coloured dots on the map represents the position of vehicles on the map. The different 

colours of vehicles represent different clusters. Vehicles of same colours belong to the same 

clusters while vehicles of different colours belong to different clusters. The x-axis and the y-

axis are labelled in longitude and latitude respectively to depict the geographical position of 

the vehicles. The grey pattern by the roadside in the urban Bologna map symbolises buildings 

and other urban structures, while the green pattern by the roadside in the rural highway, in 

Yorkshire, depicts vegetation. The yellow lines depict the main roads.   

It is note-worthy that the work to be presented does not compare the performances in urban 

driving environment against the highway-rural environment but seeks to understand how the 

different re-clustering decision schemes perform relative to one another in both 

environments. 

The simulation assumptions are set according to 3GPP TR 37.985 [163]. Table 1 shows the 

simulation parameters used.  
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Table 4-2. Simulation parameters 

Parameters Values 

Bandwidth 10MHz 

Carrier frequency 5.9GHz 

Maximum transmission range 1000m 

Distance threshold for NLOS 350m 

Maximum Transmit power 23dBm 

Noise power -113dBm 

Shadowing distribution Log-normal 𝜎 = 3𝑑𝐵 

Resource Block size 180kHz 

Range of vehicle speed [40,120]km/h 

Highway model ETSI TR 103 257 [72] 

Urban Model ETSI TR 103 257 [72] 

The focus here is to evaluate the performance of the CH-to-CM V2V side-links for real-time 

download applications. We assume enough bandwidth access for CHs on the BS and only V2V 

can constitute a bottleneck in the 2-hop transmission. 

For the V2V side-links, performance is estimated in terms of Cumulative Distribution Function 

(CDF) of V2V link throughput, and jitter over the entire travel time. We also estimated through 

normalization context-local sum-rate index, stability index, re-clustering event frequency 

index and equal-weight QoS index estimated from an equal weight combination of 

throughput, jitter, and stability. 

We estimated the throughput, 𝜌𝑙𝑥 of each V2V side-link, x as defined in equation (4-18). W is 

bandwidth which is modelled to be the same for all vehicles at every instant. So, essentially 

interference, 𝛾𝑖 is the factor that varies throughput.  We have presented the equation for 

ease of reading, since we will be discussing other performance parameters that are based on 

the output therein. 

 𝜌𝑙𝑥 = 𝑊 log2(1 + 𝛾𝑥) (4-21) 
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The aim is to evaluate and analyse the distribution of side-link throughputs and make 

reasonable inferences and conclusion on how the decision schemes have influenced the 

throughput performance of a side-link. 

Sum-rate, 𝜌𝑜 was estimated to account for the total throughput capacity to accommodate all 

the V2V links in each clustering scheme to have a holistic capacity estimation of the network. 

This is done by summing the throughput per CH-to-CM V2V link per time over entire travel 

time for each clustering approach. We then normalised and rescaled the sum-rate over [0 1] 

or [a b] as presented in equation (4-23). 

 
𝜌𝑜 =∑∑∑𝜌𝑙𝑥_𝑡

𝑖

𝑥=𝑛

𝑥=1

𝑖=𝑘

𝑖=1

𝑡=𝑇

𝑡=1

 
(4-22) 

 
𝜌𝑜(𝑛𝑜𝑟𝑚) = 𝑎 + [

𝜌𝑜 − 𝜌𝑜(max)

𝜌𝑜(max) − 𝜌𝑜(min)
] (𝑏 − 𝑎) 

(4-23) 

Where T, k and n are travelling time, number of clusters and number of CH-to-CM V2V side-

links within a cluster 𝐶𝑖 respectively. 

Beyond throughput related performance evaluation, the performance of the re-clustering 

decision schemes will be evaluated using jitter and reliability metrics as presented in the 

equations between equation (3-29) to equation (3-32). These performance evaluation 

parameters are being re-applied because we believe that the chosen criteria which triggers 

re-clustering and the frequency of the trigger influences cluster stability and packet reception 

consistency. 

Finally, we evaluated the decision algorithms using a performance metric we call Quality of 

Service (QoS) index. This is based on a post-normalisation weighted combination of 

throughput (ρ), jitter (𝜓) and stability (𝐿𝑠𝑡𝑎𝑏%) as presented in equation (4-24). The essence 

of this is to have a holistic insight of the best performing model based on all the considered 

criteria. 
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 𝑄𝑜𝑆𝑖𝑑𝑥 = 𝜔1�̅�𝑜(𝑛𝑜𝑟𝑚) − 𝜔2�̅�(𝑛𝑜𝑟𝑚) + 𝜔3�̅�𝑠𝑡𝑎𝑏(𝑛𝑜𝑟𝑚) (4-24) 

Where 𝜔1, 𝜔2 and 𝜔3 represents the respective weight coefficient in each of the QoS 

parameter considered. The weights might vary depending on the design focus and use case 

considered. �̅�𝑜(𝑛𝑜𝑟𝑚) , �̅�(𝑛𝑜𝑟𝑚) and �̅�𝑠𝑡𝑎𝑏(𝑛𝑜𝑟𝑚) are the normalised mean values of 

throughput, jitter, and stability index. 

4.8 Results and Discussion 

This section presents the results obtained from the performance evaluation and comparison 

made between the re-clustering decision models that we have developed (CQRD and LQRD) 

with key baselines (the persistent re-clustering scheme codenamed as PRS, and CH 

membership scheme codenamed as CHmem2). We first present the results demonstrating 

the performance of all the schemes in the urban vehicular traffic environment (Bologna Ring 

Road) and then present a result comparing the results of the urban environment with a 

highway rural vehicular environment (A64 Malton Road, Yorkshire). 

The result presented in Figure 4-5 is a cumulative distribution of link throughput over the 

whole travel time for the different re-clustering decision schemes for the urban environment 

(Bologna ring road). It particularly demonstrates that LQRD and CQRD has superior 

throughput performance over CHmem and showed that LQRD has comparable performance 

as compared to PRS, despite relative overhead savings in LQRD and CQRD as shown in Figure 

4-6. The relatively superior performance of CQRD over CHmem is attributed to its SNR-centric 

cluster quality-based re-clustering decision metric compared to the distance-based approach 

used in CHmem. Also, the consistent monitoring and comparison of the quality index of the 

current cluster configuration against the index of the newly logically re-clustered 

configuration constantly keeps the CH-CM side-link in proximity relative to straying 

interference links. Since the re-clustering process is initiated based on the CH-to-CM SNR, 

upon which throughput is also remotely dependent. We expect CQRD to show improved 

throughput performance over CHmem whose CH election is only based on node membership. 

This is because CQRD inherently improves SNR between cluster members. Unlike CQRD which 

uses cluster parameter, LQRD uses throughput, the actual network parameter upon which 

performance is evaluated to decide when clusters need to be reformed. The direct use of 
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overall average throughput of clusters for decision, directly influences the throughput 

performance of individual CH-to-CM links.  

 

Figure 4-5. CDF plot of throughput per V2V link in time 

It can be observed in Figure 4-5 that there is a lower proportion of PRS V2V links with 

throughput below the 2Mbps mark compared to LQRS V2V links, this is  because PRS re-

clustering is persistent, consequently persistently recentralizing the CH which keeps the 

throughput level above a specific limit. Unlike LQRD whose re-clustering is based on mean 

throughput, making the scheme susceptible to lower throughput before re-clustering. 

Figure 4-6 shows the percentage number of clustering instances across the entire travel time. 

We use this re-clustering frequency phenomenon as a measure for communication overhead, 

since the re-clustering phases are accompanied by some signalling and transmissions. As can 

be observed, the PRS as expected shows 100% re-clustering instances over total evaluation 

instances, meaning at every point of evaluation, re-clustering is initiated. Both CQRD and 

LQRD have demonstrated lower overhead relative to PRS. While CHmem2 demonstrates even 

lower re-clustering frequency though at the cost of throughput performance. 
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Figure 4-6.Communication overhead Indicated by percentage re-clustering frequency 

In Figure 4-7, the throughput capacity performance of the different schemes is compared 

using sum-rate in both the urban and the highway-rural driving environment. Similar result 

patterns can be seen in both environments with our LQRD scheme demonstrating marginally 

larger V2V throughput capacity compared to the computational and overhead intensive PRS 

scheme. Our CQRD and CHmem both were inferior to the former schemes in this regard.  

