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Abstract

Connected Vehicles (CV) and Autonomous Vehicles (AV) are two of the most promis-
ing modern vehicular technologies to tackle road safety challenges with advanced
communications, sensor and Artificial Intelligence (AI) technologies. The primary
motivation for this thesis is a study into the design and evaluation of connected and
autonomous vehicles (CAVs) technologies for cooperative road safety applications.

As vehicular communication plays a critical role in CAV networks and road
safety applications, this thesis designs, improves and evaluates a software-defined
radio (SDR) based vehicle to everything (V2X) platform. It provides a scalable and
more cost-effective solution for Dedicated Short-Range Communications (DSRC)
and V2X research. Experiment results show the SDR-based DSRC can perform to
the standards of commercial DSRC systems with high reliability of over 99%, low la-
tency of 2.89 milliseconds and a communication range suitable for Vehicle to Vehicle
(V2V) which is measured up to 250 metres. It maintained high performance whilst
mobile and is proven capable of transmitting video data. This improved SDR-Based
DSRC is an invaluable academic tool for the research community.

Furthermore, the V2X communication reliability and its impact on road safety
are investigated. This is essential for modelling safety with communication capabili-
ties. New algorithms for collision avoidance with V2V communication are designed
and developed. V2V communication packet losses are measured and modelled. Its
impact on stopping and safety distance is investigated. Simulation results show that
V2V can effectively reduce vehicle reaction time, which decreases the stopping dis-
tance needed, and that the density of CV networks has a more significant impact on
safety distance than the V2V communication distance. These investigations show
significant impacts to safety when consecutive packet losses are incurred, leading to
increased numbers of collisions.

Lastly, cooperative sensing among the CAVs and connected road infrastructure
is investigated to improve road safety. As the sensors of AVs have inherent short-
comings, cooperation among CAVs and the infrastructure could help enhance the
perception of the driving environment and make safe driving decisions. A novel Co-
operative connected Road-infrastructure and Autonomous Vehicles (CRAV) frame-
work is designed and developed with a scalable and flexible simulation approach.
Various use cases with CRAV are studied to investigate the vulnerable road users
(VRU) collision warning. A new approach to utilising the Responsibility-Sensitive
Safety (RSS) model and CRAV is also designed to provide an appropriate safety dis-
tance to facilitate collision avoidance. Results show that with the support of Road-
side Units(RSU), vehicles can be alerted to the presence of VRUs much earlier than



when using local sensors, up to a maximum of 80 metres. RSS with CRAV integra-
tion can significantly reduce road collisions, which is highly significant for reducing
road fatalities and the results show collisions are reduced with the incorporation of
these new algorithms for speeds up to 31 metres per second.

To sum up, this thesis presents an improved SDR based DSRC communication
tool for academic research into V2X, an extensive investigation and creation of new
algorithms for stopping distance and a novel CRAV framework simulation that com-
piles many areas needed for V2X into one complete system. The approaches taken
in this thesis show significantly improved safety for road users.

Future work will be an extension of the SDR-based DSRC in large scale field
tests and an incorporated automatic gain control. In addition, CRAV will be further
developed to consider an expanded amount of safety scenarios and an investigation
into the impacts of CRAV on road capacity.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Introduction

Safer roads and safer driving are primary concerns that need addressing, and this
can be achieved with the implementation of vehicular communication. Road acci-
dents and congestion are some of the main issues for safety and are contributing
factors leading the way to find solutions towards a safer and more efficient road
system. The World Health Organization (WHO) reported that more than 1.2 million
people suffered fatal road accidents in 2015 [1] and this rose to over 1.3 million in
2021 [2], with more than half of all road deaths being vulnerable road users. In the
UK alone, the national statistics for 2019 state that approximately 2000 road-related
fatalities occurred with a further 28000 serious injuries [3]. In addition to this, it has
been reported that traffic congestion will lead to the loss of 90 billion hours per year
spent in a vehicle, and this leads to an increase in pollution [4]-[5]. Inrix, a traffic
data firm, has also reported that an average UK driver will lose 178 hours yearly
due to congestion, which in turn leads to a loss to the UK economy of £7.9 billion
[6]. In addition to these issues, congestion increases air pollution with the excessive
wastage of fossil fuels; by improving efficiency, less time is spent idling on roads.

However, both Autonomous Vehicles (AV) and Connected Vehicles (CV) have
been shown to have limitations currently. For example, AV relies on primarily sens-
ing technologies. The problems can be highlighted with the fatal accident examples
of the autopilot Tesla failure in 2016 [7], a self-driving Uber in 2018 [8], Waymo
driverless cars being involved in 18 accidents [9] and the Tesla autopilot failure in
2021 resulting in two fatalities [10]. CV technologies rely upon the exchange of
messages between communicating nodes, such as vehicles, and the impact of this
technology is hindered because of the lack of market penetration, high cost and
non-commercial availability [11]. In recent years the requirements for V2X have
grown, such as with the evolving needs for more efficient and robust Advanced
Driver Assistance Systems (ADAS) techniques and autonomous vehicle technolo-
gies, thus increasing the requirement for efficient, robust and low latency vehicular
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communications that can support a multitude of ADAS techniques whilst support-
ing autonomous driving capabilities.

Cooperative and Autonomous Vehicles (CAVs) are changing how transporta-
tion is perceived, used and operated. As road traffic accidents and traffic congestion
continue to be challenging issues in the global transport sector, it is hoped that CAV
technologies can improve general road safety and reduce traffic congestion. Most
of the current research is conducted on public roadways. It involves many corpora-
tions such as Uber with their self-driving taxis, Amazon with automated fleets and
Tesla with their autopilot features. Safety in the CAV environment is highly critical
and is one of the fundamental concepts that need to be addressed. The increase in
safety has a tumble effect of consequences such as reducing road fatalities, less time
spent on the road, reducing fossil fuel usage and easing the economy’s loss due to
hours spent on roads.

The future of vehicles is significantly changing, from being a combustion-powered
machine used to get from one place to another to an electric, autonomous, fully con-
nected device. This new generation of vehicles will offer many benefits such as fossil
fuel reduction, a safer mode of transport and offering a more enjoyable travelling ex-
perience via additional in-vehicle services. A critical part of this is the adoption of
wireless communication capabilities. Whether between vehicles, vehicles to infras-
tructure, vehicles to pedestrians or vehicles to the global network, forming a fully
connected vehicle network is not just adding a component to vehicles. It is chang-
ing the definition of vehicles from mere transport to a globally connected trans-
portation device. Communication is a crucial component towards reaching the full
potential of autonomous vehicles, and it will be vitally important in forming Intelli-
gent Transport Systems (ITS) [12]-[13]. There are many concerns about the adoption
of this technology, as with any emerging enhancements, for example, 5G [14]-[15].
Therefore, the system selected and incorporated must have some key features, and
these features are to enable user comfort, ensure robust connectivity, offer reliable
communication and provide road user safety [16].

1.2 Research objectives

Safety is vitally important in the evolution and adoption of CAVs and still requires
extensive testing and development. CV will be an essential tool and discovering the
advantages and disadvantages of this technology is of high importance and the sub-
ject of many research projects. There are two leading competing technologies to be
the standard used; these are known as 802.11p/DSRC/ITS-G5 [17]-[18] and 4G/5G
Cellular Vehicle-to-Everything (C-V2X) [19]-[20]. These different technologies are
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currently still being researched, developed, standardised and tested, and as such,
there is still a debate about which will be adopted for CV or AV.

DSRC is based upon IEEE standards and is considered as the forerunner for Ve-
hicle to Vehicle type communication and as many safety-based operations take place
between vehicles [21]-[22]. This technology is vastly maturing, but most research is
focused on the performance parameters of the devices rather than the application
and practical usage. Existing technologies for DSRC are proprietary systems capa-
ble of only operating to the original manufacturer specifications, which reduces the
reconfigurability and adaptability. Further works are concerned with developing
connectivity instead of focusing on the application of the technology and critically
analysing the most critical aspects of its application [23]. Collision avoidance is a
massive part of vehicular safety, and many of the works concerning this focus solely
on simulated analysis [24], [25], [26], [27]. Real-world testing is also essential to
analyse the system and learn how it performs in the environment [28]-[29]. Cur-
rently, it is not yet standardised entirely. Much work still needs to be performed in
the research towards vehicular communication and which technology will be used.
Therefore, it is highly advantageous to analyse DSRC relating to safety over an ex-
tensive range of quantifiable areas and prove how this technology performs and its
advantages.

This study aims to investigate the performance of vehicular safety-related con-
cepts such as collision avoidance and stopping distances, focusing on identifying
how communication will improve the development of safety systems that rely on
different types of communication. An SDR-based DSRC transceiver has been de-
veloped to investigate the performance of DSRC and conduct measurements linked
to real-world scenarios analytically over a variety of different performance aspects.
The investigations are aimed towards safety-related performance and how it is ap-
plied to assist in collision avoidance. The DSRC transceiver will be built utilising
a technology known as Software Defined Radios (SDR) which is beneficial for re-
search purposes and will form the basis of a V2X platform. The platform is signifi-
cantly more scalable than traditional DSRC, due to high cost of multiple devices and
a more cost-effective solution for further V2X research.

Secondly, DSRC is incorporated into a collision avoidance scenario to compare
the performance of stopping and safety distances with and without communication
capabilities. V2X communication reliability is then considered, and the impacts on
road safety are investigated. Novel algorithms are developed for collision avoid-
ance. Additionally, V2X packet losses and measured and modelled for different loss
scenarios, with their impacts on safety distance quantified.

Lastly, cooperative sensing and communications will be used to identify how
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they can also increase safety. This investigation is performed in a Cooperative con-
nected smart Road-infrastructure and AV (CRAV) framework to assess the impact
of data fusion, pre-defined deep learning techniques and RSU information shar-
ing and this done to show the difference between non CRAV enabled vehicles and
CRAV enabled vehicles for detecting various safety occurrences. Various scenarios
are designed to study the implications of safety for vulnerable road users (VRU) and
AVs. In addition, a novel approach with Responsibility-Sensitive Safety (RSS) and a
newly developed Actual Warning Distance (AWD) model are proposed to provide
more accurate and appropriate safety distances. The implications of CRAV are to
assess the safety benefits offered with and without RSU assistance for vehicles and
different types of vulnerable road users.

1.3 Contribution

The availability of commercial DSRC devices is limited to expensive systems cur-
rently mainly used in automotive research and development by leading automotive
vendors, such as Tesla, BMW, Audi and Ford [30], [31], [32]. Through design and
development, SDR-based DSRC has been achieved with the modification of an exist-
ing open-source project [33] previously used to create a DSRC compliant transceiver.
This modified SDR-based DSRC is based on Software Defined Radios, that can be
used to emulate a traditional DSRC. The SDR implementation has been thoroughly
examined, and various experiments performed to show the capabilities, disadvan-
tages and advantages. SDR devices are a cheaper alternative to commercial DSRC,
which is highly beneficial for the research community and offer many more benefits.
They are also flexible in how they can be operated, allow on the fly configuration
changes, are interoperable with open-source software and are highly scalable. Fur-
ther to this, the adoption of vehicular communication could potentially be split be-
tween 5G, 4G, DSRC or other future technologies, and the network will not be fully
connected if the V2X protocol differs per vehicle. SDR is fully adaptable, and thus
the network selection can be altered on the fly, allowing SDR technology to operate
as all V2X network types. However, SDR also has disadvantages such as it can be
limited by the user’s expertise, can be time consuming to initially configure, and
features no direct interface to a vehicle.

Mathematical algorithms for stopping and safe distances are developed from the
results of the experiments, and further simulated tests were performed. Pre-defined
deep learning techniques for object detection and recognition and cooperative com-
munications techniques for additional assistance are investigated, particularly for
relaying vision detected obstacles or when in Non-Line of Sight (NLoS) conditions.
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The research methodology initially investigates the fundamentals and background
research relating to CAVs, Vehicular Ad-hoc Networks (VANET), infrastructure and
the components of such systems. The research findings highlight areas that have
not yet been fully utilised, such as using communication for safety distance mainte-
nance, designing and developing algorithms for safety, simulation of various forms
of consecutive packet loss and their impacts and cooperative relaying of information
from video/deep learning. We then look at related research, highlighting the areas
focused on safety and stopping distance. The focus then shifts to identify other asso-
ciated technologies that have attempted to create DSRC implementations and show
how the technologies could not meet the standards required for robustness, relia-
bility and quality. We then show how we chose our system and the components,
with further descriptions of our experiments and findings. Infrastructure commu-
nication is explored, developing a new framework towards cooperative, connected
infrastructure and intelligent vehicles for the vehicle’s safety and vulnerable road
users.

This thesis has primary contributions which can be summarised into two cate-
gories:

1.3.1 Research contributions

The following list is a breakdown of each of the contributions made overall.

• Design and development of an SDR-based DSRC/802.11bd/p platform. SDR-
based DSRC is flexible, scalable and a better approach for research and de-
velopment whilst maintaining performance equal to the standards that are
required for commercial DSRC systems such as the Cohda MK5. With high
reliability, low latency and a communication range suitable for V2V. These
findings are then applied for stopping distance for collision avoidance.

– the design allowed easy customisation and adaptability and was created
by improving an existing open-source project and then applied to V2V
rear-end collision avoidance through the development of stopping dis-
tance algorithms. The SDR approach was taken as commercial devices
may be adopted from different vendors with the same communication
capability. On the other hand, SDR may be configured to adapt to use
many communication types such as cellular and Wi-Fi. Performance at-
tributes for DSRC are measured relating to robustness, latency, reliability,
data rate, packet loss rate and throughput. These performance statistics
are applied to stopping distance for vehicles and show the significant
benefit for CAV by reducing stopping distance.
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• Safety and stopping distance algorithms to improve collision avoidance

– Algorithms have been designed and evaluated for both stopping and
safety distances to show the increase in safety provided by communi-
cation capabilities. The algorithms are applied to field test results with
related tests providing analysis and key performance aspects. The tests
highlight how the usage of DSRC reduces the distance needed to allow
a safer driving experience. In addition, the test evaluates the distance-
based performance factors and data rate performance. This study gives
new insights into vehicle communications for how data can be used and
shared towards improving safety performance.

– Field test data concerning various levels of losses is and categorised; dis-
tance independent, distance dependant and density based. These losses
directly impact communication reliability, which concerns safety-related
reliability. These losses are proposed with various algorithms to assess
the impact on stopping and safety distance. Various tests are shown be-
tween fieldwork and simulations.

• Cooperative CRAV for intelligent vehicles and safe driving

– A CRAV framework is designed and developed in a software-based form.
Such an approach is novel as to the best of knowledge, connected smart
road infrastructure and autonomous vehicles for safe driving has not
been fully investigated. A decoupled framework is proposed in software,
which can be used offline and easily adapted and modified. This frame-
work is used to investigate the impacts of a connected roadside infras-
tructure with vehicles, and various use cases with CRAV are studied to
investigate the VRU collision warning.

– CRAV is used to show the advantages of sharing data between vehicles
and infrastructure with cooperative models. The impact on RSU location
to avoid potential collisions is evaluated under different sensor configu-
rations. Local sensor data is compared with RSU data gathered through
pre-trained deep learning and shared with CAV nodes. This investiga-
tion is performed over a wide range of scenarios and shows the inherent
advantages of cooperative CRAV to identify the existence of VRUs on the
road that are blocked from direct vision.