  

Figure 4-7. Sum-rate comparison for rural-highway and urban environment 
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However, our CQRD scheme demonstrates between 17 to 60% greater capacity as compared 

to CHmem which only exhibits a capacity of 72.18Gps and 12.47Gbps in both rural-highway 

and urban environment respectively. Given equal bandwidth, the capacity in the urban 

environment is relatively poorer to that exhibited by the rural-highway environment, and this 

is due to the lower probability of line of sight (LOS) in urban driving environments emanating 

from roadside structures and vehicular density, which then leads to a low participation of 

vehicles in V2V communication as shown in Figure 4-8 and consequently a low sum-rate. 

 

Figure 4-8. V2V participation ratio 

The results in Figure 4-9 presents the CDF plot of the jitter experienced on each V2V side-link 

over the whole travel time for all the decision schemes considered. Here, it can be observed 

that the persistent approach, PRS demonstrates the poorest jitter while our LQRD scheme is 

best performing, while the CQRD and CHmem schemes have comparable performances with 

only marginal difference between them. 

The poor performance of PRS can be attributed to changes in CH and cluster membership 

accompanying the persistent clustering in this approach. These changes tend to abruptly change 

side-link throughput as they change connection point while changing clusters or as they leave 

clusters to become free vehicles. Also, despite the seemingly stable CH of CHmem as will be 

seen in Figure 4-11, the freedom with which vehicles leave and re-enter clusters affects jitter 

performance. Considering a specific jitter value 500µs, it can be observed that our LQRD 

schemes guarantees close to 80% of side-links exhibiting jitter of less than 500µs, while PRS 
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could only afford 60% of side-links exhibiting less than 500µs in our urban environment 

driving scenario. Though CHmem has similar performance as our CQRD scheme, guaranteeing 

between 60 to 80% of vehicles having jitter less than 500µs, but this jitter performance comes 

at a throughput cost for CHmem as presented in Figure 4-5.  

 

Figure 4-9. Comparing Jitter distribution of re-clustering decision schemes 

Our schemes performed better in the rural-highway environment, exhibiting average jitter 

performance of less than 40µs as compared to jitter of more than 335µs exhibited in urban 

environment. This is also true for our baseline schemes, however, none of them outperforming 

our QRD. In fact, both baseline schemes exhibit relatively poorer performances in the rural-

highway environment as compared to our QRD schemes as demonstrated in Figure 4-10. 
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Figure 4-10. Comparison of mean jitter performances of re-clustering schemes in rural-highway and urban environment 

In Figure 4-11, reliability of the side-links in the urban environment for all the decision 

schemes is compared and presented using 3 different stability metrics. The CH stability chart 

presents the stability of individual CH over travel time, the all-CH stability chart presents the 

stability of a CH set, while link stability chart presents the stability of a CH-CM side-link over 

time. The key factors affecting cluster stability includes, CH changes, vehicle speed, the 

degree membership flexibility, degree of LOS and NLOS changes and the dynamicity road 

patterns. 

 

Figure 4-11. Comparing reliability indices for re-clustering decision schemes 
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For all the reliability metrics evaluated, CHmem was best performing, this is attributed to the 

low frequency of re-clustering in CHmem, since CH remains unchanged when no re-clustering 

takes place. The CHmem performance is followed closely by our CQRD scheme, then the LQRD 

scheme and the finally poorest performing PRS. It can be observed there is significant 

improvement in stability performance of our QRD schemes over the PRS scheme upon which 

they are built. Though CH stability is a widely used metric in estimating the performance of 

clusters, we consider link stability to be more relevant since it reflects the actual steadiness 

of communication paths. It can be observed that CHmem have a relatively significant low link 

stability ratio as compared to the ratio observed in other metrics, this is particularly due to 

the flexibility of cluster membership around its boarders in addition to CH changes. As with 

jitter performance, our schemes performed relatively better than the baseline schemes in the 

rural-highway driving environment across the three reliability metrics with a minimum of 0.95 

stability index in each of the metrics. CHmem also performs relatively marginally better in the 

rural-highway environment. We attribute the improved performance of these schemes to the 

dominance of the effect of LOS consistency and consistent speed which in effect reduces re-

clustering frequency and hence CH stability. PRS stability performance in the rural-highway 

environment remains similar to the performance observed in urban environment. 

The QoS index estimate as presented in equation (4-24) is used here to estimate an equal 

weight index of throughput, jitter, and link stability. Having individually used these metrics to 

evaluate the performance of the decision schemes, estimating a QoS index that indicates the 

performance of each scheme depending on the case study of interest. This is done by giving 

a degree of importance to each QoS parameter or performance metric. Here we have decided 

to give equal degree of importance to each performance metric. The normalised mean value 

of throughput and link stability are summed while the normalised mean value of jitter is 

subtracted, since the former metrics are considered positive, and the latter is considered 

adverse. 
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Figure 4-12. Equal weight QoS Index estimate for re-clustering decision schemes in urban environment. 

From the bar plot in Figure 4-12, it can be observed that given equal degree of importance of 

the 3 metrics, the LQRD scheme demonstrates superior performance over CQRD and the 

baseline schemes. Despite the intensive computation requirement of PRS it appears to 

perform poorest of all the schemes as it has only excelled in terms of throughput 

performance. Hence, if throughput weight was to be raised, it has a potential to outperform 

the CQRD and possibly CHmem in the urban environment. CQRD shows greater promise 

relative to other decision schemes in the rural-highway environment as compared to the 

urban environment and would even show greater promise in scenarios where stability is of 

the essence. However, in urban areas, even when summing weight is skewed towards 

reliability/stability metrics, CHmem will likely outperform CQRD as it demonstrates greater 

stability over CQRD. 

4.9 Conclusion 

In this chapter we have described how we used a threshold-less approach that uses a 

persistent estimation of cluster and link quality to determine the point-in-time of re-clustering 

with the aim of achieving a comparable throughput to the persistent re-clustering approach 

presented in chapter 3 while minimizing jitter, improving stability, and reducing re-clustering 

overhead. 
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At the end, a comparable throughput performance to the PRS scheme was achieved by our 

LQRD scheme while reducing re-clustering overhead by 85%. This in turn resulted in 

considerably improved stability and jitter performance. LQRD demonstrated this relative 

superior performance more clearly in the rural-highway environment compared to the urban 

environment. A superior link stability performance improvement of 70% and 60% in rural-

highway and urban environment was established respectively while in terms of jitter a 

reduction of 95% and 50% was achieved in the rural and urban scenarios respectively.  Though 

LQRD also clearly outperforms the popular CHmem re-clustering decision method in terms of 

throughput and jitter performances, CHmem still edged it out in all three stability metrics. 

This is also the case with the performance of LQRD in comparison with CQRD. However, in the 

overall equal-weight QoS index estimate, LQRD edged all other decision methods in the rural-

highway scenario by over 20% margin and in the urban scenario by over 30% margin.  CQRD 

on the other hand outperforms CHmem in terms of throughput in both rural and urban 

scenarios. In terms of jitter CQRD outperforms both PRS and CHmem in rural-highway 

environment but was edged out by CHmem in urban scenario. CQRD showed considerable 

promise in terms of stability performance and only marginally edged out my CHmem in urban 

and rural scenario. Conclusively, LQRD demonstrates the greatest performance in terms of 

real time traffic delivery over side-link interface in both urban and rural-highway 

environments, while CQRD demonstrates the next best performance in the rural-highway 

environment. Both schemes showed greater promise in rural-highway environment as 

compared to the urban environment. LQRD will demonstrate greater robustness with varying 

weight of performance metric as compared to CQRD. 
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5.1 Introduction 

Our work so far has largely explored improving the performance of V2V links in a hotspot 

scenario, by exploring how and when re-clustering should be done. Here we have decided to 

take a birds-eye view of the network and explore the optimal use of both V2V side-link and 

V2I backhaul resources. In chapter 3 and 4 we approached the selection of number of clusters 

in two different ways. In chapter 3 we employed the silhouette method while in chapter 4 we 

used a quantitative variant of the elbow method. These approaches have both considered the 

proximity between CMs of same cluster, contextually known as within-the-cluster-distance to 

decide the number of clusters. They attempt to minimize within-the-cluster-distance, which 

could potentially improve link throughput. However, these methods do not inherently 

consider the resource available to V2I links on the BS or V2V side-link resources. They have 

also not considered different cluster size threshold and corresponding Free Vehicles (FV) that 

will require direct download access from the BS. The consequence of which is a stiff 

contention for V2I resources between FV and relay CHs, which may lead to the relay link being 

subjected to lean or insufficient resources which will in-turn become a bottleneck along the 

downlink path, minimizing the throughput obtainable to side-links despite bandwidth 

resource availability.  