– A novel approach to use RSS for safety in CRAV has been designed, with
algorithms developed for safety and stopping distances to reduce col-
lisions between vehicles and VRUs and rear-end vehicle collisions. In
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addition, a novel method of identifying vehicle locations is produced to
solve identified issues in other works when the location of a vehicle is a
GPS coordinate, disregarding vehicle dimensions.

– an analysis of cooperative communication and the ability to relay infor-
mation in the vehicular environment is provided and solves issues for
NLoS. Highlighting the use for safety-related scenarios and giving new
insights on delivering safety broadcasts to surrounding vehicles.

– CRAV is proposed for development in collision avoidance using different
speeds. The effectiveness of CRAV is shown to reduce collisions between
vehicles when appropriate spacing is used; the developed algorithms and
infrastructure can provide that.

1.3.2 List of academic publications

This thesis is based on the following list of peer-reviewed publications and each has
been specified to a chapter.

• Chapter 3

– S. Knowles Flanagan, J. He, and X. H. Peng, "Improving Emergency Colli-
sion Avoidance with Vehicle to Vehicle Communications," Proc. - 20th Int.
Conf. High Perform. Comput. Commun. 16th Int. Conf. Smart City 4th
Int. Conf. Data Sci. Syst. HPCC/SmartCity/DSS 2018, pp. 1322–1329,
2019.

– S. Knowles Flanagan, X. H. Peng, I. Yusoff, and J. He, "Empirical Investi-
gation of SDR-based DSRC Communication," IEEE Veh. Technol. Conf.,
vol. 2020-May, pp. 0–4, 2020.

• Chapter 4

– S. Knowles Flanagan, Z. Tang, J. He, and I. Yusoff, "Investigating and
Modelling of Cooperative Vehicle-to-Vehicle Safety Stopping Distance,"
Future Internet, vol. 13, no. 3, p. 68, Mar. 2021.

• Chapter 5

– Z. Tang, J. He, S. K. Flanagan, P. Procter, and L. Cheng, “Cooperative
Connected Smart Road Infrastructure and Autonomous Vehicles for Safe
Driving,” Proc. - Int. Conf. Netw. Protoc. ICNP, vol. 2021-November,
2021.
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– Investigating the Safety Impacts of Cooperative CRAV for Safe Driving -
Currently in Preparation

– Implications of Cooperative Connected Smart Road Infrastructure and
Autonomous Vehicles for Road Safety - Currently in Preparation for Sub-
mission to the IEEE Network Magazine

1.4 Structure of thesis

The remainder of the thesis has been organised into five chapters, each pertaining
to a different aspect. Chapter 2 is dedicated to a literature and background review
into CAVs and related concepts, with further detail on communication technologies
used and brief descriptions on the operation of each. There is also a short description
of the fundamentals of the types of wireless communication and related attributes,
which serve as the basis of the thesis works and will help emphasise the motivation
behind the thesis and how the contributions are relevant.

Chapter 3 presents the development and investigation of DSRC via using SDR
devices. The development and calibration procedure for SDR-based DSRC is shown.
The tools used are introduced, explaining the testing and measurement scenarios
performed to assess the reliability and quality of the performance and connectivity,
particularly concerning V2V. Results are then presented with their impacts and rele-
vance for CAVs, focusing on QoS and reliability. Each scenario is described for how
measurements are taken and how they could improve safety for collision avoidance.

Chapter 4 utilises the results gathered in chapter 3 to enhance collision avoidance
performance, focusing on developing real-world scenarios and related performance
measurements, through an analytical model methodology. A new algorithm is de-
signed as a tool for measuring and ensuring safety distance is maintained for V2V.
The impacts of the consecutive losses identified in chapter 3, are explored in various
scenarios. Mathematical processes, field tests and simulated proofs are used to as-
sess the losses. These results are used to create models for differing types of safety
distance, depending on the environment.

Chapter 5 presents cooperative, smart road infrastructure and CAV with the ap-
plication of pre-defined deep learning techniques toward collision avoidance and
intelligent vehicles. CRAV is a decoupled framework used to investigate scenarios
to compare local sensors to those with RSU assistance. We also show an example
of cooperative communication with and without pre-defined deep learning for ob-
ject recognition, to share application-specific data. An assessment is also performed
to analyse the performance for NLoS safety applications using cooperative relaying
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systems using a newly developed set of algorithms. These algorithms are an evolu-
tion of RSS for CRAV and Actual Warning Distance (AWD) to highlight the differ-
ence between received data and real-world data. This process differs from chapters
3 and 4 and uses vehicle communication and V2I with RSU assistance.

Finally, in chapter 6, the thesis is summarised and discussed. The thesis is then
concluded, and future directives are speculated.

This research project has received funding support from the European Union’s Horizon 2020 re-
search and innovation programmes under the Marie Skłodowska-Curie grant agreement No 824019
and grant agreement No 101022280.

This research was also supported by funding through Aston University, Engineering and Physical
Sciences Research Council award 1957348, and Highways England.
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Chapter 2

Background on Vehicular
Communications

2.1 Introduction

Wireless communication has been a vital component of modern communication for
many years. Starting from a simple radio transmission by Marconi in 1896 [34], to
wireless transmission of data known as SMS [35], satellite communication [36] and
to the modern technology of today enabling wireless internet connectivity in many
forms [37]. Wireless communication has evolved and continues to do so at a rapid
pace. The capability to transmit and receive information over wireless is an en-
thralling achievement, which continues to reach new capabilities. The elimination
of the need for a physical medium to connect allows for communication in many
forms. Examples are streaming information from Device-to-Device (D2D), body
area networks through Bluetooth and ubiquitous connectivity for mobile phones
and smart devices that allow interconnections between many more devices to inter-
operate and work together. This connectivity forms what is known as the Internet
of Things (IoT). IoT is shifting focus from an individual being connected to hav-
ing everything connected, wherever and always. One vital component of the next
generation of wireless connectivity is the connected vehicle concept.

Vehicles are a quintessential component of everyday life, and to fulfil the goal
of fully connected smart cities, it is vitally important that vehicles are always fully
capable of being connected [38]. The research and development going into this goal
continue at a fast pace, making vehicle transport into an intelligent transport sys-
tem. The concept of a connected vehicle is to enable a safer, more efficient and
comfortable experience for the user. For instance, the increase in safety will lead to
fewer accidents and congestion, which has the ripple effect of reducing the usage
of fuels leading to a reduction in pollution. For the user, safety is critical but not at
the expense of comfort and experience; this must be achieved together. Figure 2.1

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 24



Chapter 2. Background on Vehicular Communications

shows a mind map containing some vital features to vehicular communication. The
centre of the mind map shows the core component enabling CV connectivity in red.
The following essential features can be directly connected from the core and are the
three crucial factors of user experience, capacity and safety in orange. The enabling
components can be seen in yellow and green, which are the least important factors;
however, they are essential for CV.

FIGURE 2.1: Mindmap of vehicle communication

One goal of the smart vehicle is fully autonomous driving, referred to as CAVs.
CAVs are the combination of technologies and techniques to allow vehicles to com-
municate, share information and have heterogeneous knowledge of one another,
although this is not strictly limited to vehicles. This cooperative collaboration will
lead to a safer and more efficient road system and is currently an ongoing devel-
opment for traditional Wi-Fi-based and cellular-based technologies, both used in
conjunction with sensors. Wireless and vehicle communication fundamentals will
be discussed to understand the debate for the candidate technologies, with further
work shown in the current research area.

2.2 Wireless communication fundamentals

Wireless communication characteristics are determined by the choice of technology
used. There are many variations of the technique ranging from earlier systems such
as radio to the latest technologies such as cellular 5G and Wi-Fi 6, with further evo-
lutions still in development. Depending on the type of technology used determines
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their use case, many vital aspects must be considered when developing and select-
ing the appropriate solution. Wireless communication is a type of connection that
allows data to be shared without a physical connection, and it enables far more op-
tions than those of wired networks. The basic principle of wireless is to utilise a
source and destination system. The transmission medium is the channel, and the
transmitter or receiving device is equipped with an antenna. An example is seen in
Figure 2.2. This figure gives a general overview of wireless communication and an
example scenario of a laptop accessing a server.

FIGURE 2.2: Block diagram of wireless communication basics

Wireless communication is a form of radio propagation at its core. With this
comes the theory of free space being the channel, which is the environment between
sender and receiver in clear Line of Sight (LoS) conditions, where there are no ob-
stacles in the signal path. Wireless communication is the most used network type
worldwide [39] There are continually newly emerging standards and technologies
to enhance further and strengthen their performance. There are many forms of wire-
less communication, and along with this, there are many metrics used to measure
performance.

There are multitudes of wireless communication available such as Bluetooth,
infrared, ultra-wideband, cellular, Wi-Fi and many more. However, not all these
types of communication suit the specific needs of vehicular communication. The
specified technologies that are the primary contenders for the usage in CAVs are
Wi-Fi-based and cellular [18], as they are the most mature and available options.
This brief section will give an overview of many related wireless communication
parameters that are used for testing wireless capabilities.
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2.2.1 Wireless communication attributes

Wireless communication has many attributes used to measure different components
as wireless is used in many different types of devices such as television, mobile
phones, watches and vehicles. An understanding must be given for various terms
used to describe the attributes used to describe and measure these communication
types. The following section defines the most important aspects commonly used in
wireless communication and will be used throughout the thesis.

Signal-to Noise Ratio (Power)

SNR is a measurement of power used to indicate the strength of a signal compared to
background noise or a ratio between the information signal and unwanted signals. It
is an important measurement that determines the ability of a receiver to distinguish
between information and noise [40]. This is represented in Equation 2.1.

SNR(dB) =
PSignal

PNoise
or SNR(dB) = 10log10(PSignal) (2.1)

Data rate

The data rate measures the transmission speed, or the number of bits/bytes trans-
mitted per second [41]. Represented in Equation 2.2.

Data Rate (bps) = Packets Sent ∗ Packet Size (2.2)

Range

The range is a measurement of distance used to denote the maximum distance that
communication can be transmitted over. This is commonly determined by the sig-
nal strength and calculated by the SNR. In the case of wireless communication, the
range is determined to be the communication range, which dictates how far a signal
can be propagated and received. This measurement is usually taken in metres or
kilometres.

Reliability

Reliability is a term used to emphasise how reliable a communication link is. This is
often a ratio between the number of packets received and the number of lost packets.
This can be represented as either being packet error rate (PER), packet loss rate (PLR)
or packet success rate (PSR) [42]. Represented in Equation 2.3 for PER.
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PER(%) = Packets lost/Packets sent (2.3)

Path loss

Path Loss is an exponent used in communication, and one form most commonly
used in wireless is Free Space Path Loss (FSPL). It measures the losses incurred
by a signal through the air where the path is free from any impediments such as
obstacles. The measurement of FSPL is classified as propagation loss due to signal
attenuation[43]. FSPL is represented in Equation 2.4.

FSPL, or, L f (dB) =
(

4 ∗ π ∗ f ∗ d
c

)2

(2.4)

Where c represents the speed of light, d is used for the distance between antennas
and f denotes the frequency being used.

Latency or delay

Latency is a measurement of time used to represent the interval between the infor-
mation sent by a transmitter and the information received at the receiver. It can
be measured as the end to end latency from transmitter or receiver or round-trip
latency/time. This time is split into two types,

• the queueing or processing delay: the time taken for the packet to reach the
transmission medium, this is the most critical delay in wireless communica-
tion, as it is the delay incurred by the hardware and software components.
Shown in Equation 2.5. Where L represents packet length and R represents
transmission rate.

• the propagation delay: the time taken for the packet to travel across the trans-
mission medium to the destination. Shown in Equation 2.6. Where d repre-
sents the distance between nodes and c represents the speed of light.

TT(s) = L/R (2.5)

TP(s) =
d
c

, c = speed of light ≈ 2.9× 108 (2.6)
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2.3 Vehicular communication fundamentals

The modern vehicle is vastly different from previous decades, where vehicles relied
mostly on mechanical features to control and operate the vehicle. Electric vehicles
have become more common, and autonomous vehicles are the next trend [15].

Vehicular communication is the term given to represent the concept of commu-
nication and networking when relating to a connected vehicle or vehicular network.
There are many forms of this type of communication. It is not solely limited to ve-
hicles communicating with one another, but rather a vehicle communicating with
another ’thing’, known as Vehicle to Everything (V2X) [44]. As the technology and
techniques are continually evolving toward wireless communication for vehicles,
the fast rate and growth emphasise the need for supporting technologies and infras-
tructures capable of meeting the high requirements of this worldwide system. Two
main competitors are the options for the Intelligent Transport System (ITS) future.
They utilise different types of communication and are defined differently depending
on the country or continent they are being developed for [45]-[46].

2.3.1 Connected and Autonomous Vehicles (CAVs)

CAVs are a future goal, with fully connected automated self-driving vehicles. They
will form what is known as the ITS [47]-[48]. CAVs utilise many communication
techniques to form a network between vehicles (V2V) and infrastructure (V2I), amongst
other such types. A prominent component of CAVs that holds a great potential to
build vehicular cooperation and mutual awareness is the Vehicular Ad-hoc Net-
work or VANET. Two main competitors are the options for the future of ITS/CAVs,
and they utilise different types of communication. Firstly, the two competing tech-
nologies are a traditional Wi-Fi-based system adapted for vehicular needs with an
improved standard known as 802.11p/DSRC [49] or ITS-G5. The second technol-
ogy is cellular networks, with slight amendments known as 4G LTE-V2X and future
5G/C-V2X[50]-[51]. A vast amount of research is invested in the growing area of
vehicular communications, leading to fully Autonomous Driving (AD). Technol-
ogy and communications must continue to evolve for AD to meet the needs of this
highly complex communication network to enable efficient data dissemination. The
ITS refers to all types of transport being connected, via ad-hoc, infrastructure or
other such devices, and CV is primarily focused on the communication of road ve-
hicles [52]. There are many types of communications systems that are in the field of
CV, and the two most prominent and researched are Vehicle to Vehicle (V2V) and
Vehicle to Infrastructure (V2I), which form a part of V2X.
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There are six stages to this plan ranging from zero (no autonomy) to five (full au-
tonomy) and DSRC is an enabling component of autonomy; these stages are shown
in Figure 2.3 and are based upon the Society of Automotive Engineers (SAE) inter-
national standard J3016 [53] and the Organisation Internationale des Constructeurs
d’Automobiles (OICA) levels of automated driving [54]. This research whilst not
contained to a level, the need for communication will be a core component of reach-
ing level five.

FIGURE 2.3: The six levels of autonomous driving [55]

CAV technology is currently under scrutiny to determine which wireless com-
munication will be utilised. Currently, the most mature options are 802.11p or
DSRC, LTE-V2X or a hybrid heterogeneous network [56]-[57]. DSRC is one of the
most researched types and is the only technology currently commercially available.
It is formed as part of the IEEE 802.11 standards and operates via an on-board com-
munication device used for communicating with other vehicles on the 5.9GHz band.
The DSRC device is used for message exchange, and the core message defined by the
SAE is the basic safety message (BSM). This message contains data about the vehi-
cle location, speed, brake operation, direction heading and safety-related messages
[58]-[59]. This message broadcasts situational data to local vehicles [60].

Sensing is an important aspect of the development of CAVs. They can supply ef-
ficient information to the vehicle, which can be used by the vehicle with the sensors
or relayed to other vehicles for cooperative collaboration. A review of sensing and
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communication factors has been performed in [61], and they analyse different types
of sensing available and the benefits or drawbacks they will offer CAVs. Radio De-
tection and Ranging (RADAR), Light Detection and Ranging (LIDAR), camera and
acoustic sensors are some of the reviewed sensors, and they propose a fusion of sen-
sors and communication will be the greatest advantage for CAV development. This
approach is further highlighted in [62], where the authors propose a LIDAR and po-
sitioning sensor fusion algorithm used with V2V will be the optimal safety solution;
they detail the advantages this will provide and state this must be realised in future.
They show an example scenario with a rover equipped with a Global Positioning
System (GPS) and LIDAR that significantly increases position accuracy when both
systems are used instead of just one.

Finally, in [63], they propose using V2V as a sensor for cooperative driving. The
authors propose that V2V can relay information, combine the supplied information,
and share it with other drivers. This approach effectively renders V2V as a sen-
sor communication device. They do, however, note the application logic will have
to be significantly sophisticated at dealing with and fusing large and varied data
amounts.

2.3.2 Vehicle to Everything (V2X)

Vehicle to everything is a term that groups all types of communication in this area
under one term; there are, however, many different branches to V2X. These branches
enable different communication types to occur and relay information between any
parties involved for many multiple different reasons. V2X can be split into many
types of communication, for example; Vehicle to Vehicle (V2V), Vehicle to Infrastruc-
ture (V2I), and can also include Vehicle to Pedestrian (V2P) and Vehicle to Network
(V2N), the use of these various techniques is to enable autonomous driving.

The origin of V2X communication is based upon the concept of Device to De-
vice (D2D). However, non-proprietary V2X suffers many issues relating to inter-cell
interference, high latency and poor reliability[64]-[65]. This concept led to an in-
creased interest in research and the evolvement of hardware designed for these use
cases. Though originally envisaged for use with safety applications, the technology
has been expanded to include enhancements for traffic efficiency, provide the ability
to use infotainment services and increase user quality of experience [66].

2.3.3 Vehicle to Infrastructure (V2I)

Vehicle to infrastructure is a node to node exchange of information, usually from
vehicles to roadside units. This method enables communication to be used any-
where in the surrounding area or even countrywide. The capabilities provided by
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V2I are continually expanding and highly important within the automotive sector,
and it has been theorised that 80% of accidents can be avoided using this technology.
Problems that can be avoided include traffic congestion, parking spot locating, and
fuel wastage at traffic stops, all of which can be mitigated with V2I assistance [67].

Primarily the usages again are for the information to be used for safety or traffic
management, via information being passed to road agencies or even emergency ser-
vices. For example, if a vehicle sees a crash, the information will be sent to an RSU
node and passed along anywhere necessary. An added benefit to V2I is the ability to
allow road surveys from vehicles, allow governments to plan new roads, plan road
development, and even for traffic companies to analyse road conditions.

A future implementation of V2I is to reduce the use of road signage and instead
use roadside sensors for advertising roadside information to the driver. However,
a problem with V2I will be if other vehicles are not connected, as they will appear
invisible to V2I structures.

Signal Phase and Timing (SPaT) is the biggest type of V2I investigation, which
incorporates vehicle information over time to optimise vehicular patterns and ade-
quately manage traffic flow in areas. SPaT also helps vehicle owners by optimising
time and providing fuel economy.

Nwiziege et al. propose that the key challenges for V2I are achieving high mo-
bility and high data rates whilst maintaining the use of 802.11 standards to maintain
a high quality of service. They recommend the use of a Rate Adaptation Algorithm
(RAA) to control and manage these factors [68].

With a complete ITS framework, V2I will perform real-time data transmission,
allowing infrastructure data to be processed and used for services non-local. V2I in-
cludes things such as paying toll systems [69], identifying car parking spaces, avoid-
ing congestion and providing real-time travel advice to passengers [70].

Lin et al. compare 802.11a and 802.11p for V2I communication [71], and they
analyse the throughput over a distance from 25-475 metres. The results show that
802.11p has a significant advantage due to the lack of authentication required, and
thus throughput and connection time are much higher.

2.3.4 Vehicle to Vehicle (V2V)

Vehicle to vehicle is one of the most important technology concepts to arise in vehic-
ular communications technology. However, it is also one of the most challenging.
The main concept of V2V is an automobile technology designed to allow commu-
nication between vehicles on the road. Usually, this is with an ad-hoc connection
or VANET utilising DSRC/C-V2X technology. This communication is a wireless
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exchange of data, providing many types of information, with one of the core infor-
mation sources relating to safety.

This type of vehicular communication is a necessity for the primary area of
safety. Vehicles will pass along known information from other vehicles, advertising
their locations via GPS information, direction, speed, and other information relat-
ing. Further areas of V2V are accident avoidance and detection, advertising road
conditions, share route information and traffic information.

A V2V approach taken by Tian of Beijing University is to produce a self-adaptive
system via SDR. [72]. Their proposal will include the DSRC and WAVE standards
associated with V2V, and the platform is based upon a Linux OS. The system com-
prises a self-written program adapted to both a host and router side. The system
then analyses many performance factors emulating driving conditions to test viabil-
ity.

V2V applications

Further works have been investigating the use of broadcast communication in V2V
scenarios, such as in [73], where the work models broadcasting schemes for V2V
using a self-designed vehicle module using ultrasonic sensors. The sensors record
information for object detection and relay the information to the driver. However,
their results only prove that the system will detect obstacles, with no definition be-
tween what is sensed and how it can be broadcast and shared with others.

Platooning is another area of CV and V2V that uses the beacon message. The
work in [74] uses a simulation platform to analyse the impact of 802.11p commu-
nication on the performance of platooning. Their simulation framework was used
to monitor how the acceleration and spacing between vehicles are impacted using
802.11p to supply the data from the following and lead vehicles. The results showed
a significant increase in performance when using communication to relay data co-
operatively; however, they note that performance significantly decreases when the
platoon size grows larger. This decrease can be mitigated by limiting the platoon
size, bit error rate and packet arrival rate. With these inclusions, the robustness
required for V2V can be satisfied.

A similar study for platooning has been completed by a joint effort between
Nokia and Vodafone, and they analysed the performance of highway platooning
using V2V with both C-V2X and 802.11p solutions [75]-[76]. Their simulation was
conducted using a simulated ten vehicle platoon and a lead vehicle known as a
jammer. They monitor the inter-vehicle spacing and use latency and reception rate
as the measurement metrics. Their results show that 802.11p is suitable to provide
day one safety services and their measurements show it meets requirements. They
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also show that C-V2X meets these standards and will be more applicable for future
scenarios.

A survey was also conducted for DSRC V2V truck platooning scenarios, with the
evaluation being performed in a test track filed test [77]. They used metrics such as
latency, packet delivery ratio, message losses and pairwise delivery ratio to analyse
the performance of V2V and used various antenna positions on the truck vehicle to
analyse how different locations alter performance. Their findings show that up to
78 metres DSRC maintains a 100% delivery ratio and that high data rates and large
message sizes lead to a lower successful delivery ratio. The findings relating to
antenna position show that non-parallel truck alignment can lead to a low delivery
ratio, but this can be improved when the terrain leads to reflected signals. Their
final noteworthy point is that the message broadcast is mostly impacted by low
layer components, such as hardware rather than the environment.

Road safety is a primary concern of these technologies. As can be seen in Ta-
ble 2.1 the details briefly describe the types of alerts that will be used as signals
within vehicles and have been collated in a vehicular networking survey [78]-[79].

2.3.5 Vehicle to Device (V2D)

Vehicle to device is not such a key area for this project however should be explained.
V2D is a term used for connecting vehicles to devices, and this can be either Blue-
tooth devices, keyless entry devices, mobile phones or even cellular services. How-
ever, this is mainly used for recreational purposes rather than to offer any safety
reasoning.

A few reasonable uses for the V2D are vehicle tracking systems, anti-theft de-
vices, keyless entry, mobile broadband hotspot and mobile phone connectivity. How-
ever, the most prevalent usage is mobile phone application integration, aiming to
provide a wider variety of information to passengers such as locational informa-
tion, traffic updates and even application aiming to improve safety [70].

2.3.6 Vehicle to Pedestrian (V2P)

Vehicle to pedestrian is another area currently being investigated, especially by the
United States Department of Transport (USDOT). This area will not be greatly ex-
plored as the usage is out of this project’s scope; however, it will be briefly detailed.
The main idea is that a detection system can be implemented into the ITS infrastruc-
ture or directly use pedestrians. This approach is achieved via the use of vehicles
systems based on V2V but adjusted for the sensing of pedestrians. The approach
can also be with pedestrians carrying handheld devices, such as a mobile phone.
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TABLE 2.1: Road safety alerts.

Type of Alert Intended Action

Intersection Colli-
sion Warning

A warning that is given to vehicles at intersections about
collisions that have been detected

Lane Changes Vehicles are alerted when a vehicle in a blind spot is chang-
ing lanes.

Overtaking vehicle
warnings

Vehicles send an alert to others that they are performing
an overtaking manoeuvre.

Head-on Collisions Warnings are sent as a broadcast to vehicles travelling in
the opposite direction. This may be just a general warning
or warning not to overtake slower vehicles.

Rear Collision Warns following drivers of intent to slow down due to
problems.

Collision warning This type of warning is issued cooperatively by other vehi-
cles informing drivers of an accident and to use alternative
routes.

Emergency vehicle
alerts

information is broadcast from emergency vehicles to other
vehicles in a specific area to clear space and make room for
their passing or entry.

Pre-crash sens-
ing/warning

A warning that an unavoidable crash is about to occur.
Nodes will share information, and with statistical evi-
dence, crashes will be predicted. Life-saving equipment
and actions can be deployed.

Merging assistance Vehicles merging into the same lane can alert each other
and cooperate to achieve this without collision.

Emergency brake
alert

If a vehicle needs to perform an emergency braking ma-
noeuvre, other drivers will be alerted of this.

Stationary vehicle A warning will be emitted from a stationary vehicle in-
forming neighbouring nodes that it is immobile either due
to an accident or mechanical breakdown.

Traffic conditions Varied traffic circumstances and events will be alerted to
other nodes in the area.

Signal violation Roadside units will alert drivers of potential situations
where vehicles have intentionally or unintentionally ig-
nored traffic control, such as driving through a red light.

Collision risk Roadside nodes will detect collisions between vehicles
that cannot warn other vehicles, such as legacy cars with-
out smart capabilities.

Hazardous loca-
tion warnings

Warnings to advertise hazards such as black ice, obstacles,
accidents, debris or road works.

Control loss alerts A warning issued that a vehicle driver could lose certain
instruments such as indicators or lights.
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The utilisation of this will vary, but some of the more advanced applications
are applications for pedestrians with disabilities that will alert vehicles drivers of
their presence at blind turns or road crossings. Another use is the application of
automated technologies developed to brake a vehicle to avoid striking a pedestrian
automatically. This system will be known as pedestrian crash avoidance and mit-
igation system [80]. The belief is that these systems, when implemented, will be
possible to eliminate up to 46% of unimpaired pedestrian accidents.

2.4 Vehicular communication technologies

The following section outlines the main competing technologies used for vehicular
communication. Detailing the standard, they represent, how they work and current
research involved.

2.4.1 DSRC/Automotive WLAN IEEE 802.11p

DSRC is one technology used for vehicular communications and is based on the
IEEE 802.11 standard amendment. This standard is 802.11p [81] and has been built
from the 802.11a standard with incorporations for QoS from 802.11e [22]. More re-
cently, it has been designated as 802.11bd [82]-[83] with even more changes to the
standard [84]-[85], which are aimed towards high reliability, low latency and high
throughput. This standard is also designated as DSRC [86] in America and ITS-G5
in Europe [87]-[88]. Although commercial devices are proprietary and expensive, it
is available currently, limiting the research community’s availability.

The usage of DSRC stems from the short-range radio technologies and, more
particularly, the wireless LAN. 802.11p is based on the 5.9GHz frequency band with
a 75MHz bandwidth split into seven 10MHz channels with one channel reserved
for control at 5MHz. The 10MHz channels are half of those of 802.11a and were
specified to eliminate the interference evident in the vehicular communications en-
vironments [71],[89]. However, in 2020 the allocation in America was reduced, with
45MHz at the lower end reallocated due to slow deployment [90]. 802.11p standard
has had two main extensions to make it applicable for vehicular communications.
The first is the operation in the 5.9GHz frequency ITS bands, and the second is an
amendment to the MAC layer. This change to the MAC is 802.11OCB and means
Outside the Context of a Base Service Set (OCB) [91], which allows vehicles to com-
municate without being involved in a BSS, however, with reduced functionality. The
approach is geared towards vehicles as it omits the need for authentication or asso-
ciation procedures, such as the handshake procedure and instead uses pre-defined
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parameters to communicate information. This method can be applied as a wild-
card called broadcast communication, whereby all vehicles within a communication
range can receive a message [84], [92].

This extension is also known as IEEE WAVE (Wireless Access in Vehicular En-
vironment) in the US [93],[94] and ETSI C-ITS in Europe [47]. They are a higher
layer protocol dedicated to regulating and standardising the 802.11 standards in
their respective continents. These standards are predominantly the same; however,
they have some differences, such as the message types used, but are both based on
802.11p.

ITS is the European ETSI standardised higher protocol stack implemented for ve-
hicular communication and is similar to the IEEE WAVE in that it uses the 802.11p as
a fundamental. However, it has some amendments to fit the European ECC regula-
tions and is known in technical terms as ITS-G5 [70], [95]. The use of ITS-G5 does not
adopt a single transceiver system, and it instead uses two transceivers with one per-
manently in the safety control channel. In this thesis, the use of DSRC/802.11p/ITS-
G5 will refer to the basics of the application rather than higher-level region changes.

The most recent amendment to the 802.11 vehicular WLAN has been given the
standard as 802.11bd and is an enhancement towards the next generation of V2X.
As the need continues to share information between vehicles, it has been clear that
this needs to be reliable and low latency to support safe use scenarios. In [83], they
discuss the current limitations of 802.11p and the difficulty it has in supporting a
high level of autonomy, and they present 802.11bd evolutions such as the use of the
60GHz range, support for speeds up to 500km/h and higher performance such as
a much lower bit error rate. However, they note that interoperability between .11p
and .11bd could be an obstacle and instead suggest a coexistent model.

The reliability of .11bd has also been reported in [85]. They give an overview
of the composition of .11bd detailing the PHY and MAC changes; they also show
research that highlights the effect of Doppler shift as the most prevalent detractor
in .11bd performance. Further simulated work has been done comparing .11bd and
.11p, with coded models for each tested for packet reception ratio, bitrate and la-
tency [83]. They find that .11bd outperforms .11p in every category, with PRR most
significant at 88% in .11bd and 75% in .11p.

The premise of V2X is to use the different communication types to provide effi-
cient and robust road safety, traffic efficiency and infotainment. Two types of mes-
sages are considered for V2X. These messages are taken from the ETSI specification
and are classified below. They are split into two categories; Cooperative Awareness
Message (CAM) [96],[97] and Decentralized Environmental Notification Messages
(DENM) [97].
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Cooperative Awareness Messages - CAM

CAMs are effectively a beacon message type, transmitting at a specified time-frequency
such as 1 second. It takes the form of a short message broadcast to all neighbours
providing information relating to location, presence, positioning, kinematics, telem-
atics and basic status. They have various use cases such as emergency vehicle warn-
ings [98], indicating a slow-moving vehicle, collision warnings, motorcycle aware-
ness messages and speed limit notification. Multiple studies have recognised this
message type as the message used for V2V communication, utilising a one-hop
broadcast transmission [99].