Our approach considers the cluster boundary threshold, number of free vehicles, available 

resources, and the output of the elbow method in selecting the number of clusters. The goal 
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is to maximize the use of both V2I and V2V bandwidth resources.  We approach the 

conundrum by first analysing the relationship between the variables considered, then find a 

solution that minimizes the number of V2I links and maximum cluster size, which in turn 

maximizes the resources available to both V2I and V2V users. The analysis is first done in the 

context of the bandwidth resource allocation used in chapter 3 and 4, where separate 

dedicated resources are allocated for V2I and V2V communication. The results are then 

compared to our previous method for the number of clusters selection.  We then explore 3 

more dynamic resource allocation schemes. We compare the results with the conventional 

schemes and observed a significant throughput performance improvement. 

5.2 Communication System Model 

A birds-eye view of the V2X necessitates consideration of the communication model of the 

cluster backhauls in the context of a 2-hop downlink transmission path proposed for 

download of urgently needed traffic data. To briefly recap our model context as described in 

sections 3.3 and 3.4 of chapter 3, vehicles are grouped into clusters where the CHs serve as a 

relay and a download hotspot for the rest of the CMs. The CH-to-CM V2V side-links are 

modelled in an urban environment as described in chapter 4, with similar interference 

properties. However, the focus of our work here is the cluster backhaul which is essentially a 

V2I/N link. The V2I/N cluster backhaul is modelled as an urban environment link between BS 

and CH vehicles and BS and FV. The pathloss and shadowing model we employed for the 

backhaul is based on the channel model defined in [152]. The description of our pathloss and 

shadowing model for urban LOS links between the BS and CHs and FVs is presented in 

equations (5-1) to (5-4). The LOS pathloss used is dependent on the horizontal distance, 𝑑2𝐷 

between the BS and the vehicular node, VN as depicted in the pictorial representation in 

Figure 5-1. Whether the pathloss of individual links is a function of break point distance, 𝑑𝐵𝑃 

and node heights (ℎ𝐵𝑆 and ℎ𝑉𝑁) as in 𝑃𝐿𝑙𝑜𝑠2in equation (5-3) or not as in 𝑃𝐿𝑙𝑜𝑠1 as in equation 

(5-2) is dependent on the 𝑑2𝐷 range as described in (5-1). The height used in our model is 

1.8m for VN height and 25m for BS height in line with ETSI technical report 138 901 

specifications and outlined in the inequality and equation in (5-4) 
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Figure 5-1. Depiction of Backhaul and FV Link Geometric Parameters 

 

 

 

{
𝑃𝐿𝑙𝑜𝑠1     10𝑚 ≤ 𝑑2𝐷 ≤ 𝑑𝐵𝑃
𝑃𝐿𝑙𝑜𝑠2      𝑑𝐵𝑃 ≤ 𝑑2𝐷 ≤ 5𝑘𝑚

 
(5-1) 

 𝑃𝐿𝑙𝑜𝑠1 = 28.0 + 22 log10 𝑑3𝐷 + 20 log10 𝑓𝑐+𝑋𝜎 (5-2) 

 𝑃𝐿𝑙𝑜𝑠2 = 28.0 + 40 log10 𝑑3𝐷 + 20 log10 𝑓𝑐 − 9 log10(𝑑𝐵𝑃)
2

+ (ℎ𝐵𝑆 − ℎ𝑉𝑁)
2 + 𝑋𝜎 

(5-3) 

 1.5𝑚 ≤ ℎ𝑉𝑁 ≤ 22.5𝑚, ℎ𝐵𝑆 = 25𝑚 (5-4) 

The break point distance, 𝑑𝐵𝑃 is a function of effective BS and VN heights (ℎ′𝐵𝑆 and ℎ′𝑉𝑁) as 

expressed in equation (5-5). Where ℎ𝑉𝑁 and ℎ𝐵𝑆 are actual antenna heights of VN and BS 

respectively, 𝑓𝑐  is carrier frequency and 𝑑3𝐷 is the 3D distance, 𝑑3𝐷 between VN and BS as 

indicated in the depiction in Figure 5-1. 

 

 

𝑑𝐵𝑃 =
4 ℎ′𝐵𝑆  ℎ′𝑉𝑁 𝑓𝑐

𝑐
 

(5-5) 

The relationship between effective antenna heights and actual antenna heights are described 

in equations (5-6) and (5-7), where ℎ𝐸  is effective environmental height and in our scenario 

have set it to 1 meter. 
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 ℎ′𝐵𝑆 = ℎ𝐵𝑆 − ℎ𝐸  (5-6) 

 ℎ′𝑉𝑁 = ℎ𝑉𝑁 − ℎ𝐸  (5-7) 

The distribution of the shadow fading in this model is log-normal and the standard deviation, 

σ for the LOS urban scenario is given as 4.   

The NLOS link pathloss and shadowing is modelled as described in equations (5-8) and (5-9) 

in line with the channel models defined in ETSI technical report 138 901. The shadow fading 

is also log-normal and the standard deviation, σ specified as 6.  

 𝑃𝐿′𝑛𝑙𝑜𝑠 = 13.54 + 39.08 log10 𝑑3𝐷 + 20 log10 𝑓𝑐 − 0.6( ℎ𝑉𝑁

− 1.5) + 𝑋𝜎 

(5-8) 

 𝑃𝐿𝑛𝑙𝑜𝑠 = max (𝑃𝐿𝑙𝑜𝑠, 𝑃𝐿
′
𝑛𝑙𝑜𝑠) 

𝑓𝑜𝑟 10𝑚 ≤ 𝑑2𝐷 ≤ 5𝑘𝑚 

(5-9) 

The pathloss model of the NLOS link, 𝑃𝐿′𝑛𝑙𝑜𝑠 is only adopted when the value exceeds that of 

LOS, 𝑃𝐿𝑙𝑜𝑠 for 2D link distances, 𝑑2𝐷 ranging from 10m to 5km. It is also noteworthy that the 

model works for vehicular node antenna heights,  ℎ𝑉𝑁 between 1.5m and 22.5m. Our VN’s 

are of uniform heights of 1.8m. Base station heights are specified at 25m. 

Concerning interference, distinct interference schemes were used for V2I/N links and V2V 

side-links. For the V2I/N links, we adopted a frequency reuse factor of 1 and hexagonal cell 

coverage with the BS at the centre of the hexagon. We assume a variation of Fractional 

Frequency Reuse (FFR) is used by the base station to allocate resources to the V2I/N 

nodes/links. We have decided to limit our discussion about the type or implementation of the 

FFR scheme, since the type of scheme adopted has no impact on the downlink interference 

considered in our scenario.  A worst-case scenario of this approach is depicted in Figure 5-2. 

Where all the six base stations around the serving BS are all transmitting at the same 

frequency at which the vehicle of reference is receiving from its serving BS. 
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Figure 5-2. A depiction of a case of downlink V2I/N interference 

For the V2V side-links the frequency allocation and interference are cluster-based. A typical 

VN uses a different channel to the channels used by fellow cluster members and same 

bandwidth channel to the VN’s of other clusters that poses least interference. A simple 

depiction of the interference and resource allocation approach used is depicted in Figure 5-3. 

The coloured bar at the top represents the entire resource allocated for V2V side-link 

communication, while each colour represents the equal bandwidth or number of resource 

blocks allocated to each V2V CH-to-CM side-link. The dotted lines represent interference 

while the continuous lines represent the received signal link. 
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Figure 5-3. A Depiction of interference coordination and resource allocation in for V2V side-link communication 

5.3 Cluster Analysis 

In an effort to maximize V2I bandwidth, thereby minimizing the potential bottleneck that the 

V2I could pose across download transmission path, we have sought to understand how 

vehicular designation and C-V2X bandwidth resources vary with clustering parameters. 

In previous chapters the resource assignment assumes a dedicated resource slice for C-V2X, 

with a further dedicated and distinct bandwidth resource to V2I and V2V links. Our approach 

to optimizing the use of the V2I bandwidth resource per user link and reducing the cluster 

backhaul bottleneck is by minimizing the number of V2I user links contending for the 

resource. Likewise for maximizing the V2V side-link resource per user link, we approach this 

by minimizing the maximum cluster size at each clustering instance, building on our V2V 

resource allocation scheme described in Chapter 3, section 3.4. To do this, a study of the 

relationship between the number of different vehicle components (CH, CM and FV) and 

cluster parameters such as the number of clusters and cluster distance thresholds needs to 

be explored. 
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Our study shows how the number of V2I links, and maximum cluster size varies with different 

cluster radius threshold and different number of clusters. In Figure 5-4, we present a variation 

of the average number of clusters across number of clusters against a varying distance 

threshold between 300m to 1000m.  

 

Figure 5-4. Average Number of V2I User Links across Number of Clusters Vs Distance Threshold 

The figure indicates that the number of V2I users drops with increasing distance threshold 

range being considered. With a total variation of 27 users across the threshold range. The 

minimum number of V2I users is observed at the maximum threshold. The implication of this 

is that the maximum distance threshold potentially meets the requirement of minimizing the 

number of users contending for V2I bandwidth resources. 

The plot in Figure 5-5 shows the variation of average number of V2I users across distance 

against the number of clusters. The number of clusters considered ranges across the total 

number of vehicles, from 1 to 400. It is observed that with just one cluster, the average 

number of V2I vehicles across the distance threshold is approximately 375, which is essentially 

the total number of vehicles less the number of cluster members in the cluster. This means 

we have an average of 25 cluster members in the first clusters across distance threshold and 



118 | P a g e  

the total number of free vehicles is around 374, which represents the total number of V2I 

vehicles less the cluster head of the single cluster. 

 

Figure 5-5. Plot of Average Number of V2I User links Across Distance Threshold Vs Number of Clusters 

However, as the number of clusters increase, the number of V2I vehicles and links drops until 

a point is reached where a further increase in the number of clusters increase the number of 

V2I vehicles or links. This points (number of clusters, number of V2I user links) is reached at 

approximately (36, 66). From this point onwards there is an almost linear increase I the 

number of V2I user links with number of clusters, until a point where every individual vehicle 

is a CH of its own cluster at (400,400).  

A 3D-plot showing a comprehensive variation of V2I along distance threshold and number of 

clusters in presented in Figure 5-6. It also specifically shows the variation of number free 

vehicles links within the number V2I user links. The number of FV links continues to decrease 

across increasing number of clusters and increasing distance threshold. 
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Figure 5-6. Surface plot showing variation of V2I and FV user links across distance threshold and number of clusters. 

The minimum number of V2I users is obtained at 18 clusters and 1000m of cluster distance 

threshold. At this point the number of free vehicles, 6 is the total number of V2I user links, 24 

less the number of clusters, 18. 

For the CH-to-CM V2V side-links, it is understandable that the number of side-links is the total 

number of vehicles less the CHs and FVs. But one important parameter in the V2V side-link 

context is the maximum cluster size, which defines the number of side-links or the number of 

CMs in the most populated cluster. The importance is particularly related to how resource 

allocation is done in our V2V resource reuse scheme described in section 3.4. The resources 

allocated to each CH-to-CM side-link is directly determined by and inversely proportional to 

maximum cluster size. Figure 5-7 shows how the average maximum cluster size across 

distance threshold behave in response to changes in the number of clusters. As the number 

of clusters increases from the minimum, the number of clusters increases until it reaches a 

point (in this case 8 clusters) where an increase in number of clusters could lead to some 

clusters splitting. In which case the maximum cluster size starts to drop in general. 
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Figure 5-7. Plot of average maximum cluster size across Distance threshold Vs number of clusters 

Figure 5-8 on the other hand presents the variation of average maximum cluster size across 

number of clusters against distance threshold.  

 

Figure 5-8. Plot of average maximum cluster size across number of clusters vs distance threshold 
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The plot clearly indicates that the maximum cluster size increases with increasing distance 

threshold, however compared to the variation across number of clusters, it is observed that 

the changes in maximum cluster size here is relatively small, with a total variation of less than 

3 vehicles as compared to a maximum cluster size variation of approximately 57 vehicles 

observed in Figure 5-8. 

Beyond just understanding the behaviour of the various vehicular node components with 

changes in distance threshold and number of clusters, the results observed from these 

analyses have a great impact on the optimizing the use of network resources and mitigating 

cluster backhaul bottleneck. 

5.4 Problem definition 

As discussed in sections 5.1 and 5.3, our aim is to maximize the bandwidth available to both 

V2I and V2V links and potentially minimize the throughput bottleneck along the relay 

transmission path. Unlike traditional k-selection schemes, we seek to understand the 

relationship between the k-value, number of un-clustered vehicles and how they affect the 

bandwidth resources at the disposal of V2I and V2V links. 

For each number of clusters, 𝑘𝑥 ranging across the entire number of vehicles as described by 

the set, K in equation (5-10) , the corresponding centroid positions are evaluated using k-

means and k-means++.  

 𝐾 = {𝑘𝑥: 1 ≤ 𝑥 ≤ 𝑛} (5-10) 

For each value of 𝑘𝑥, considering a superset, 𝛧 comprising of a set of SNR values, 𝜁𝑡. Each set, 

𝜁𝑡 comprises of evaluated SNR values between each vehicle 𝑉𝑡 ∈ 𝑉 and all centroids, 𝑖 as 

defined in equations (5-11), (5-12) and (5-13) and each cluster has a corresponding cluster 

head, 𝐶ℎ𝑖  as in equation (5-14) 

 𝛧 ⊒ {𝜁𝑡: 1 ≤ 𝑡 ≤ 𝑛} (5-11) 

 𝑉 = {𝑉𝑡: 1 ≤ 𝑡 ≤ 𝑛} (5-12) 
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 𝜁𝑡 = {𝜁𝑖: 1 ≤ 𝑖 ≤  𝑘𝑥} (5-13) 

 𝐶 = {𝑐𝑖: 1 ≤ 𝑖 ≤  𝑘𝑥} (5-14) 

Where n is number of vehicles, V is the set of all vehicles,  𝑘𝑥 represents the number of 

centroids, t represents the index of specific vehicle and i is the index of a specific cluster, CH 

or centroid. 

Also, we consider a specific distance threshold from a set of distance thresholds used to 

define the radius within which clusters are bounded to be 𝑑𝑡ℎ. We define our SNR threshold, 

𝑆𝑁𝑅𝑡ℎ as a function of 𝑑𝑡ℎ as described in Equation (5-15), where the function is based on 

side-link pathloss, Received Signal Strength (RSS) and noise. 

 𝑓(𝑑𝑡ℎ) → 𝜁𝑡ℎ (5-15) 

Having estimated 𝜁𝑡ℎ, we associate each vehicle to centroids with which the vehicle has 

maximum SNR, 𝜁𝑡 and whose 𝜁𝑡 is below the threshold. For every value of  𝑘𝑥 number of 

centroids, we have cluster identities ranging from 1 to  𝑘𝑡 and mapped to each vehicle and 

saved as a set of vehicle cluster identity, 𝐶𝐿 as presented in equation (5-16) with the size of 

each cluster defined in equation (5-16). The maximum cluster size, 𝐶𝑚𝑎𝑥 is identified and the 

number of free vehicles, 𝐹𝑣  is evaluated as presented in equations (5-18) and (5-19). 