The CAM messages are broadcast from a transmitting node to any receiving
node. It should be stated, however, that there is a limit to the distance that the
CAM message can be transmitted; the transmit power decides this, usually a few
hundred meters; this can be classified as an awareness range [60]. Below is a list of
the specifications for CAM type messages:

• Frequency: 1-10 Hz

• Max Latency: 100 ms

• Length: 800 bytes

Decentralized Environmental Notification Messages - DENM

DENMs are an event-driven triggered message type, which is again a short broad-
cast but different to CAMs as it is event triggered, meaning it is also broadcast when
triggered by a pre-defined set of rules. This message will be formed of largely the
same information as the CAM; the purpose differs as this message type is used
solely for safety-related and hazard warning messages. The use cases of a DENM
are shown in Table 2.2 and is taken from a whitepaper report by Ericsson [100].

DENM messages are another broadcast message type, but this message will be
sent to both other vehicles and the infrastructure for the information to be shared
somewhat locally.

Below is a list of the specifications for DENM type messages:

• Max latency: 100 ms

• Length: Shorter than CAM

2.4.2 Cellular-V2X (4G/5G)

The 3GPP mobile broadband initiative governs cellular networking standards, and
this body is responsible for the various releases attaining cellular standards and
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TABLE 2.2: DENM use cases

Use Case Triggering Cause Terminating Conditions

Emergency Brake Light Hard Braking Automatic after expiry
time

Collision risk warning Detection of Turn-
ing/crossing/merging
collision by RSU

End of collision risk

Stationary vehicle due to
accident

eCall Triggering Vehicle involved in an ac-
cident is removed

Stationary vehicle due to
breakdown

Vehicle hazard or break-
down warnings

vehicle is removed from
road

Traffic jam warning traffic jam detection end of traffic jam
Road work warning signalled by road station end of road work
Adverse weather condi-
tions

Detection of weather
(Rain/Snow)

Detection of end of situa-
tion

Road adhesion (Ice) Detection of slippery road
conditions

Detection of end of situa-
tion

specifications [101],[102],[103]. Initial use of cellular technology started with 4G LTE
and LTE-A. However, the latest specified release, LTE-V2X, has been significantly
altered to enable vehicular communications before the move in the future to 5G.

LTE-V2X, or in China previously known as LTE-V, is a standard released by
3GPP for the primary concern of vehicular communication and aims to address the
shortcoming that rendered the previous release of LTE unsuitable. LTE-V2X was
a candidate technology, and many studies have investigated its usage with vehicle
type communications and benefits or deficiencies it may have. However, LTE-V2X
is seen as only a precursor and can only be considered for partial automation and
driver assistance [104]. Due to the high cost of practical fieldwork, no current large
capacity systems have been implemented. Therefore, significant simulations have
been completed with varying results. Such findings prove the capability in terms of
latency and capacity to meet ITS requirements. Other studies find that the network
can become overloaded without a connectivity model adequate for management
[105]-[18].

5G is the future of mobile communication but is also seen as a part of the future
for vehicular communication too [106]. For this to happen, however, certain stan-
dards and requirements must be met and proven before this can be implemented
worldwide. The current standards that need to be met are listed in Table 2.3 and can
be found in [20], [107].
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TABLE 2.3: 5G standards.

Attribute Requirement

Peak Data Rate Downlink: 20 Gbps, Up-
link: 10 Gbps

Latency 1 ms for AV
Connection Density 1 million devices per

square km
Mobility Operate at relative speeds

of 0 km/h to 500 km/h
Energy Efficiency Low energy and low en-

ergy power save
Spectral Efficiency Assuming 8x8 MIMO,

Downlink: 30 bits/Hz,
Uplink: 30 bits/Hz

2.4.3 Enabling technology for C-V2X

Building upon the context of individual message types for V2V and V2I messages,
C-V2X utilises an individual interface associated with each individual, and these
interfaces are known as the PC5 and Uu interfaces [108].

PC5 Interface

PC5 is used for direct mode communications and is built upon the LTE-direct or
Sidelink device-to-device concept, with standards adjusted and created solely for
vehicular usage, with amendments for adaptability at higher speeds, doppler re-
duction, high-density, low latency and rapid synchronisation. The PC5 interface
is built for proximity communication, making it the viable candidate for V2V. PC5
can operate in and out of cell tower range, meaning communication will still occur
without connection to Radio Base Station (RBS)/cellular towers [109].

Uu Interface

Uu interface is used for network communications and is built upon common cel-
lular/LTE concepts, in a manner like that of mobile devices, but with adaptations
to enable critical vehicular messages. This concept is achieved using LTE broad-
cast utilising roadside units, V2X servers, and cellular networks. These components
make cellular the ideal candidate for V2I communication. The range of this compo-
nent has a wide reach as it is not governed via proximity. Rather this covers wide
area networks, utilising the infrastructure in place via cellular networks [110].
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2.5 Developments in vehicular communication

The following section will be used to outline the most recent developments in the
field of vehicular communication.

2.5.1 Modern state of vehicular communication research

802.11p technology and concepts are continually developing, and the tools used to
research and develop are also evolving. Many research works are conducted regard-
ing the standardisation of vehicular communication in both cellular and WLAN do-
mains. Various vehicular communication surveys delve into different aspects that
give overviews of the many aspects that need to be developed for the technology to
be considered mature and viable and an overview can be found in A summary of the
survey standards can be seen in Figure 2.4 which shows how the IEE standards are
divided for transportation. A summary of related work can be found in Table 2.4.

FIGURE 2.4: ITS standards summary
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TABLE 2.4: Vehicular Communication

Author Key Findings Reference

Festag 802.11p, WAVE and 5G are discussed regarding the stan-
dards and their implications. The discussion consider the
usage of the technology and operation.

[13][111]

Kenney Describes DSRC standards with a focus towards the US
standardisation in regards to the structure of the DSRC
message and the operating modes, paying particular focus
on the OCB mode.

[17][92]

Jiang et al. Detail the improvements that need to be made for DSRC
and WAVE, showing that the receiver will need signifi-
cant performance improvements when operating in adja-
cent channels, known as cross channel interference.

[81]

Campolo et al. The authors find issues in receiver performance similarly.
They identify a solution to counter this issue, which is the
use of channel congestion control algorithms.

[112]

Choi et al.
Liu et al. Authors approach channel congestion but with a focus to-

wards message control in vehicular safety. The works help
identify an issue: many field tests focus on transmit perfor-
mance and not enough on the implications of a full system
loop.

[113]
[114]

Kloc et al. Transmitter performance is analysed without a full system
loop, to monitor how the received information is utilised
for channel congestion.

[115]

Papadimitratos
Zeadally et al.
Wang et al.

Tutorial surveys detailing the entire systems used in vehic-
ular communication, the applications of V2V, the require-
ments, architectures and the types of technology and their
implications.

[116]
[117]
[118]

Singh et al. Authors detail state of the art and future directions for ve-
hicular communications and they foresee interest in the
software-defined nature of networking and technology,
the field of Named Data Networking (NDN) and vehicle
prediction intelligence for safety.

[119]

Matolak at al.
Vehicular Comm.
Ghori et al.

Survey articles relating to the networking, routing and
communication environments of vehicular communica-
tion, with a focus predominantly on VANETs and their im-
plementations.

[120]
[121]
[122]

2.5.2 Vehicular Communication Testing

As Vehicular communication standards are being finalised, they must be tested to
assess their performance. There are many ways that industries and academics are
testing vehicular solutions, simulation for larger-scale testing and field tests for real-
world scenarios. A summary of related work can be found in Table 2.5.
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TABLE 2.5: Vehicular Communication Testing

Author Key Findings Reference

Balador et al.
Abdelsamee Research lacks real deployment, testing is completed

in simulation environments such as MATLAB and OM-
NET++.

[123]
[124]

Jafari et al. Authors focussed on communication with emergency ser-
vice vehicles and a simulation on connectivity probability
over different distances.

[125]

Baloch and Reg-
giana et al.

A simulation framework using Simulation of Urban MO-
bility (SUMO) that monitors the effects of velocity on
packet loss. They find that increasing the vehicle’s velocity
has a 15% increase in packet loss from 5 to 45 mph.

[126]

Kim et al. Authors propose a new QoS scheme and find the new
scheme has a higher packet delivery ratio and much
smaller delay.

[127]

Wang et al. V2X testing is surveyed, and they have encountered a lack
of end-to-end testing of a CV system.

[128]

Chen et al. A C-V2X test in China, they do test 802.11p vs C-V2X.
While the cellular variant outperforms .11p at longer dis-
tances, the performance is nearly identical up to approxi-
mately 400 metres.

[19]

Xu et al. A C-V2X test in China, The findings in this work show that
DSRC can hit the latency requirement for CV, but with C-
V2X, the latency is higher and suffers far more variation at
higher speeds.

[18]

Kosilo et al.
Sjoberg et al. Safespot is a cooperative system for road safety projects,

and their SP4 document outlines the findings for V2V test-
ing. They detail various scenarios and highlight the bene-
fits that can be seen in safety scenarios.

[129]
[130]

Botte et al.
InterCor Project In Europe, a project known as InterCor was designed us-

ing roadway corridors for cooperative intelligent transport
systems and had various field tests.

[106]
[131]

InterCor Project The UK based testbed was used to test a hybrid combina-
tion of both technologies and cross-country interoperabil-
ity between two different ITS systems.

[132]

Intercor Project The testbed in Belgium was a joint effort between the Inter-
cor countries and aimed to analyse Day-1 services of C-ITS
using ITS-G5.

[133][134]

He et al.
Chen et al. Cooperative Connected Intelligent Vehicles for Safe and

Efficient Road Transport (COSAFE) is a research endeav-
our in the Horizon 2020 project. This project is aimed to-
wards cooperative Connected Intelligent Vehicles.

[26][38]
[135]

2.5.3 Vehicular Communication Analysis

Many works for CV are interested in the channel models for vehicles when nonsta-
tionary, as the movement is a contributing factor to performance degradation. For
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instance, Bernado et al. [136] are concerned with the effects of channel models for
connectivity and the probability of success. They also perform tests in simulation
to monitor the effects on signal performance. Similarly, the investigation into the
performance of the technology is also vital, and [88], [121] assess both 802.11p and
ITS-G5. Both works are completed in simulation environments and are testing the
latency, throughput, and packet loss depending on the number of vehicles or dis-
tance between vehicles; however, they recommend a field test is essential for further
testing.

Similarly, in [137] a study is conducted on reliability using 802.11p, and the same
conclusions are drawn regarding field testing. However, this test was a function of
losses observed over speed, and findings show a higher speed difference leads to
more losses. Further to this, an analysis by Anwar et al. [85] is a recent investigation
into the newly formed 802.11bd, which includes the new renovations and spectrum
losses of 802.11p.

One vital component to DSRC is the use of beaconing and broadcast messaging.
These messages are used to propagate messages to any vehicle within the vicinity
of the transmitting vehicle. The messages periodically exchange information with
neighbouring vehicles, and they utilise the control channel in 802.11p. The message
type is BSM or CAM depending on the region of use and is commonly referred to
as beacons. The information contained in the messages relates to the current vehicle
status such as speed, heading, brake operation and general vehicle attributes such as
weight of vehicle, and these messages are often used in safety-related aspects [138].
A summary of beaconing and broadcast can be found in Table 2.6.

The following is the equation by [142] found in Table 2.6.

Pr =
PT

(4π)2(d/λ)γ

[
1 + η2 + 2η + 2η ∗ cos

(4π ∗ h2

dλ

)]
(2.7)

Where, Pt denotes transmitter power, d represents distance, λ is used to show the
wavelength of the signal, γ represents a path loss exponent variable, η represents a
phase shift, and h expresses antenna height.
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TABLE 2.6: Beaconing and Broadcast

Author Key Findings Reference

Sepulcre et al. The optimum data rate for a beacon is simulated, with the
findings showing that higher data rates can reduce chan-
nel load compared to lower data rates with the increase in
transmission time.

[139]

Tomar et al. Study on beaconing showing the busy channel time is
lower with a higher data rate, and thus beacon delivery
success is higher.

[140]

Mahipal et al. Authors suggest the usage of a new contention window
timing, as opposed to the legacy version. Their findings
show an increased packet reception rate up to 500 metres,
which is an acceptable safety range for V2V.

[141]

Stibor An evaluation of broadcast messaging, where the ap-
proach was taken to use 802.11p and monitor the perfor-
mance over distance with a two-ray model to calculate re-
ceived power. Equation 2.7.

[142]

Shaikh et al. Authors propose a robust broadcast V2V scheme with the
use of a wireless sensor network. However, they propose
a framework and no results are presented to propose any
benefits.

[143]

Lei and Rhee Propose an enhancement for beaconing using NS-3 simu-
lation with a random contention window selection based
on MAC control. They validate by simulating a random
number of nodes that random window selection is better
than the constant contention window’s standard.

[144]

Campolo et al.
Gonzalez et al. Two works have simulated and characterised packet loss

in WAVE/802.11p vehicular networks Both works state
that the increasing number of nodes leads to an increase
in packets lost.

[145]
[146]

Lyu et al. Authors find Simulate losses and find most losses occur
when there are 25-150 nodes, with the hidden terminal
causing an exponential rise as nodes increase.

[147]

Sikdar et al. They use broadcast for passing information locally from
an RSU to all vehicles in the range. The findings show
that frequency splitting is the dominant technique in most
cases.

[148]

2.5.4 DSRC performance evaluations

As with any wireless communication system, the performance attributes are an es-
sential part that must be thoroughly investigated, developed and measured. These
can be performed in simulated and fieldwork trials and are useful procedures fur-
ther to understand the hardware and software limitations. Many research works
have been conducted into the performance of V2X systems, and they cover a wide
area of analysis. Early work compared 802.11a and 802.11p and was used to show
the benefits gained with the standard changes between the amendments [71]. The
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results of this work covered various metrics such as loss rate in line of sight and
non-line of sight conditions and throughput using different modulation schemes. In
the findings, they discover that, as previous works show, the lack of authentication
means that connections are established much faster and that in both LoS and NLoS,
802.11p performs better than 802.11a. They also report that the higher modulation
level decreases throughput performance as distance increases. Binary Phase Shift
Keying (BPSK) can maintain a steady connection for distances up to 150 metres. In
a similar work, the authors monitor the performance of throughput again but also
measure end-to-end (E2E) latency [149]. They also provide results that find lower
modulation schemes can maintain a more stable connection at higher distances and
show that the E2E latency is lower at smaller packet sizes, with a difference of 300-
byte size having 0.5 ms latency and 1500 bytes having 1.6 ms latency.

Two similar works can be found regarding DSRC. The works are similar in that
they are both a performance assessment of the ad-hoc nature of V2V in the DSRC
standards. The first work is a simulation of V2V monitoring the channel and mea-
suring the sensing range, and the number of packets dropped [150]. Though this
work is tailored to V2V, the authors chose to measure a large sensing ranges of 500
metres, which is a higher than the needed range for V2V communication, especially
for safety usage. Similarly, the second work monitors V2V; however, the authors
chose to use a field test to monitor performance and used commercial off the shelf
devices capable of operating over 802.11p and traditional Wi-Fi devices to compare
performance [151]. This field test was a measurement campaign to monitor data
loss, throughput, and jitter. The results show that 802.11p has a lower through-
put and higher packet loss and jitter when stationary. However, when the vehicles
move, .11a is outperformed by .11p in all measurements.

Another field test was performed using 802.11p again, but this test was designed
to monitor safety-related application performance [152]. This article studied five key
performance metrics, UDP goodput, TCP goodput, RTT, Jitter and packet delivery
ratio. They report their findings using three different devices, Arduino Yun, Lap-
top PCs and MikroTik; however, these devices are not capable of operating at the
802.11p specified frequencies of 5.9 GHz, but the latter two do operate at 5.8 GHz.
They analyse the devices at short to medium distances, which is preferable for safety
situations and state that correct transmission power is a fundamental requirement
to guarantee timely and successful delivery of messages. They also show that la-
tency remains low even in challenging environmental conditions, and transmissions
never failed, although they did degrade. Reliability is a key issue for safety and has
been approached in many works such as [94], [137], [153], with all the three-research
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works finding similar results in the field tests. They note that key safety perfor-
mance attributes are packet delivery ratio, and in almost all cases, they observe an
80% or more rate. In work by Bai and Krishnan [154], a measurement procedure was
carried out to analyse the performance of BSM. The authors used 802.11p hardware
compliant devices and monitored latency and RSSI, both key attributes although
they are basic. They find latency is at most 600 ms over 75 metres, and RSSI drops
at 20 metres from above 70 to 50, then a gradual decrease to 30 at 100m.

Huang et al. [155] performed a study on DSRC using data gathered from a safety
pilot held in Michigan, USA. They characterised DSRC using three main metrics;
Packet delivery ratio (PDR), maximum range (MR) and effective range (ER). They
conclude that the biggest factor to PDR and MR is the effect from NLoS conditions,
closely followed by antenna positioning. They also discover that weather has little
influence on performance. It shows that performance is not degraded when up to
six consecutive transmitting devices are used.

Quality of service (QoS) is a key component for safety in DSRC as this deter-
mines the level of service the user receives. A poor QoS would result in dropped
packets, which is especially vital when cooperative communication is used. A re-
cent article has approached QoS with the use of cooperative communication using
diversity which aims to enhance reliability [156]. The concept is to find the most re-
liable transmission between V2I using V2V links. The authors propose an algorithm
for this, which is a useful way of communicating V2I information and effectively
reduces the issues faced by intermittent V2I connections. However, the author does
not indicate this usage, such as how the result would apply.

As mentioned, safety messages are important in 802.11p, and the effective dis-
semination of these messages are of utmost importance when safety-critical factors
are involved. Various constraints must be met for the vehicular network safety mes-
sages, such as ensuring the full range, not overloading the network, and delivering
reliable messages in highly dense networks. Recently a method has been designed
to enhance message dissemination with an approach called MORS [157]. The MORS
method reduces the broadcast storms caused by message broadcasts and adjusts the
high-speed topology changes to reduce network disconnects. They find that the
MORS system is better than traditional broadcasting in terms of E2E latency and
packet reception rate, which has solved two main issues.

One major cause of negative influence to wireless systems is the effect of interfer-
ence; in a vehicular environment with many communicating vehicles, this is a pre-
dominant issue. This interference was extensively reviewed and explained in [158],
where the authors discussed the issues that interference will have for vehicular com-
munication and, in addition, how this will impact safety factors. A simulation was
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developed that modelled the effect of interference, and the results are highlighted
regarding the effects when a channel is at maximum load.

2.5.5 DSRC with Software Defined Radio (SDR)

Wireless communication is continually advancing, and communication technologies
need to evolve to meet the requirements of consumers and networks. Wireless com-
munication has rapidly become an essential part of daily life for consumers, rang-
ing from mobile phones, smart devices, television and electronic payments. With
the emergence of the Internet of Things (IoT), the predicted number of devices will
reach 27.1 billion in 2025, with an estimated 24 billion needing some form of wireless
connectivity [159]. The number of wireless protocols is also increasing to develop
new, faster, efficient and robust methods of communication. These vary from Zig-
Bee, Bluetooth, 5G, Wi-Fi 6, D2D and Machine to Machine (M2M) communication.
These technologies all have different requirements. Hence, the technology used is
built with a clear and defined purpose to support a particular technology and its
requirements are pre-set such as frequency, modulation scheme, channel selection,
and digital signal processing. As wireless standards continue to change, research
and development must accommodate the requirements and specifications to handle
multiple protocols. A flexible, robust, reconfigurable and programmable framework
for hardware and software is fundamental to achieving this.

Software-Defined Radios (SDRs) are capable of meeting and overcoming wire-
less communication requirements, if they are programmed and compiled correctly.
They are freely programmable hardware devices that allow users to configure and
build the entire communication framework, including the entire communication
stack. The option includes currently available protocols and future protocols in de-
velopment. The technology of SDR is based on software-defined protocols rather
than non-flexible hardware. SDR is beneficial for proof of concept and rapid proto-
typing as the software implementation can be changed and updated immediately.
Some modern uses of SDR are available such as with consumer devices such as
WLAN or 4G/5G, where the hardware chips are known to be updated and recon-
figured through firmware updates or the Tesla autopilot, which is capable of over
the air updates [160].

The SDR consists of different architectures such as GPP-based, DSP-based, FPGA-
based or a hybrid design. FPGA based offers the advantages of higher bandwidths,
minimal latencies and deterministic timings, which allow for the implementation
of modern state of the art communication protocols. GPP-based architecture is an
easier to use implementation as most of the processing is done using a high-end
PC, offering more flexibility but are not capable of the same level of performance as
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FPGA. Hybrid approaches are the current trend as they combine the advantages of
both, where the GPP computation is used in conjunction with an accelerated FPGA
[161]. The configuration is all compiled within the software and written to the de-
vice. SDR is a useful tool for research communities as it allows for rapid prototyping
and allows the software to be continually updated and altered.

There have been attempts to create SDR implementations of wireless communi-
cation previously, such as the works by Chao et al. [162] where an SDR measure-
ment platform was created and utilised to monitor wireless networks. However,
this work focused on monitoring 802.11 as a whole and not for communication but
rather as an analysis tool.

Attempts have also been made to operate the DSRC 802.11p framework on non-
802.11p intended devices. The work conducted by Vandenberghe [163] modified
802.11a to 802.11p system using commercial off the shelf devices. This work suc-
cessfully modified certain aspects of .11a to .11p, such as the contention window
parameters, AIFS, SIFS and slot time. However, the system could not replicate the
distance required by DSRC and suffered a less robust signal. They speculate that
due to the low Effective Isotropic Radiated Power (EIRP), two milli-watts instead of
the needed 2 watts. For this reason, a more powerful device is needed.

Similar work to this was implemented on SDR devices and low-cost processors
in [164]. The SDR device in this project is the well-known HackRF [165], and the
project was the creation of an 802.11a/g/p implementation. The work initially
draws attention to the state of the art SDR implementations before their own im-
plementation on GNURadio is tested. They perform measurements on software
performance and comparisons between the capabilities in terms of processing and
software. They, however, fail to use the device in meaningful field tests correlating
the hardware performance with vehicular scenarios.

In work by Peng et al. [166], the authors created an open-source platform used
for experimentation prototyping for the ITS-G5 European version of DSRC. The
platform allows real-world tests as the package links to a vehicle OBD-II connector.
However, the system is much more complicated than an SDR and requires many
expensive pieces of equipment to be used but did perform well with commercial
devices such as Cohda MK5 DSRC device and could receive data.

More recent works have focussed on the implications of latency in SDR plat-
forms, such as in [167],[168] where the authors used GNURadio and Ettus peripher-
als to monitor the performance of multiple different SDR devices. The works were
concerned with finding where the highest point of latency was found, whether due
to the software, hardware or processing, with the findings highlighting that the host
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machine’s processing is most culpable. The work conducted by Gandhiraj and So-
man [169] consisted of USRP devices to create a system capable of modern digital
communications. They utilise USRP1 and recreate a capable of performing OFDM
transmission and RDS communication systems, a cheaper and configurable alterna-
tive to commercial products.

Research has also been performed in the area of SDR for cellular networks. En-
gelhardt proposed [170] the first 5G D2D testbed and in-band communication, and
they provide the open-source code after validating performance with multiple User
Equipment (UE). Similarly, Asadi et al. [171] created a 5G D2D testbed; however,
this implementation is for out-band communication. More recently, a work con-
ducted for C-V2X using CARLA simulator was performed for autonomous driving
[172]. The authors used USRP devices and SUMO to generate traffic, analysed a pla-
tooning simulation, and validated the communication of vehicle status information.

The vehicular communications research community has also assessed the use of
SDR devices as DSRC devices. National Instruments, which are also manufacturers
of SDR peripherals, have also passed V2X performance themselves, creating a sys-
tem that can be used adhering to the standards. However, this is quite an expensive
software component costing approximately $4000. The package supplied by Na-
tional Instruments (NI) is a combination of communication, simulation, validation
and measurement components and is operated with LabView software.

Many projects have focussed on open source software variations for DSRC to
combat the price inhibitors. The works in [173] create a GNURadio implementation
capable of transmitting 802.11p standard frames, and they model the transmission
power and test transmission performance. This work, however, does not include
receiver or transceiver operation and, as such, is a one-way system. In [174], V2V is
implemented on USRP and LabVIEW. They note how real-time throughput and re-
liability have not been evaluated, alongside the hardware imperfectness factors that
have not been reported yet. However, this system is based on the LTE framework
and does not consider any practical scenarios, taking lab measurements only.

Further research has been performed to use SDR with 802.11p. However, this
research uses tailored experiments to one issue. Agostini et al. [175] used 802.11p
enabled SDR devices to monitor PER for different packet sizes, noting that larger
packets had less error. Whilst Vlastaras et al. [176] stress-tested an SDR for PER
and found that larger packet sizes have a higher number of errors, and this is due to
increased time of transmission.

The work by Bloessel et al. [33], [177], [178], [179], [180], is the most complete,
open-source and capable 802.11p transceiver available. The project was created by
a team in Paderborn and is the WiME Project. They developed a fully functional
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802.11p transceiver using USRP and GNURadio, capable of performing to the stan-
dards of 802.11p, with frames fully compliant and providing access to the entire
project for the enablement of changing and altering the code. The project has been
used in simulated scenarios and tested with interoperability with commercial de-
vices, finding both possible and successful. The project was also field-tested with
simple transmit and receive procedures, and they note the transceiver is not subject
to random errors but can suffer in multipath environments.

In addition to this work, a second work utilised the WiME project to accelerate
the performance in [181]. They detail improving the project by profiling the existing
blocks and noting the slowest performing blocks. They implemented improvements
and noted a performance increase in the CPU and the effective transfer rate within
the SDR. The results while effective at showing an increased SDR speed, failed to
consider any extra processing incurred by the computing device. This could be mit-
igated with a fully offline implementation that can be run upon power on, however
this loses one of the key advantages of SDR, in that it can be adjusted at any time.

2.5.6 V2X safety and collision avoidance

As mentioned, safety is of critical importance for the adoption and heterogeneous
usage of CAVs and their technology. One of the most important areas is the use of
collision avoidance (CA). CA uses information shared between various V2X sources
to reduce road accidents and increase users’ safety when using vehicles on the roads
and highways. Collision avoidance has been developed to reduce vehicular acci-
dents, one of the most severe problems associated with vehicular transport. There-
fore, it is advisable to develop methods and techniques by which accidents can be
significantly reduced. Collision avoidance uses on-board vehicle systems that can
send information containing GPS location, vehicular travelling direction, and speed,
amongst other data. This data is passed to other vehicles to advertise the vehicle’s
intentions. Other dangers can also be detected and advertised, such as pedestrians
and imminent collisions. These transmitted messages are received and then, depen-
dent on the system, they are either relayed to the driver or automatically acted upon,
such as automatic braking.

Collision avoidance

Collision avoidance has been a hot topic since the inception of CAVs. It is often
split into two categories being active or passive systems, with passive systems being
airbags, seatbelts, eCall, and rescue systems. These are typically used to reduce in-
jury to passengers and alert local authorities. Active systems, however, are typically
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used to avoid accidents or predict them using on-board sensors and communica-
tion capabilities, for example, rear-end collision warnings [182] or pre-crash sensing
[183]. These systems allow the driver to know of emerging safety scenarios and au-
tonomous enabled cars allow the vehicle to take control and engage in pre-emptive
measures. A review of this has been published in [28], and the article details es-
sential technologies for collision avoidance systems. Traditionally, sensors provide
vehicle safety systems; however, this limits the range for vehicles to see neighbours
and judge their intentions; hence, the systems can be ineffective. Conversely, it can
be enabled with DSRC, which has a much larger range than sensors, allowing ve-
hicles to communicate further and receive data at larger distances. A summary of
some important collision avoidance research can be can be found in Table 2.7.

An approach for collision avoidance was proposed by [27], where various algo-
rithms are considered for a kinematic approach using the laws of motion to trig-
ger reactions or a perceptual approach where triggers are activated based on pre-
defined thresholds. The kinematic approach is based on the stopping distance of
vehicles, where triggers are used when a vehicle has a distance that is minor or
equal to the vehicle leading. The perceptual approach is based upon the time to col-
lision (TTC). Equation 2.8 [27] defines this algorithm, and various other algorithms
have since been developed, such as the Honda algorithm and the Hirst and Graham
algorithm.

TTC = (XF − XL − LF)/(VF −VL) (2.8)

where XF is used to show following vehicle position, XL represents lead vehicle
position, LF shows the lead vehicle length, VF denotes following vehicle velocity
and VL denotes lead vehicle velocity.

DTCa =
−Vr −

√
Vr2 + 2alvr
alv

Vf v (2.9)

where,DTCa is the resultant detected time to collision, Vr denotes relative veloc-
ity, alv represents lead vehicle acceleration, r is used for range between vehicles and
Vfv is used to show following vehicle velocity.

Ds = vtp−r+v2 /2ug (2.10)

where, Ds, is minimum safety distance, g represents gravity, v shows vehicle
current speed, tp-r denotes perception reaction time and u represents the friction
factor. velocity.

A recent article published was research on a forward-collision warning system
using V2V communication via 802.11p, TTC and Collision Avoidance Range (CAR)
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TABLE 2.7: Collision Avoidance

Author Key Findings Reference

Herard et al. A recent study has compared the various solutions for col-
lision avoidance with simulations based on the various so-
lutions. They conclude that the testing results are complex
for active safety solutions, that performance safety indica-
tors are a key attribute, and that metrics must be devel-
oped for this need.

[184]

Wang et al. Investigated DSRC throughput and delay in the context of
highway capacity. They found that with DSRC communi-
cation enabled, capacity can be increased by up to 491% in
perfect circumstances.

[185]

Mahmud TTC and other such indicators have been extensively re-
viewed , where the research is focussed on proximal tem-
poral indicators, distance-based proximal indicators and
deceleration-based indicators. The different indicators are
reviewed and analysed, and they have provided extensive
advantages and disadvantages, with applications for each
considered.

[186]

Liu and Gao Propose a vehicle collision warning system that has been
designed using V2V communication. The authors use a
Cohda MK5 DSRC unit and analyse the reaction time of
drivers at different speeds and weather conditions to cre-
ate an android terminal that can be used to warn drivers
to slow down.