 𝐶𝐿 = 𝜁𝑡1≤𝑡≤𝑛
∀ {

𝑎𝑟𝑔𝑚𝑎𝑥
1 ≤ 𝑖 ≤  𝑘𝑥

(𝜁𝑡 ≥ 𝜁𝑡ℎ , 𝑐𝑖)} 

𝐶𝐿 = {𝐶𝑡: 1 ≤ 𝑡 ≤ 𝑛} 

(5-16) 

 𝐶𝑠 = {𝐶𝑠𝑖, 1 ≤ 𝑖 ≤  𝑘𝑥: 𝑛(𝑐𝑖 ∈ 𝐶𝐿} (5-17) 

We then exploit variation in number of CHs, number of FVs and maximum cluster size, 𝐶𝑚𝑎𝑥 

with the distance threshold and number of clusters to maximize the bandwidth available per 

V2I and V2V link. Both 𝐶𝑚𝑎𝑥 and 𝐹𝑣  are estimated as presented in equations (5-18) and (5-19) 

respectively. 
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 𝐶𝑚𝑎𝑥 = 𝑚𝑎𝑥{𝐶𝑠} (5-18) 

 

𝐹𝑣 = 𝑛 −∑𝐶𝑠𝑖

 𝑘𝑥

𝑖=1

 

(5-19) 

Adopting our existing resource allocation approach, where V2V and V2I links are allocated 

distinct dedicated frequency band and V2I bands are dedicated and separate from bands used 

by other BS users, we have decided to approach k-selection in a way that maximizes usage of 

both V2V and V2I bandwidth resources per link. This approach seeks to keep the bandwidth 

allocated to V2I and V2V as close as possible with the bandwidth allocated to V2I links greater 

than the bandwidth allocated to V2V side-links. The optimization problem is defined in 

equations (5-20) to (5-26), with the multi-objective functions are presented in equations 

(5-20) and (5-21) , while the constraints are presented in equations (5-23) to (5-26). 

 𝐵𝑣2𝑖
 𝑘𝑥 + 𝐹𝑣

+
𝐵𝑣2𝑣
𝐶𝑚𝑎𝑥

  𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
(5-20) 

 𝐵𝑣2𝑖
 𝑘𝑥 + 𝐹𝑣

−
𝐵𝑣2𝑣
𝐶𝑚𝑎𝑥

 𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 
(5-21) 

The first objective function presented in the optimization expression in (5-20) seeks to 

maximize the combined bandwidth per V2I and V2V link, consequently seeking to reach a 

compromise between the number of V2I links and cluster size. While maximizing the 

bandwidth per user link, the second objective function presented in the optimization 

expression in (5-21) seeks to minimize the difference between V2I and V2V bandwidth per 

user link. The aim is to prevent excessive skewing of bandwidth towards V2I, which could in 

turn portend redundant throughput at the backhaul. 

We then combine the objective functions to a single super objective function which when 

maximized, its optimal solution is used to find the maximum combine V2I and V2V bandwidth 

per user-link. The super objective function is expressed in (5-22). 
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 𝐵𝑣2𝑖
 𝑘𝑥 + 𝐹𝑣

+
𝐵𝑣2𝑣
𝐶𝑚𝑎𝑥

− (
𝐵𝑣2𝑖

 𝑘𝑥 + 𝐹𝑣
−
𝐵𝑣2𝑣
𝐶𝑚𝑎𝑥

)   𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
(5-22) 

The objective functions are constrained by the conditions expressed in the inequalities 

between (5-23) and (5-26). The first inequality presented in (5-23) limits the V2V and V2I 

optimal bandwidth pair to a pair that where V2I bandwidth is greater than V2V bandwidth. 

The reason for this is to guarantee some performance reliability for CH’s V2I links that 

shoulders relaying responsibility. A performance issue for CH V2I links has a multiplier effect 

on CMs. The constraint in (5-24) limits the k-selection solution to number of clusters that 

satisfies the condition that V2V bandwidth per user link can only be as big as V2I link 

bandwidth per user. This is useful to keep the number of clusters within the range that 

sustains the proximity advantage defined by the elbow method. The inequality in (5-25) and 

(5-26) constrains the objective functions to values where  𝑘𝑥 and 𝐶𝑚𝑎𝑥  is greater than 1 and 

to values where 𝐵𝑣2𝑖, 𝐵𝑣2𝑣, 𝑘𝑒𝑙𝑏 and 𝐹𝑣  is non-zero. This is to exclude extremities from solution 

options. 

 

 

𝐵𝑣2𝑖
 𝑘𝑥 + 𝐹𝑣

≥
𝐵𝑣2𝑣
𝐶𝑚𝑎𝑥

 
(5-23) 

 𝑘𝑒𝑙𝑏 + 2 ≥  𝑘𝑥 ≥ 𝑘𝑒𝑙𝑏 (5-24) 

  𝑘𝑥, 𝐶𝑚𝑎𝑥 > 1 (5-25) 

 𝐵𝑣2𝑖, 𝐵𝑣2𝑣, 𝑘𝑒𝑙𝑏 ,𝐹𝑣 > 0 (5-26) 

Here 𝐵𝑣2𝑖 is the total bandwidth resource allocated for V2I communication, 𝐵𝑣2𝑣 is the total 

bandwidth resource allocated for V2V communication and 𝑘𝑒𝑙𝑏 is the optimal k-value as 

estimated using the quantitative elbow method described in chapter 4.  

5.5 Alternate Bandwidth Resource Allocation 

The previous chapters and our problem definition in section 5.4 have assumed dedicated 

bandwidth resource allocation between V2I/N links and V2V side-links. In this approach, the 
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fixed set of resource slices allocated for V2X communication is split into 2 equal resource set 

with each resource set allotted and dedicated to V2I/N links and V2V side-links respectively. 

Beyond the dedicated resource allocation, we now introduce a shared resource approach 

where the entire resource slice allocated for V2X communication is equally shared amongst 

all types of nodes regardless of function and communication mode. Unlike the dedicated 

allocation approach the optimization is not a multi-objective function since the bandwidth is 

not portioned. The objective function for the shared resource allocation is presented in (5-27) 

 𝐵𝑣2𝑥
 𝑘𝑥 + 𝐹𝑣 + 𝐶𝑚𝑎𝑥

  𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 
(5-27) 

Again, unlike the dedicated approach, there are fewer constraints. The constraint in (5-23) is 

irrelevant since there is no resource partition. However, other constraints in the dedicated 

approach still holds.  Also, there is no need for multiple objective functions since all bandwidth 

per user-link are equal irrespective of user designation. 

5.6 Performance Evaluation 

Having analysed the clustering process and how the various vehicular node components of 

the clustering process vary with number of clusters and cluster distance threshold in section 

5.3, we will now exploit this analysis to evaluate and compare the performances of the two 

resource allocation approaches described in section 5.5, in terms the of V2I backhaul 

bandwidth per user-link across distance threshold and number of clusters, to see which 

approach offers better mitigation for backhaul bottleneck. We then exploit the optimization 

approach to observe the performances of the resource allocation approaches while 

minimizing bandwidth gap between the V2V side-links and V2I/N links. We then exploit this 

analysis to identify the number of clusters and distance threshold that optimizes the 

bandwidth per V2I/N backhaul link for both the dedicated and shared bandwidth resource 

allocation approach.  
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Figure 5-9. A schematic of the network topology upon which the resource-aware algorithm is proposed. 

The network topology depicted in Figure 5-9 describes the network topology to which our 

resource-aware k-selection algorithm is proposed. The yellow link lines labelled V2I/N 

indicates the backhaul link from the CH to the BS. The red cars are the CHs while the green 

cars are the CM with a blue link line representing the CH-to-CM side-links. The grey cars are 

the FVs. On the right top corner, we depicted the resource available to all the V2X links. This 

is demonstrative of both the shared and dedicated resource allocation schemes. 

The simulation assumptions for the network model here are set in according to 3GPP TR 138 

901 [72], [152]. Table 5-1 shows the simulation parameters used. In our simulation, we made 

available a bandwidth of 20MHz available for both V2I and V2V users at 5.9GHz carrier 

frequency. The driving environment that is envisaged is an urban environment, and this is 

because we believe that the need for the optimisation of V2I bandwidth usage is greater in 

the urban environment, where we believe the chances of V2I NLOS is slightly higher due to 

building and structures such as bridges. 
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Table 5-1. Simulation parameters for V2I and V2V in the backhaul scenario 

Parameters Values 

Available V2X Bandwidth 20MHz 

Carrier frequency 5.9GHz 

Maximum transmission range 30Om to 1000m, interval: 100m 

BS transmission height 25m 

Vehicle height 1.8m 

BS type  Macro-sites (UMa) 

Maximum Transmit power 49dBm 

Noise Figure 9dBm 

Shadowing distribution (V2V) Log-normal 𝜎 = 3𝑑𝐵 

Shadowing distribution (V2I) LOS Log-normal 𝜎 = 4𝑑𝐵 

Shadowing distribution (V2I) NLOS Log-normal 𝜎 = 6𝑑𝐵 

Range of vehicle speed [40,120]km/h 

Urban V2I model ETSI TR 138 901/103 257 [152] 

Urban V2V Model ETSI TR 103 257 [72] 

 

The different approaches  

5.7 Result and Discussion 

This section presents results of our study of how the bandwidth per user-links vary with 

cluster distance threshold and number of clusters. We also present here the result showing 

the optimal solution of distance threshold and number of clusters that maximizes backhaul 

user bandwidth and minimizes backhaul bottleneck. 