[187]

Hosny et al.
Yousef et al. Use a warning system comprised of a GPS, Raspberry

Pi and a display monitor in conjunction with a collision
avoidance algorithm, shown in Equation 2.9 to demon-
strate vehicle collision avoidance with warnings generated
by shared acceleration profiles.

[58]
[188]

Agrawal and
Varade

Propose a collision detection and avoidance system using
Equation 2.10 and a buzzer alarm. Their results are limited
but show that a driver can have increased reaction time
with warnings provided by ultrasonic devices.

[189]

Gluhakovic et
al.

A method of detecting vehicles through the use of object
detection is used in.

[190]

Laurenza et al. Authors propose using an obstacle detection algorithm to
simulate the probability of a crash depending on actions
taken.

[191]

Yakusheva et al. Pedestrian collision avoidance via GPS/INS system is
used, where they propose to predict pedestrian move-
ments to avoid colliding with them.

[192]

[193]. The proposed solution is a system that calculates the distance to give warn-
ings if a vehicle is in danger of a collision. The system was monitored in a field
test with results showing 0.7 metres positioning accuracy error and latency of 5.5

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 53



Chapter 2. Background on Vehicular Communications

ms. The authors did not implement any other sensing technology to measure the
distance to increase the accuracy. In the field tests, they acknowledge that this was
capable of meeting requirements but could be improved, in their recommendation
the inclusion of radar systems.

Rear-end collision avoidance

There are many works solely dedicated to rear-end collision avoidance. These works
can be split into communications for data or communications for distance mainte-
nance. Data is essential for CA and some related studies for rear end collision avoid-
ance can be seen in Table 2.8.

Lyu et al. [147] propose adaptive beaconing for rear end collision avoidance,
where the beacons or put into an ABC scheme and compared with the traditional
802.11p and LIMERIC system. The proposed system has improved reliability over
the other two systems, but they provide no usage in safety scenarios; however, this
reliability can be speculated to offer increased safety. Recent work has focused on
creating an effective model to monitor the vehicles’ distance towards collision avoid-
ance or collision detection. In [27], [194], [195], various algorithms are discussed,
such as Mazda, Berkeley and PICUD, and then extensions and improvements are
made to the algorithms. These alterations are used to offer an increased accuracy
reading for distance monitoring. These algorithms are based on the speeds of vehi-
cles and distance measuring devices. However, in [196], the article considers hard-
ware implementations to offer sensor-based automatic braking. They utilise an alert
system to notify drivers when 3 metres between vehicles is approaching and apply
the brakes if the driver does not stop the warning. This approach offers various is-
sues, such as giving the driver another device to monitor, countering the intended
usage and causing crashes. They also observed that three metres is a short distance
and is inadequate to avoid collisions effectively.

Another approach to collision avoidance provided in work by Javed and Khan
[197] is the usage of a safety zone. In this approach, the transmitter’s power for
the CAM message is limited to only propagating messages to a certain range. This
range eliminates the overloading of the safety channel due to the periodic broadcast
nature of safety messages. The usage of the safety zone vastly reduces packet losses
and channel utilisation. This safety zone can be achieved when the range is set to a
certain level meaning fewer vehicles are transmitting to one another. Vehicle density
rather than a range show this. The safety zone approach is also used in [198]. How-
ever, the authors instead use a verification algorithm to eliminate unnecessary mes-
sages based on proximity to the vehicle. This approach eliminates any unwanted
messages, such as messages that are not directly going to influence the safety of the
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vehicle of interest. The authors state that this method lower inter-message delay and
reduces packet losses, leading to a more comprehensive overview of neighbouring
nodes or increasing awareness of the local vicinity. It would be useful for the ideas to
be used in conjunction as errors in discarded packets could lead to needed packets
being lost and therefore reducing safety.

Cooperative awareness

Cooperative awareness has been previously discussed and is a method of data com-
munication that CAVs use to gain enhanced knowledge of their surrounding envi-
ronments, such as neighbouring vehicles, intentions, and environment. A perfor-
mance study has been conducted on cooperative awareness for 802.11p and C-V2X
in [204], [205], and the authors compare and review both candidate technologies,
their advantages and disadvantages. They compare some essential attributes for co-
operative awareness, such as awareness range and vehicle density, with both having
to meet standardised QoS requirements. The results show that 802.11p can have a
trade-off depending on the MCS, where the better performance or longer range can
be applied. They also note that .11p is robust at distances up to a few hundred
metres and can support a vehicle every 10 metres. After the range of 300 metres
is approached, the performance starts to degrade due to the hidden node problem.
This method is different to C-V2X, where the technology performs poorer at shorter
distances and better at larger distances. They recommend .11p for short distances,
as it is well suited for collision avoidance and rear-end collision avoidance.

Cellular based collision avoidance is also further investigated in [26], with an
enhanced system for broadcast communication over LTE. This method uses CAM
messages containing vehicle information to build cooperative awareness for vehicle
safety applications. These messages have been enhanced with the use of an en-
hanced message collision avoidance scheme to minimise the collisions of packets.
The results from the simulation show that with this system, packet received rate is
improved over distances from 0-500 metres and are improved with a larger vehicle
density compared to a basic system. Li et al. [206] have also used LTE-V for collision
avoidance strategies. The authors consider automated systems avoiding collisions
based on V2V communication in this research. They find that low distances suffer a
relatively low amount of communication lag and that improving collision avoidance
depends highly on latency.

Many works consider the impacts of latency for 802.11p and the importance
of safety and CA. The most widely speculated latency has been reported in many
works as 100 ms [97], [143] for BSM/CAM. Researchers have also deemed that this
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TABLE 2.8: Rear End Collision Avoidance

Author Key Findings Reference

Ye et al. Investigate use of V2V to propagate an Emergency Warn-
ing Message (EWM) for rear-end CA in a platoon. The us-
age of this message is to prevent a chain event of rear-end
collisions. The requirements are low latency and maintain-
ing inter-vehicle spacing between vehicles. The authors
use a modified MAC to achieve this, and they highlight
specifically for safety that delay or latency is a vital com-
ponent.

[199]

Tang et al. Latency is further evaluated, with an analysis on collision
avoidance timings for DSRC enabled vehicles. The au-
thors investigate the timings for vehicles to stop, the la-
tency for emergency warnings to be used, and how this
latency impacts the collision avoidance probability. They
note that intersections have the most stringent latency re-
quirements.

[200]

Manwar et al. Intersection collision avoidance is investigated. This work
also studies latency requirements between two types of
safety messages; broadcast periodic messages and event-
driven safety messages. Their findings show that safety
message throughput is higher in their algorithm than typ-
ical 802.11p usage but do not state the vital reliability find-
ings.

[24]

Rakesh and Bel-
wal

Data is used to procedurally generate the shortest and
most efficient route to the driver’s destination. The data
communication is used to inform drivers of any situations
on the route and receive data from other vehicles whilst on
the route. They produced an example using an emergency
vehicle that avoids vehicles that had already collided on
their route to a destination.

[201]

Metzner et al. Authors exploit V2V for enhanced situational awareness
and the results show that using data can allow vehicles
to create a grid of vehicles along with the locations of the
vehicle, but only provide this example on a highway exit
ramp.

[60]

Patel et al. authors produce simulations where the study is based on
a "Misbehaving vehicle" performing unexpected manoeu-
vres. The shared data in the CAV group can allow vehicles
to collaborate to avoid the vehicle and prepare a joint ac-
tion and decisions together.

[202]

Yang et al. Data communication was also used in a forward collision
avoidance approach for CA. The authors’ demonstrate
that the efficient usage of data shared via V2V leads to
an 8997.67% correct warning rate to avoid collisions com-
pared to a TTC based system, a 6.34% increase.

[203]
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will not be adequate and will instead need to be 50 ms [207], especially when used
for pre-crash sensing.

The range for 802.11p is vitally important for safety, and it is standardised that
this range can be in up to 1000 metres for 802.11p, which has been stated in recent
works [22], [208]. However, other research speculates that for certain safety scenar-
ios, a distance of 100-300m is necessary and sufficient [97].

2.6 Summary and conclusions

In this chapter, the wireless communication attributes have been briefly presented,
and then a thorough literature review into vehicular communications and the cur-
rent state of the art has been discussed. The modern concept of a vehicle is far
more advanced than previous generations. It will now include many features to en-
able them to be connected and eventually fully automated driving. The use of these
technologies is still being debated, but DSRC is considered a more mature and ready
option for V2V. The demands of vehicle networks are high, requiring high reliabil-
ity, low latency and always available connectivity. Wireless communication in the
road infrastructure will allow many benefits, and continued research into this area
will enable faster adoption and implementation of features that will allow a safer,
quicker, and better-quality driving experience.

Software-defined radios are a promising technology for research on connected
vehicles. They have helped make strides towards many different areas that are in-
creasingly useful for the research community. In addition, the currently available
projects can perform to the high standards detailed for DSRC.

Collision avoidance is a primary safety concern and will be a highly beneficial
area in future to provide safety for vehicle drivers and vulnerable road users. The
inclusion of infrastructure via V2I/I2V will allow data to be cooperatively shared
with other road users out of the communication range. This approach will allow
an entire data network to be shared, leading to more efficient travelling systems,
mainly when autonomous vehicles are present.

Through this extensive literature review, various issues have been outlined. One
large issue is the availability of a complete and modifiable DSRC implementation
available for the research community. There have been many approaches taken,
however, they are all tailored towards a specific use case or do not utilise the com-
plete DSRC protocol. In addition to this, vehicular communication is assessed in
various safety methods, however, the consideration for safety distances between
vehicles based on communication is significantly lacking research.
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Robustness in terms of reliability is of importance, however, there is a lack of
investigation for this considering how it may affect the safety between vehicles or
other road users. V2I is also under investigation and a complete simulation envi-
ronment is not yet available that has all features of a complete vehicular network,
such as communication, mobility, roadside units, camera vision with deep learning
for object detection and complete V2X profiling. This would be of great benefit to
assess various safety features and allow further research into the interactions be-
tween road users, and the implications of these interactions. This development is of
importance for autonomous vehicle research.
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Chapter 3

Vehicular Communication with
SDR based DSRC

3.1 Introduction

Future connected and autonomous vehicles (CAVs) will be equipped with many
sensors and communication devices to enable a more efficient and safer global trans-
port system for both vehicle drivers and general road users. These devices will allow
the gathering and sharing of appropriate information in a heterogeneous vehicular
network. Important areas that CAVs will address are to increase road safety for
road users, reduce road accidents, ensure road use is more efficient and ease the
problem of traffic congestion [209]-[210]. Collaborative road safety is based upon
V2V broadcasting, whereby vehicles share data to build up a mutual understanding
of themselves and awareness of other road users. However, V2V can suffer from
significant delays, poor channel performance, substantial packet loss rate and colli-
sions due to the random channel access of broadcasting. There are many forms of
communication to share vehicular information, and this chapter will focus on one
of these areas, known as V2V.

Various approaches have been made to create an alternative to commercial DSRC
devices for the research community, such as [166] who created an 802.11p trans-
mitter using GNURadio. However, the author acknowledges that their work was
only used to generate and packetize 802.11p compliant frames without an adequate
receiver’s complete design and testing. Similar work to this [211] also created an
802.11p transmitter for a Hardware in the Loop (HIL) embedded system for simu-
lation and evaluation of vehicular type messaging. The SDR only operates in the
2.4GHz frequency band in the HIL system, which is not the area of the spectrum
DSRC has been designated.
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Further work on V2V utilises a Universal Software Peripheral (USRP) based plat-
form [212], but this project has been based on the 5G framework with some adjust-
ments to represent C-V2X closely. They analysed this system via an evaluation of
real-time throughput and hardware imperfectness.

Two more research works have been investigated regarding 802.11p with SDR,
but these two works had a similar goal. In [181] the authors mainly focused on accel-
erating the performance of the 802.11p transceiver by aiming to speed up hardware
operation. The second is a platform created for measuring wireless networks based
on SDR architecture [162], which again does not fit into the area of DSRC.

After analysing various DSRC projects, the option selected was to use a well-
established and proven DSRC project, an 802.11 a/g/p SDR-based Transceiver de-
veloped via GNURadio and is known as the WiME Project [180], which is an open-
source software implementation that can be uploaded to an SDR device. WiME is
the most established open-source project researched and found readily available.
The project has been created to represent DSRC accurately and proven operational
with commercial devices while adhering to the 802.11p/DSRC standard protocol.
This project has been made available to the research community to continue and
assist research into vehicular communication. A modified and improved version is
developed, through manipulation of the core block coding to incorporate an open
UDP channel, that is capable of receiving modified data, and will form the basis of
this chapter to establish an SDR-based DSRC transceiver that has been improved to
enable V2V. WiME has already been extensively tested via simulations and a field
test to monitor interoperability with commercial DSRC devices. The previous evalu-
ations confirmed the operation to be appropriately capable of adhering to standard
DSRC protocols, but no investigation for V2V was explored, as the authors created
this SDR implementation as a tool for further research. Therefore, their experiments
were tailored towards operating on the 802.11p channel, ensuring that communica-
tion was established, and performance statistics met those of DSRC.

The WiME project was chosen and, through development, modifications to the
code will allow an improvement to offer V2V and will allow the option for customis-
able configurations depending on the scenario needed. The modified transceiver
was used for SDR-based DSRC V2V, and results are generated to enable utilisation in
real-time and real-world scenarios. The SDR-based DSRC project was used to assess
vehicular communication capabilities for safety. The SDR-based DSRC transceiver
was subjected to a real-world field test, where analysis was conducted.

This chapter aims to develop a fully functioning SDR-based DSRC device that
can be used in future to increase road safety via the cooperation and communication
of V2V information. This device is designed to operate as a V2V transceiver and is
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investigated in scenarios for these purposes.
The survey conducted in [28] gives us an insight into the use cases and scenar-

ios that consider collision avoidance and help identify the performance attributes
needed. This survey also details the types of data and alerts that can be propagated
by V2V systems allowing further knowledge on the approach needed to create and
propagate messages relating to different scenarios. The approach was to create a
modified version of an existing DSRC project and incorporate this into a platform
capable of field-testing in a lab or outdoor environment, on roads and in various
traffic scenarios. To create a platform capable of meeting the requirements speci-
fied, three main features needed to be met; easily portable, relatively low-cost, and
performing to DSRC standards. For these reasons, SDR devices were chosen to per-
form the communication and laptop devices to create data packets and for result
processing.

This chapter aims to design and establish a novel SDR-based DSRC for V2V that
is proven capable of DSRC standard communication whilst gaining a key under-
standing regarding the performance aspects and capabilities of a non-commercial
DSRC communication kit. This research is focused on the quality of service and ro-
bustness of the communication types and the capability it must have to support road
safety applications and assist cooperative awareness in future smart cities. SDR’s
prime feature is that they allow reconfigurability and adaptability to suit all com-
munication types. When V2X is fully adopted, there may be discrepancies between
vehicle vendors over which protocol to use. The technology choice could be split
between cellular-based or DSRC based, and SDR has the advantage to operate as
all.

An SDR-based DSRC platform has been designed and investigated over various
scenarios. The relevant results have been gathered, compiled and evaluated. The
layout and composition of the platform will be outlined and detailed. The various
testing scenarios will be explained in experiment scenarios, with their importance
and meaning discussed. The experiments are tailored to give insights into the fun-
damental challenges of how different technologies such as SDR and V2V communi-
cations can effectively address the practical driving safety issues.