The result in Figure 5-10 indicates that the alternative shared resource allocation approach 

shows superior bandwidth per user-link across varying number of clusters compared to the 

dedicated bandwidth approach. The difference in BW/user-link magnitude between the two 

approaches increases with the number of clusters. This is expected because in the shared 

approach the bandwidth proportion accessible to V2I/N user-links increases with number of 

V2I/N user-links while in the dedicated approach these resources are fixed. 
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Figure 5-10.Mean bandwidth per user across distance threshold vs number of clusters, K 

The peaks observed in each approach varies in magnitude and at what number of clusters it 

occurs. However it can be observed from the plot showing the variation of V2I/N users with 

number of clusters in Figure 5-5 that these peak points occur at the troughs of the plot in 

Figure 5-5, where we have the minimum number of V2I/N users. 

Though incremental in absolute value, it can be observed that the average bandwidth per 

user across the number of clusters increases with distance threshold as established in Figure 

5-11, this is in agreement with the observation in Figure 5-4, where the average number of 

V2I users across number of clusters increase with increasing distance threshold. Hence, it is 

safe to assume that for all the distance considered (300:100:1000), a distance threshold of 

1km offers the maximum bandwidth per user.  
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Figure 5-11. A plot showing the variation of mean bandwidth per user across number of clusters with distance threshold. 

It can again be observed that the shared approach showed clear superiority with more than 

70% performance improvement as compared to the dedicated bandwidth approach. This 

performance is consistent across distance thresholds. 

Having observed V2I bandwidth per user-link performance across the number of clusters and 

distance threshold, it is also important to understand the bandwidth per user-link 

performance along V2V path using both dedicated and shared resource allocation schemes. 

The result presented in Figure 5-12 shows how the mean bandwidth per V2V user-link across 

distance thresholds varies with the number of clusters. For the dedicated resource allocation 

approach, the bandwidth per user generally increases with increasing number of clusters. This 

is because the maximum cluster size, 𝐶𝑚𝑎𝑥 varies inversely with number of clusters and the 

bandwidth per V2V user link as described in equation (5-20). On the other hand, the shared 

approach, the BW/user for the V2V path takes the similar shape as the V2I BW/user curve. 

This is because the allocated bandwidth is not independent but affected by the number of 

V2I/N users. It is also observed that it reaches its peak at the point where V2V users are at 

minimum value and due to the approach of allocation both V2V and V2I users for the shared 

resource approach are allocated equal bandwidth per user-link. 
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Figure 5-12. Plot showing mean V2V bandwidth per user link across distance threshold against number of clusters 

The plots in Figure 5-13 shows mean V2V BW/user-link performance across number of 

clusters against threshold distance. In the shared approach, it is observed that there is only 

an incremental increase in BW/user-link with distance threshold as observed in Figure 5-13 

with the V2I/N user-links. However, with the dedicated resource allocation approach the 

BW/user-link drops with increasing distance threshold, which is a consequence of increasing 

maximum cluster sizes, 𝐶𝑚𝑎𝑥 with increasing distance threshold. However, it can be observed 

that the distance threshold has little influence on the BW/user-link, particularly in the 

dedicated resource allocation method. Again, it is also observed that the V2V bandwidth 

experienced in dedicated resource allocation scheme is significantly larger than in the shared 

allocation approach.  

Recall, however, that for the dedicated resource allocation scheme, the cluster backhaul 

BW/user-link is significantly smaller than the V2V BW/user-link. This situation portends a 

potential throughput bottleneck at the cluster backhaul in the uplink and throughput 

redundancy in the downlink.   
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Figure 5-13. Variation of mean V2V bandwidth per user variation across number of clusters against distances threshold 

For simplicity and to minimize computation load, we believe we can minimize the effect of 

the redundancy conundrum between the cluster backhaul links and the CH-to-CM V2V links 

by selecting an optimal number of clusters and distance threshold solution that offers the 

maximum V2I/N backhaul and V2V bandwidth sum for which V2I/N backhaul has equal or 

minimum bandwidth edge over V2V.  Our belief is based upon reasonable heuristic 

assumption after considering for key factors upon which throughput is dependent as 

described in Table 5-2: interference, link blockage, link length and intra-cell reuse factor. 

Table 5-2. Table showing throughput bottleneck contributing factors. 

Factors (Ϛ) BS-CH (V2I) CH-CM (V2V) 

Link blockage LOS NLOS 

Interference Moderate High 

Re-use (bandwidth)  None Yes 

Link Length Long Short 

𝛒𝒊 = 𝛙 𝒏(Ϛ⁄ ) 𝟐/𝟒 = 𝟎. 𝟓 𝟐/𝟒 = 𝟎. 𝟓 

Our heuristics assumes each factor, Ϛ  listed in Table 5-2 have equal weight of contribution to 

SINR. The green cells in the table indicates a positive contribution to SINR while the red cells 

represent a negative contribution to SINR. Where 𝛒𝒊 is described as total impact ratio and ψ is 

called link positive contribution index. Based on the impact ratio, we assume an equal SINR impact on 

throughput. Hence, we will henceforth focus on optimizing bandwidth along the entire signal path. 
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The result displayed in Figure 5-14 depicts the optimal solution (𝑑𝑡ℎ = 1000𝑚, 𝑘 = 18) 

derived from using the dedicated resource allocation scheme. It demonstrates the maximum 

V2I+V2V BW/user-link  value satisfying the objective function defined in equations (5-20) and 

(5-21), and constraints defined in the inequalities between (5-23) and (5-26) inclusive. The 

optimal value 0.65MHz is reached with 18 clusters and at 1000 meters. It can be seen that the 

elbow method k-selection approach that suggests 13 clusters at 1000 meters does not fall 

within our optimization constraints as the V2V link is allocated greater bandwidth per user 

link (0.21MHz) as compared to V2I/N backhaul bandwidth per user-link at (0.10MHz). This 

portends potential bottleneck at the cluster backhaul which will affect all CMs within the 

cluster. 

 

Figure 5-14. A 3D Visualisation of the Optimal Solution of Dedicated Resource Allocation Scheme 

For the shared resource allocation method, the results obtained as displayed in Figure 5-15  

shows that all possible solutions meet the constraints we have defined. However, the optimal 

solution was estimated to be at 36 clusters and 1000 meters with a bandwidth per user-link 

value of 0.65MHz. In this case our silhouette-based elbow solution is apparently within the 

defined constraints but not the optimal solution.  
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Figure 5-15. A 3D visualisation of the optimal solution of shared resource allocation scheme 

It is observed that the dedicated approach seem to have a higher optimal bandwidth per user-

link value as compared to the shared approach, however, it is further observed that the 

difference between V2I and V2V in the dedicated approach is quite significant as indicated in 

the bar chart presented in Figure 5-16, which portends a potential throughput bottleneck 

along the downlink path. Unlike the shared approach where both the V2I/N and V2V 

bandwidth are equal. 
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Figure 5-16. Optimum BW/user indicators for both shared and dedicated resource allocation schemes 

Having considered an isolated scenario of 400 vehicles. We took a step further to observe 

how well the k-selection scheme performs against the silhouette elbow method across 

different vehicle densities for the shared and dedicated resource allocation types.  

 

Figure 5-17. Performance of k-selection schemes in shared resource allocation method 
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The result in Figure 5-17 shows the V2V and V2I bandwidth performance of both the resource-

aware and silhouette-based elbow scheme in the context of the shared resource allocation 

scheme. For the V2I links, we observed that our resource-aware scheme clearly outperforms 

the baseline. For both schemes the performance drops with increasing vehicular density, 

given a fixed overall bandwidth size available for access. The same pattern is observed for the 

V2V bandwidth per user performance. 