In section 3.2, an overview is shown for the development and design of the SDR-
based DSRC transceiver, showing how the process is taken from open-source WiME
to a newly modified adaptable transceiver. Section 3.3 details the initial scenarios
used to monitor the performance of V2V using the SDR in a field-tested evaluation.
Section 3.4 shows some extended investigations with SDR-based DSRC to show ad-
vantages and capabilities for V2V. Section 3.5 gives a summary and conclusion.
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3.2 Software Defined Radio

Due to the inherent advantages provided by SDR, it is an ideal candidate for devel-
oping and implementing V2X communication protocols. The SDR has an advantage
because the technology for V2X is still under debate, such as proprietary systems,
WLAN, cellular, sensing technologies, and the possibility of future developments
are still open options. V2X may become a system using multiple options such as
a hybrid system with all protocols available or potentially vendor specific. Legacy
cars may potentially have the opportunity to purchase a ’V2X upgrade kit’ that may
enable communication capabilities under certain situations. SDR is a flexible system
capable of being all of these technologies through the simple alteration of the soft-
ware protocol stack and can even be installed to legacy vehicles and reprogrammed
when updates or adjustments are needed. This ability makes SDR a prime candidate
for the development of V2X and the investigations of the capabilities or shortcom-
ings.

3.2.1 SDR-based DSRC transceiver setup

The SDR-based DSRC platform needed to be relatively low cost and operated out-
side of the confines of a laboratory environment to accommodate in-vehicle test-
ing. With these requirements known, the option chosen was to use a low-cost SDR
device that does not require mains power and can be operated on the fly. The Et-
tus Universal Software Radio Peripheral (USRP) B210 software-defined radios and
Lenovo ThinkPad laptops were selected for these reasons. They are relatively low
cost compared to commercial DSRC devices, and the laptop allows for monitoring
and recording results. The B210 was chosen over the N210, as the N210 requires a
mains power supply that is impossible within a vehicle without incurring additional
cost. The B210 was selected as higher functioning, and faster USRP devices cost sig-
nificantly more to ensure the low-cost specification. This expense can be seen with
the B210 at approximately £1000 per device. In contrast, the N210 costs £2500+ with
an additional daughterboard also needed to be purchased at approximately £700.
Commercial DSRC systems cost upward of £4000, such as the Cohda MK5 [213].

The WiME project was created using GNURadio software, and the complete
transceiver project has been made available open-source for the research community
[214]. Amendments have been made to the software flow graph to allow the ability
to transmit both UDP or TCP packets via a python code, which will then be pack-
etized into a complete 802.11p/DSRC frame and transmitted via the USRP device.
This differs to WiME as they use a preconfigured message interface within GNURa-
dio. The Python coding will enable configuring and adjusting packets for different
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requirements. Figure 3.1 is a small part of the GNURadio block flow-graph, that
shows the additional blocks that enable UDP/TCP access to the flow-graph and,
with correct settings, allow the control and modification of data to be used in the
datagram. A full GNURadio block chart flow graph can be seen in appendix A. This
control uses correct port numbers and addresses parameters configured within the
GNURadio and python coding. The use of python allows further options, including
the transmission and readings of device power, transmit levels and the option to
send more than just message data, such as pre-recorded or live video.

FIGURE 3.1: GNURadio UDP socket block diagram

UDP was chosen as the message protocol because broadcast communication is
considered. With UDP, the connection between hosts does not need to be estab-
lished; thus, TCP is not a viable option. UDP is not the typical standard used for
broadcast; however, it allows the closest alternative and suits broadcasting capabil-
ities. Theoretically, this should decrease processing latency, but the reliability could
be compromised as data is not reported as lost as there is no packet reception con-
firmation. The UDP code developed allows the manipulation and configuration
to adapt codes to various use cases. The options utilised are power transmission
level, transmitter and receiver gain levels, packet content manipulation, packet size
alteration, the interval of sending or Inter Frame Spacing (IFS) and the number of
messages. These options are critical for calibrating the USRP as it allows the option
to display the received power accurately and record results into separate files for
processing.

An SDR-Based DSRC platform has been developed that consists of two or more
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FIGURE 3.2: USRP B210 ports

FIGURE 3.3: USRP B210 with Taoglas antenna attached

software-defined radios: the Ettus/National Instruments USRP B210 devices. Fig-
ure 3.2 and Figure 3.3 show the platform, with one showing the physical antenna
ports and the other showing the device with antenna attached. In most experiments,
each device was configured as a transceiver; however, each was operated as a trans-
mitter or receiver. For this reason, a single omnidirectional antenna from Taoglas
was used per device, which can be seen in Figure 3.3. Omnidirectional antennas
were chosen as the radiation pattern emits almost equally in all directions, suiting
the needs of a broadcast. This is opposed to directional where the transmission is
only propagated in one direction. The radiation pattern for the Taoglas antenna can
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be seen in Figure 3.4, which is taken from the specification sheet and can be identi-
fied with the 5850Mhz label. The Antenna height was kept to 1.2 metres on tripods
for most of the testing, and the antenna is kept with vertical alignment with the line
of sight maintained where possible. The USRP and antenna were placed on the ve-
hicle dashboard in vehicles tests, and the height was vehicle dependent. Figure 3.5
shows the SDR testbed in a block diagram with more details on internal system con-
figuration, and Figure 3.6 shows a physical example of the SDR-based DSRC testbed
in an outdoor environment.

FIGURE 3.4: Taoglas radiation pattern [215]

The USRP transmitter device is configured to transmit according to the DSRC
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FIGURE 3.5: SDR-based DSRC block diagram

FIGURE 3.6: Physical example of SDR testbed

standard. The frequency was set to 5.89 GHz (channel 178), with a Bandwidth at
10KHz, an absolute gain value between 0 and 89dB and the tests were conducted
with BPSK 1/2 modulation. The USRP was then connected to a Lenovo ThinkPad
laptop via USB 3.0 high-speed connection for the generation of signals, UDP mes-
sages and processing. The receiver device followed the same main setup; however,
the absolute value was between 0 and 76dB. These absolute values are taken from
the Ettus datasheet accordingly [216]. An overview of the testbed components can
be seen in Table 3.1.

Most experiments have been conducted using two nodes. However, an option to
incorporate a third or more is available. The concept is to simulate vehicular nodes
broadcast messages such as safety-related messages. The basic message would be
a Basic Safety Message (BSM) in the American standards [217] or a Cooperative
Awareness Message (CAM) in the European standard [218]. The insights gained
from the performance analysis will allow further testing to evaluate its impact on
V2V collision avoidance. Table 3.2 shows some of the more important testbed set-
tings.
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TABLE 3.1: Testbed details

Component Detail
Operating System Ubuntu Linux 18.04.2 LTS

Python Version 2.4/3
SDR Ettus USRP B210

Frequency 5.89 GHz
Bandwidth 10 MHz

Laptop Lenovo ThinkPad
Modulation Scheme BPSK 1/2

Laptop Lenovo ThinkPad
Processor Intel i5 8th Gen

RAM 8 GB DDR4
HDD 256GB SSD

TABLE 3.2: Testbed settings

USRP Settings
USRP Device Ettus B210
USRP Tx Gain 0-89dB absolute, 0-1 normalized
USRP Rx Gain 0-76dB absolute, 0-1 normalized
Sample Rate 10 Million Samples per second

Antenna Taoglas TG.35.8113
Software GNURadio and Python Terminal

Coding Settings
Type of Code Python

GNURadio is used to create the correct waveform and signal generation for
802.11p/DSRC standard, adhering to the correct frequencies and bandwidth as re-
quired. Python application codes have been individually written and programmed
for each device, which is different for transmitter and receiver whilst also inter-
changeable for any devices running in alternate terminals. The use of python coding
enables the creation of a different code for any experiment, which will allow indi-
vidual monitoring and result gathering for the parameter results needed. All coding
can be modified to allow collaboration into a comprehensive code when required.

3.2.2 Calibration of SDR-based DSRC

The supplier does not calibrate the Ettus USRP B210 devices; therefore, the devices
will need to be calibrated to represent accurate power levels and compensate for
measurement errors. The calibration was completed using an Agilent vector signal
analyser, a data sheet for the USRP, and was conducted in a laboratory environment.
A sample of power readings was recorded, and linear curve fitting was applied,
with the resulting formula used to create a calibrated power value. The calibration
for the transmitter was completed with the setup shown in Figure 3.7. The gain
was selected as a standard value of 53.88dB and then incrementally raised to get a
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TABLE 3.3: Calibration results

Tx Gain (dB) Tx absolute (dB) Tx Power (dBm) @2.4 Tx Power (dBm) @ 5.9
1 89.8 -6.02 -8.02

0.9 80.82 -12.33 -14.33
0.8 71.84 -21.13 -23.13
0.7 62.86 -29.92 -31.92
0.6 53.88 -38.94 -40.94
0.5 44.9
0.4 35.92
0.3 26.94
0.2 17.96
0.1 8.98

calibrated value for each gain level in dBm values. From these readings, a selection
is made for the value of the transmitter. It then is used for correct calibration of the
receiver device based upon the known and calibrated transmitter value.

FIGURE 3.7: Calibration procedure block diagram

The transmitter is programmed to emit a continuous signal at a chosen frequency
and gain setting. The signal analyser is used to measure the signal received, which
was then recorded and tabulated for each gain level. The initial measurement was to
take a power reading at 2.4 and 5.89 GHz using the USRP devices to find the power
received without calibration. The USRP was then connected to the signal analyser
using SubMiniature version A (SMA) cables to minimise losses. The initial test has
been conducted using a transmitter set to 53.88 dB absolute power. The results of
this experiment show a 2dBm difference is shown between 2.4 and 5.89 frequencies,
with the respective values being -38.94 dBm and -40.94 dBm and can be seen in
Table 3.3.

The transmitter was then connected to the receiver via direct SMA cable without
any attenuation, and the power was then recorded at the receiver and compared
to the tabulated values. A block diagram of this connection can be seen in Fig-
ure 3.8, with power readings taken and evaluated. A small sample of readings was

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 68



Chapter 3. Vehicular Communication with SDR based DSRC

recorded, and linear curve fitting was applied, using the resulting formula to cre-
ate a calibrated power value. The formula used for curve fitting is shown below in
Equation 3.1, with x being the gain value to be calibrated. Figure 3.9 and 3.10 show
before and after calibration for all gain values.

FIGURE 3.8: Block diagram of the calibration procedure with Tx/Rx

y = 0.9957 ∗ x− 65.41 (3.1)

FIGURE 3.9: Uncalibrated power graph

Figure 3.10 shows that the received power is very close to the initial readings
taken from the USRP; However, calibration is necessary to produce an exact value
for each gain level. The calibration allows accurate power measurements in fu-
ture experiments to show the difference between transmitted and received. This
approach allows recording the Received signal strength indicator (RSSI).

The calibrated results can indicate the difference between the power chosen to
transmit and the value received. This will indicate any outside noise from fading
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FIGURE 3.10: Calibrated power graph

or reflection that is present in a real-world transmission, showing how the power
will be reduced in the environment. Minimal fading is seen in the calibration as low
attenuation cables are used. With calibration performed, the difference between the
USRP devices is evaluated. This calibration can be shown by choosing an example
transmitter gain and then taking the calibrated values, and the differences can be
compared as shown in Equation 3.2.

Gain = G(Tx)− G(RxCalibrated) (3.2)

The difference is shown in gain when the transmitter is set to 0.6 gain value or
-40.94 dBm at 5.9 GHz, and the receiver values can be seen along with the respective
difference in power in Figure 3.11. This figure highlights the difference in the power
received by the receiver, and it can also be seen that when the gain is higher, the
difference in power becomes positive. The final calibration stage accounts for the
antenna gains, which are taken from the information on the antenna specification
sheet. The antenna gains will be detailed in a later section.

The difference shown in Figure 3.11 relates to the gain value chosen at the re-
ceiver and the power that is received from the transmitter. This allows to see the
exact value that is received based on the transmitted signal after calibration, when
different gain values are chosen.

3.2.3 SDR transceiver measurement set-up and scenarios

The following section will describe the performance and measurements tests car-
ried out with the SDR-based DSRC transceiver to gather information on the base
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FIGURE 3.11: Power difference graph

performance statistics and how they convey to safety scenarios. Each test will be
summarised and related to V2V, identifying the key performance characteristics and
how SDR functions with broadcast communication. It should also be noted that un-
less otherwise specified, all packets are used at a maximum of 1500 bytes which is
the maximum defined for DSRC [219] An exception is scenario three, where a 500-
byte packet size is used. Each USRP has been configured as a transceiver but only
uses one antenna. This antenna will be attached to the transmit or receive port, de-
pending on the requirement. The USRP devices have both been configured to 5.895
GHz with a 10MHz channel as is standard for DSRC [220]. The USRP was also set
to a gain level of 69dBm at the transmitter and 76dBm at the receiver.

To adequately assess the performance of SDR-based DSRC, a series of measure-
ment campaigns were designed and have been tailored with a specific code. Each
measurement campaign scenario has been developed to gather results for a specific
performance attribute, and the scenarios will be outlined along with the parameters
to be analysed. This procedure is designed to analyse different performance aspects
to understand better the physical limitations the SDR may have.

First Measurement campaign: The first scenario used to investigate the SDR-
based DSRC is designed to measure received power and packet delivery ratios. The
received power was sampled 50 times at 10-metre intervals from 10-250 metres, with
an additional test performed at 300 and 400 metres. Secondary samples were also
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taken, and these were recorded whilst moving from each test point to the next whilst
moving approximately 3-3.5 mph. The packet delivery ratio was measured the same
way; however, the samples were taken over 10 to 450 metres. Ps represents station-
ary power, and Pm represents moving power.

Second Measurement campaign: Then, the second scenario was used to mea-
sure the data rate/throughput and latency simultaneously. The samples in this ex-
periment were taken with direct connection using no antennas to eliminate channel
losses and outside interference. Throughput was sampled to find maximum packets
transmitted in a second without any losses, and then a calculation was used to find
the maximum rate that could be achieved theoretically.

Throughput and goodput equations are also used, based on the packet losses
previously measured, to find the actual data transmitted against the theoretical max-
imum that could be possible. This equation shows the transmitter’s data compared
to the usable data.

Latency or delay was measured using SMA cables to measure the processing
time. A calculated value of propagation time was used to find total latency; the
equation used to calculate End to End processing latency (E2EPL) is shown in Equa-
tion 3.3. Round-Trip Time (RTT) was recorded between transmitter time (TS) and
receiver time (TR). 3000- time samples were recorded and used to calculate the mean
value and standard deviation to create a normal distribution bell curve to give the
min, max and average latency values. Propagation time was then calculated sepa-
rately, and the two latency values were used to estimate the end to end total latency.

E2EPL =
(TR − TS)

2
(3.3)

Third Measurement campaign: The final scenario determines the quality of ser-
vice (QoS) or reliability. The QoS is vital in CAVs as safety messages must have
almost guaranteed delivery or at least 99.9% [221], and this is especially important
for collision avoidance where missed packets are highly likely to lead to avoidable
collisions. This scenario is used to extract relationships between reliability, distance
(metres), and data rate in packets per second (pps). The formula in Equation 3.4 is
used for calculating the successful packet delivery ratio (PaD).