 

Figure 5-18.  Performance of k-selection schemes in dedicated resource allocation method 

 

The result in Figure 5-18 shows the bandwidth per user performance of our resource aware 

scheme in comparison with the elbow method in the context of the dedicated resource 

allocation scheme and for both V2I and V2V link-users. The results here also showed our 

resource-aware approach again outperforming the elbow method across the different 

number of vehicles considered for both V2I and V2V. We observed for both V2I and V2V and 

in both schemes that bandwidth per user drops with increasing number of vehicles. This is 

expected, as the demand for bandwidth becomes more crunch with increasing number of 

users and user-links accordingly. For V2I, we observed an initial sharp drop in the bandwidth 
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per user for our resource-aware schemes that slows down with increasing number of vehicles. 

For the V2V we noticed that both schemes’ bandwidth per user dropped with increasing 

number of vehicles, however the drop percentage is relatively small as compared to V2I. This 

is because for V2V the factor responsible for the change is a change in maximum cluster size 

which is limited by the cluster radius distance threshold. 

5.8 Conclusion 

In this chapter we described our development of a bandwidth-resource-aware method of 

selecting the optimum number of clusters and distance threshold in a clustered vehicular 

network. In the previous chapters we have used the silhouette method and a silhouette-

based elbow method which essentially is resource and case-study agnostic. Here we 

developed a mechanism that takes into consideration the case study of context (hotspot-

based real-time traffic data download) and the resources at the disposal of the V2X network 

to carry out the download. The aim is specifically to minimize V2I/N-to-V2V download 

throughput bottleneck and redundancy. 

We approached this by designing a V2I communication model in addition to existing our V2V 

model to simulate the backhaul path of the cluster. Unlike most studies [20], [26], [153], [154], 

where outliers are generally not considered in cluster analysis, we followed the model 

development with a detailed study of the variation of the size of cluster vehicular components 

with number of clusters and cluster radius distance threshold. Having got an understanding 

of the behaviour of the various vehicular components (CH, CM and FV), we then developed 

an optimization problem and used the greedy search approach to identify the number of 

clusters and cluster radius distance threshold that maximizes resource usage with minimal 

biases to V2I/N user-links. The resource-aware k-selection scheme was put to test in both a 

dedicated resource allocation and shared resource allocation scheme. 

The results observed clearly demonstrates a better utilization of available bandwidth using 

our optimized resource-aware k-selectin scheme in both the dedicated and shared resource 

allocation methods scenario and in repetitive demonstrations across different vehicle 

population densities. The implication of this is that the cluster backhaul bandwidth resources 
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can be optimized to minimize the potential bottleneck or throughput redundancy in either 

the backhaul or side-link layer of the network. 
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6 Conclusion and Future Work 
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6.2 Review of Limitation and Recommendation for future Work ................................ 143 

6.1 Conclusion 

This section gives a concise summary of the entire work in this thesis and explanation of the 

transition across different chapters. It summarises the results and their respective 

implication, highlights the contribution to knowledge and the limitations therein. This section 

also revisits our main hypothesis, explaining how our work supports the claim. 

6.1.1 Work summary. 

This section presents the summary of every chapter presented in this thesis so far. It gives a 

concise presentation of the essence of the work done, the studies that supports the 

framework, methods used, and results obtained. 

In chapter 1 of this thesis we gave a broad introduction into the world of V2X communication 

highlighting its importance for safety and traffic efficiency. Though traffic efficiency stands at 

the core of the real-world motivation for this research, the work has significant implication in 

emerging safety use-cases. The Tesla autopilot incidence of 2011 shows that driving 

automation is not enough for safety but improved coordination between all road entities is 

needed to meet expected safety goals. Beyond applicability, the research motivation for this 

work stems from the need to solve the stability, reliability and performance issues in vehicular 

networks resulting from the high mobility and changing network topology of vehicular nodes. 

The entire work in this thesis was done in the context of the different use-cases that requires 

real-time download of urgent traffic information. Hence, we looked in the direction of 

clustering algorithm, which has proved to be an efficient method to manage topology changes 

and minimize cell resource clogging. However, we reckoned that the most stability enhancing 

clustering algorithms that have been developed adversely affect throughput performance or 

at least is without consideration of real time QoS parameters like throughput and jitter. 
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Hence, this thesis presents approaches to improve stability without impairing QoS parameters 

such as throughput and jitter performance. Also, unlike most previous work that have 

approached stability improvement by different CH selection approach, our approach has 

explored cluster maintenance and re-clustering methods. We explored how and when should 

re-clustering be initiated and later took a bird-view of the network to see how improved V2V 

performance could be hindered by the V2I backhaul and took a pre-emptive approach to 

optimize V2I bandwidth resource. 

Having presented a background to the thesis, chapter 2 presents a comprehensive 

background to the theories, concepts, technologies, and research works upon which the 

framework of this research has been built. We reviewed V2X RATs, uses cases, propagation 

models, radio resource allocation, vehicular mobility model and clustering approaches. After 

a comprehensive review, cellular-V2X is adopted due to maturity of its foundational 

technologies and network coordination capacity. Realtime geo-cast/multicast use-case for 

download of enhanced route guidance, traffic and navigation information has been adopted 

as our use-case of choice due to the great safety and efficiency potential it holds. The series 

of work presented in this thesis are tested in both urban and rural-highway context. The 

propagation model we used in the urban and rural driving environments is the standardised 

geometry-based stochastic model, a decision based on the ease of use and simplicity and the 

level of abstraction necessary for observing network parameters of interest. A review of V2X 

resource allocation schemes informs the exploitation of mode-3 underlay intra-cellular 

cluster-based reuse approach for resource allocation. A microscopic simulation-based 

modelling approach was adopted for our vehicular traffic. This approach accurately represent 

the low-level vehicular traffic attributes that is required to represent our desired model 

effectively and reasonably. We opted for SUMO traffic simulation tool and SUMO web-wizard 

to easily and cost efficiency model diverse scenarios with reasonable accuracy. 

Building upon the theoretical framework developed in chapter 2, chapter 3, presents an 

approach that answers the questions of how stability can be improved without compromising 

on V2V link performance. We developed a k-means based SNR (KmSNR) clustering scheme 

upon which we built two different memory-based re-clustering schemes in which clustering 

phases in time are cascaded. The aim of the SNR based cluster formation approach as 
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opposed to the distance-based approach is to improve throughput performance. The 

memory-based approach was developed to minimize the adverse stability effect associated 

with the initial random selection of seeds by cutting out the seed selection in subsequent re-

clustering phases and smoothening cluster reformation process. The two memory-based 

schemes CWS and SWS is based on feeding the current CH coordinates into different stages 

of our clustering process, specifically as centroids and seeds respectively. The performance of 

these schemes is tested in a highway scenario, where we compared the SNR based scheme 

with a recent Floyd-Warshall clustering algorithm for stability improvement in VANETs. Our 

SNR based schemes showed a better throughput performance but marginal poorer stability 

performance. However, after the implementation of the memory based schemes, we 

observed a significant stability improvement without any consequence on throughput 

performance. A significant jitter performance improvement was also observed. It should be 

noted that all the schemes discussed here is based on persistent re-clustering. 

The frequency of the re-clustering techniques presented in chapter 3 is time-based and not 

based on specific performance objective. Also, from the discussion on previous re-clustering 

decision approaches in chapter 2, it was deduced that a common approach to CH election 

and/or re-clustering decision is based on CH membership status and not performance. 

Building on this, the work presented in chapter 4, seeks to answer the question of when to 

initiate re-clustering events to improve network performance or at least minimize overhead. 

Two non-threshold schemes (CQRD and LQRD) were developed. The schemes initiate re-

clustering by comparing current cluster topology against a logically re-clustered topology 

based on performance criteria such as  cluster  quality and link quality (throughput) 

respectively.   The results observed indicate a superior throughput performance for both 

CQRD and LQRD over the common CH membership approach, with LQRD marginally 

outperforming PRS despite a considerably lower re-clustering instances across time as 

compared to the persistent time-based approach (PRS).  LQRD also demonstrated better jitter 

performance over all other schemes with PRS showing the poorest jitter performance. In 

terms of stability though, the CH membership approach still performed better as compared 

to our schemes. We developed a QoS index, giving equal importance to throughput, jitter and 

stability and found LQRD to have outperformed all other schemes with CQRD coming second 

in the rural-highway scenario and third in the urban scenario. 
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The work presented in chapter 3 and 4, we have worked solely on CH-to-CM V2V side-links 

and have demonstrated that some throughput performance improvement therein. In chapter 

5 we decided to have an aerial look of the clustered network to investigate the cluster 

backhaul and the resources available to it. We decided to develop a resource-aware k-

selection method that minimises the number of vehicular nodes requiring access to the BS, 

thereby increasing the bandwidth available to each V2I user. We started by analysing the 

relationship between the number of the different vehicular node types (CH, FV, and CM) 

across number of clusters and distance threshold variations. We then apply this analysis in 

two different resource allocation schemes. The first one is an allocation approach where a 

fixed set of equal bandwidth resources are allocated to V2I and V2V vehicular users and the 

second approach is one in which equal resources are allocated per users regardless of 

vehicular node type. WE named them the dedicated and shared approach respectively. We 

observed an optimal number of clusters, k and distance threshold values at the point where 

bandwidth per V2I+V2V users are maximum and the difference between V2I and V2V users 

are minimum for both allocation schemes and compared the results to our elbow method of 

selecting the number of users. In both schemes we observed that our approach realised a 

better bandwidth per V2I+V2V user-link value and minimum bandwidth difference between 

V2V and V2I user-links as compared to the elbow method values. We can infer from this that 

our approach portends lower bandwidth induced throughput bottleneck and redundancy in 

the downlink. 

6.1.2 Revisiting our Hypothesis and Objectives 

In this section, we will be revisiting our hypothesis to establish if our work and the results 

obtained therefrom supports or disproves our hypothesis. In section 1.2 of this thesis we 

defined our hypothesis as follows: 

“The approach with which and time at which vehicles are clustered and re-clustered in a relay 

hotspot scenario can be exploited to improve V2X network performance and consequently the 

Quality of Experience (QoE) for users engaged in real-time and heavy download use-cases.” 

The means by which we propose to validate the hypothesis is set under three objectives under 

which we will be explaining how the hypothesis has been validate. 
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The first objective involved demonstrating how re-clustering can be approached to improve 

V2V side-link performance and reliability. In chapter 3 we proved that we could improve 

throughput, stability, and jitter performances of side-links by employing an SNR based 

clustering criteria over distance-based approach in the cluster formation process and by the 

use of two different memory-based techniques that feeds back CH coordinates as seeds and 

centroid into different stages of succeeding re-clustering process. In this part of our work, it 

was proved that while exploiting the benefits of persistent re-clustering and SNR based cluster 

formation, stability can also be improved using the newly introduced memory-based re-

clustering approach. 

The second objective involved exploiting how the instance in time of initiating the re-

clustering process can be exploited to improve V2V side-link performance. Here, rather than 

the use of time intervals or CH membership to determine instance of re-clustering, we 

approached two performance-based metrics; cluster quality index (CQRD) and average 

throughput (LQRD) to determine when re-clustering should be initiated. The result yet again 

validated our hypothesis, as the results obtained indicates both schemes to have better 

throughput performance as compared to the common CH membership scheme, with the 

LQRD also marginally outperforming the persistent re-clustering approach used in our 

previous validation attempt. Though a marginal throughput improvement was recorded, a 

significant improvement in Jitter and stability performance was recorded over PRS.  

The third objective attempts to resolve a potential cluster backhaul bottleneck that could 

ensue from improvements in CH-to-CM V2V side-link throughput performance. Regardless of 

any throughput improvement that could be made by achieving the first two objectives, a poor 

throughput performance on the backhaul V2I/N link will limit the performance of the side-

link. We improved V2I performance by exploiting a new approach to selecting the number of 

vehicular clusters. The new approach selects k-number of clusters that maximises the use of 

bandwidth resources available to V2I users. Hence, maximizing backhaul throughput and 

essentially expanding the limits within which our hypothesis is realisable. 
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6.2 Review of Limitation and Recommendation for future Work 

This section reviews the limits of the framework within which the work we have reported in 

this thesis has been implemented and as an offshoot describes the recommended areas of 

exploration, we have identified during the work and other areas that can be improved upon. 

We will be describing these limits and future work in four categories; the topology of context, 

the use-case under consideration, and clustering. 

The topology upon which this work is built is a single cell hotspot topology, wherein intra-

cellular vehicular clusters are formed, and no detailed consideration is given to inter-cell 

interference. CMs’ access to traffic data at edge server fare limited to their respective CHs 

that serve as the only relay points to the edge server located at the BS. The topology in our 

framework also assumes a single interface (V2I or V2V) is usable at every point-in-time and 

that each vehicle is equipped with one of each. These topological assumptions however 

realistic, limits the array of relay opportunities that individual vehicles can avail for download 

of traffic data. For future work, we propose the exploration of scenarios and algorithms that 

enables CMs to exploit the option of selecting between multiple interfaces and links and/or a 

coordination of multiple interfaces and links. This could be a combination of relay and direct 

points or combination of multiple relay or multiple direct points. This suggests the adoption 

of heterogeneous vehicular networks where vehicles could be equipped with multiple V2X 

RATs of same or different evolutional lines such as IEEE 802.11p and IEEE 802.11bd or IEEE 

802.11bd and 5G-V2X respectively. It is also worth investigating how our proposed schemes 

work in a multi-cellular context. Particularly how the cluster-based resource allocation works 

within different frequency reuse schemes and how interference and handover affect the 

outcome of the schemes. 

The use-case in consideration in our scheme particularly looks to a short-term real time 

download of traffic data and urgent software updates. However emerging use cases that 

might require a long continuous download of high precision and data intensive data will 

require studies over a longer period of time and across multiple cells. The implication of this 

would be that the approach where we have used a fixed number of clusters across time might 

be unsustainable after some time in this context. A newer memory-based approach where 

data from current cluster structure will still be carried over in successive re-clustering phases, 



144 | P a g e  

however, with the number of clusters adapting to changing topologies and increasing number 

of vehicular nodes can be conceptualized for further research.  

The clustering approach throughout this work reported in this thesis is based on CH selection 

from within vehicular nodes. However, vehicles nodes move in different directions, make 

different mobility decisions, and are restricted by road networks. These make them often 

unpredictable and incapable of assuming the best coordinates to serve CMs. This in turn limits 

the stability and throughput performance obtainable from the CH-to-CM V2V side-links. For 

future work, a consideration of dedicated cluster heads whose mobility will be predictable 

and less prone to issues of line-of-sight is worthy of some research effort. We propose the 

use of dedicated Unmanned Aerial Vehicles (UAVs) as CHs which has the potential to 

persistently compute and assume the best CH position to serve CMs. UAVs also has the 

advantage of better aerial coordination, coverage, and LOS.  

The re-clustering decision making algorithm that we have introduced in chapter 4 of this 

thesis is based on instantaneous decision making, where vehicles make computations and 

instant decision based on the information currently available to them. This limits the speed 

with which the network responds to changes in the highly dynamic network. Though the 

schemes presented in chapter 4 are still a reasonable re-clustering approach for semi-

autonomous vehicles, however for fully autonomous driving scenarios, we propose pre-

acquisition of vehicular trajectory by the BS-based MEC, to make pre-emptive network and 

traffic decisions to improve network and traffic efficiency, while minimizing response times. 

Also, the use of ML prediction algorithms, such as Recurrent Neural Network (RNN) or Long 

Short-Term Memory (LSTM) Networks can be employed to make traffic flow prediction and 

improve traffic management to prevent congestion by pre-emptively scheduling vehicular 

updates and make intelligent re-clustering decisions. 

In chapter 5, we discussed two different V2X resource allocation schemes that essentially 

gives same weight of resource entitlement to all V2I user-links, comprising of CH-to-BS and 

FV-to-BS. However, both links have different level of importance and should be allocated 

different levels of bandwidth resource. The CH has a relay responsibility and any throughput 

bottleneck on its relay path will affect all other vehicles within its cluster. For future work we 

propose a deterministic approach to resource allocation where the throughput requirement 
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of end users is ascertained. Then bandwidth allocation to each user-link will be weighted 

based the level of relay responsibility each user bears and the link channel condition (SINR). 

We suppose this approach will allocate a fairer bandwidth resource to CHs and further reduce 

the risk of potential downlink bottlenecks. 
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