PaD =
PR ∗ 100

PID
(3.4)

Packet ID (PaID) is a value inserted into each packet payload at the transmitting
side, from 1 to 7500 in this experiment. This is used to identify the number of pack-
ets sent from the source. The number of packets received (PaR) is a receiver value
incremented when each packet is received. These two values can then be used to
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calculate the total packet delivery ratio, which is essentially the ratio of packets that
have been received at the destination to the number of packets sent at the source.
Each test was performed three times, and results were recorded.

This test was conducted over 5-25 metres in 5-metre intervals and extended to
100 metres at 25-metre intervals. The analysis was conducted up to a maximum
distance of 100 metres because in previous work relating to vehicular stopping dis-
tance [222], it was calculated that without the communication capability, stopping
distance is 96 metres when travelling the UK speed limit of 70 mph. In addition, it
was chosen to analyse data rate from 10-140 packets per second which is the max-
imum limit found later in Chapter 3, with the number of packets being sent set to
7500 as this is an efficient point between manageable data and time taken to trans-
mit. For this experiment, to accurately represent a cooperative awareness message
(CAM) or basic safety message (BSM) [95], a smaller packet size was chosen of 500
bytes, as is the standard size for these message types.

3.3 SDR-based DSRC experiment results and analysis

The following section will give extra detail specifically tailored to the measurement
scenarios and the relevant results gathered during each measurement campaign.

3.3.1 Distance power measurement

This initial experiment monitored the performance over short to long distances and
how received power changes over distance. This experiment took 100 samples at
each distance and was completed over the full distance range at 10-metre intervals.
In addition, three measurements of 100 samples are also taken whilst moving to
each distance point, which was done at a brisk walking pace of approximately 3.5
mph. The recorded samples have then been averaged for both cases. In this exper-
iment where V2V will be considered, 250 metres is categorised as a longer distance
communication, as typically vehicles will not exceed this range for V2V type com-
munication.

The results for this experiment can be seen in Figure 3.12 and 3.13, with the first
figure showing both uncalibrated and calibrated results and the second focusing on
the calibrated results. The figures display the received power being approximately
-84dBm at its lowest point. They also show that from 0 to 250 metres, the power
drops considerably by approximately 20dBm. Pm represents power when moving,
and Ps represents power when stationary they can be seen in Figure 3.12, which
represents the trend of received power and distance. These results have also been
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estimated through curve fitting. The formula representing each curve can be seen in
Equation 3.5 (Ps) and Equation 3.6 (Pm).

Ps(dBm) = −5.088ln(x)− 55.039 (3.5)

Pm(dBm) = −5.5153ln(x)− 55.863 (3.6)

FIGURE 3.12: Receiver power over distance

FIGURE 3.13: Calibrated receiver power over distance

The only significant results to see in Figure 3.12 is that the calibrated results
can be seen shifted to a lower value of power received which is a more accurate
representation of the power that is received by the SDR device, which highlights to
the user that the power is not accurately represented by default.
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3.3.2 Path loss measurements

The next section of this test analysed the calibrated power received and produced a
theoretical path loss model based on the recorded results, therefore this calculation
will represent the path loss potentially observed in the field test and the which has
been used in the path loss formula in Equation 3.7 represents this. Free space path
loss is used in this instance as it was observed there had been no blockage to the
line of sight during the experiment. The results were used to produce a curve fitting
formula for the path loss calculated. It should also be stated that the antenna used
has a peak gain of 2.55 dBi. The antenna gain is measured in dBi as this is the
standard measurement for forward gain in an isotropic antenna.

FSPL = Txp − Rxp − TxG − RxG (3.7)

Where FSPL represents resultant free space path loss, Txp represents transmitter
power, Rxp represents receiver power, TxG is used to show transmitter antenna gain
and RxG denotes receiver antenna gain.

FIGURE 3.14: Path loss

The result in Figure 3.14 shows an expected result, that path loss will follow the
same trend as the received power but will be almost completely inverse. The results
of received power and path loss show that from approximately 75 to 250 metres,
there is not a lot of variance in the recorded values. The result shows the USRP SDR
is capable of operating at these distances. In a V2V scenario for object detection or
maintaining stopping distances, 250 metres will be an adequate distance to operate
over as safety distances between vehicles do not typically exceed this value.
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(A) SDR side profile (B) SDR front profile

FIGURE 3.15: Dashboard of vehicle, SDR set-up

TABLE 3.4: Vehicle on road power

Distance Average Power received (dBm) RX Power calibrated (dBm)
10 -21.1175718 -64.3551718
20 -28.54562352 -71.78322352
30 -33.43328825 -76.67088825
40 -35.76543987 -79.00303987
50 -38.73738324 -81.97498324
60 -33.14888791 -76.38648791
70 -42.13624254 -85.37384254
80 -40.53155063 -83.76915063
90 -42.35360801 -85.59120801

100 -41.44789598 -84.68549598

3.3.3 On-road mobility field test

A field test was conducted to analyse the performance whilst having two cars equipped
with the SDR setup without tripods. An example set-up can be seen in Figure 3.15
and Figure 3.16. The SDR and antenna were placed on the dashboard, and the power
performance was monitored on a 100-metre road. Secondly, the packet loss and
power received were separately recorded whilst travelling for 15 minutes in normal
traffic conditions. The average speed during the second test was approximately 30
mph. Packets were sent at 100 packets per second, and power was recorded approx-
imately once every second.

For the initial roadside test, the results can be seen in Table 3.4 and Figure 3.17.
In the results, it can be observed that a sharp increase in power is recorded at 60
metres. This reading occurred as a large vehicle entered the communication range
of the SDR devices at the roadside, which shows that this large vehicle could have
amplified the omnidirectional antenna via reflection of the signal.
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FIGURE 3.16: Dashboard of vehicle, SDR and laptop set-up

The second test was conducted on a stretch of roads near Birmingham, Aston
University campus; the route can be seen in Figure 3.18.

This route is approximately 2.6 miles, travelling through the middle of Birming-
ham to a reservoir and the journey time is approximately 14 minutes. The experi-
ments utilised the same configuration as previously with two SDR devices mounted
to the vehicle’s dashboard. The configuration for the SDR has two separate code
procedures; on the transmitter side, a code was utilised to send ten packets per sec-
ond to the receiving vehicle, along with power transmission values sent every sec-
ond. The receiver was coded to receive the normal packets, record an overall packet
reception percentage, and record the power received from the transmitter. Initially,
the vehicles were approximately 10 metres apart upon initialising the code within
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FIGURE 3.17: Calibrated power for road test

FIGURE 3.18: On road test route

a crowded car park. After leaving the car park, the lead vehicle followed GPS to
the reservoir and was equipped with the sending node, while the following vehicle
followed the route set by the lead and was equipped with a transmitter. The exper-
iment was conducted in normal daytime conditions and a typical UK road system
following normal road rules. The results for this test can be seen in Figure 3.19.

In Figure 3.19 the received power is displayed for the full journey time displayed
in seconds. Initially, the received power is reading high, and this is because the ve-
hicles are within proximity, located in the car park starting location, approximately
10 metres spacing. As the test continues, it can be seen that gradually the received
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FIGURE 3.19: On road test route, calibrated power

power after about 300 seconds approaches to -85dBm. Then for the rest of the test,
this is the baseline power reading. This result can be noted as the reading taken once
vehicles have separated by a safe distance, usually approximately two car lengths.
The results and map were investigated, and the readings that raise in value back
up to -70 dBm would be the junctions and traffic lights where the distance between
vehicles is reduced. At around 700 seconds, the two vehicles were separated by an
emerging heavy goods vehicle, which produced a scattered power reading, hence
the signal would have been reflected towards the receiver, increasing power. The
final point to note through the test is the rapid variations between 800 and 900 sec-
onds. At this time, vehicles were entered a busy residential area and the two vehicles
return to a 5-metre distance gap between each other when parked in a residential
street. Therefore, the signal is amplified, as distance reduces, but the signal is also
scattered due to obstructions and channel fluctuations, causing scattering and re-
flections. This result shows that the SDR devices maintained a high level of commu-
nication throughout the experiment; however, it highlights the previous finding of
power decreases over significant distances and gives further insight into the effects
when LoS is compromised.

Figure 3.20 further proves the results in 3.19, however, the x-axis are different
representations, and the results are calculated using Equation 3.4. In this test the
number of packets are used to represent the results, instead of a time measurement.
However, the main difference to be seen is that when the scattered signals occur,
power received can increase due to reflections, but this interference also cause sig-
nificant losses. For comparison, the results can be correlated with circumstances
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explained previously. At points 1200, 2000, 3000, 3800 and 4100, slight reductions
can be seen that are packet losses, these are the points at which the previously men-
tioned junctions were exited, and the distance increased. It can also be due to the
increase in vehicles waiting at the junction, causing additional interference to the
communication. At the 5000 packets transmitted point, a decline of 4% losses oc-
curs; this is the same location as the power scatter loss. As the vehicle cleared this
obstacle, the packet success began to rise, but in the last part of the test, it can be
seen the rate reduced gradually again as the vehicles entered the residential area.

FIGURE 3.20: On road test route, packet loss

3.3.4 Throughput and latency

This test was used to theoretically prove the throughput that could be achieved us-
ing UDP over SDR-based DSRC. It was found that the maximum number of packets
that could be sent within a second via UDP was approximately 140 packets. This
information is used to produce a theoretical throughput for each number of packets.
The range used is between a minimum of 1 packet per second and a maximum of
140 packets per second and is outlined in Table 3.5.

The data rate is especially important in networking as it measures how much
data can be transmitted over a certain amount of time. As mentioned, it was discov-
ered that the maximum rate of packets per second is 140, and a maximum packet
size of 1500 is given for DSRC. This result gives a maximum theoretical data rate of
1.68 Megabits per second. The minimum specified data rate for DSRC with BPSK
modulation is given as 3 Mbps [139] and as can be seen at the highest with the UDP
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TABLE 3.5: Throughput

Send Rate (seconds) pps Packet Size(Bytes) KBps
1 1 1500 1.5

0.1 10 1500 15
0.04 25 1500 37.5
0.02 50 1500 75

0.013333333 75 1500 112.5
0.01 100 1500 150

0.008333333 120 1500 180
0.007142857 140 1500 210

scheme, it can reach just over half of this. However, this is tailored towards high
complex systems. In the case of this platform, the limitations are placed on the pro-
cessing power of the laptops. For this scenario, 140 pps is acceptable but further
analysis will need to be shown in terms of packet loss.

Throughput and goodput

The goodput was also analysed to monitor the SDR in various field tests rather than
just the theoretical value of throughput. This was achieved in a field test outside of
the vehicle rather than inside, to mitigate the effect of the windscreen of the vehi-
cle. The following equations were used, and the previous result information from
testing. The equations can be expressed in two forms.

The first representation can be seen in Equation 3.8. Let N denote the total num-
ber of transmitted packets (data rate), let N′ denote a total number of lost packets
(Loss rate) and N′′ will represent a total number of received packets (Goodput).

N′′ = N − N′ (3.8)

Or secondly, it may be expressed as Equation 3.9, where R denotes the total number
of transmitted packets (data rate), P represents the packet loss rate, and η denotes
the goodput or usable data. In this equation two cases are outlined; these cases show
that goodput will be less than or equal to the data rate and cannot be higher. The
two cases will depend upon the value of P, if P is 0 there is no loss rate the values of
R and η will be equal. If P is above 0, η and R will be equal.

η = R− P and η ≤ R

η < R when P 6= 0

η = R when P = 0
(3.9)
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Goodput at distances from 10 to 100 metres is measured, and coding was placed
in the script to ensure each packet received was not corrupted. The packet loss rate
at each distance has been recorded to show this result, and then this is calculated into
a quantity of goodput using Equation 3.9. The results can be observed in Figure 3.21
and show almost identical results to those of throughput and not much difference
between all data rates used.

FIGURE 3.21: Goodput vs. distance

Latency or end to end delay

The next area chosen for analysis was the latency of the SDR-based DSRC with UDP.
Many attempts were made to make this an end to end measurement, but the NTP
server chosen could not synchronise the times accurately enough. Instead, a round
trip time measurement would be an alternative but highly accurate option. The
same setup was replicated as previous tests; however, instead of using the Taoglas
antennas, SMA cables were used to measure the round-trip time. The cables are
used as they eliminate any propagation time that is incurred and will more accu-
rately represent the processing time incurred at the transmitter and receiver. This
method allowed the measurements to be focused on the processing time and the
propagation time was later calculated and added. As the calculation is completed
theoretically the calculation be used for any distance, but the maximum measured
was 450 meters. The formula can be found in Equation 3.10.

Latency is a critical factor of CAVs as this measurement dictates how a message
can be sent, received, and processed so appropriate action can be taken. The Round-
Trip Time (RTT) was recorded using a python code that captured the internal time
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as each packet was sent from the transmitter. The receiver will receive the packet
and send it back to the original transmitter device via its transmitter. The transmitter
would then receive a packet containing its original time and then print via another
python code when it receives the packet back. The values generated by these codes
will be used in Equation 3.10 to produce an estimated, one-way end to end latency
timing.

Approximate E2E Latency(s) =
Time Received Back - Initial Send Time

2
(3.10)

Approximately 3000-time samples were taken and used to calculate the mean
value and standard deviation. The samples are then used to create a normal distri-
bution bell curve of the recorded time values, and this is seen in Figure 3.22. This
finding will help identify the latency range from min to max and to identify where
average or mean latency is situated on the curve.

FIGURE 3.22: End to End latency distribution

The resultant curve shows that the latency ranges between 2.1 and 2.9 ms, and
the mean is 2.48 ms. The result shows the latency is very low and is lower than
the speculated time of DSRC at 100 ms and even less than the predicted value for
pre-crash sensing, which is 50 ms; it is higher than the 1 ms requirement 5G CAVs.
However, one point to note is that this experiment has taken place through cable
connected devices, and a more accurate representation will be needed when the
propagation time is included. This result is relative, and it can be speculated that
the increase would be based on sensing information to be passed to DSRC and then

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 83



Chapter 3. Vehicular Communication with SDR based DSRC

further processing time.
As mentioned, the propagation time is also calculated and used in addition to

the measured processing time and this addition will present a more accurate tim-
ing example for the SDR. It was estimated that the mean is the most appropriate
value to represent this result. As can be seen in Figure 3.23, the difference between
10 and 450 metres is less than 0.146 µs. The formula for propagation time can be
seen in Equation 3.11 and is used to give theoretical values of latency over different
distances, which can then be used in addition with the processing time previously
measured to give a representation of full end to end latency.

TP(s) =
d
c

, c = speed of light ≈ .2.9× 108 (3.11)

Where, TP represents propagation time, d represents distance between nodes and c
represents speed of light.

FIGURE 3.23: Mean end to end latency vs. distance

From the results, most of the latency in the SDR-based DSRC can be attributed to
processing time at both transmitter and receiver and not the propagation time. The
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latency measured is considered information freshness if used in a collision avoid-
ance or safety scenario. This result is expected, as propagation is equivalent to the
speed of light and latency would be expected to be slower. However, it is also shown
that the latency mean value is 2.48 ms and is between 2.1 and 2.9 ms at every test
conducted. This result identifies a lower latency than expected, even for a simple
packet of 1500 bytes. When added, the propagation time produces a minimal effect,
and the difference between 10 and 450 metres is less than 0.146 µs.To summarise,
a 2-3 ms latency is adequate for many scenarios, such as lane merging, emergency
collision warning, and stopping distance maintenance when considering collision
avoidance.

3.3.5 Reliability and packet loss rate

The final experiments are the most important, determining the QoS or communica-
tion reliability. This set of experiments is used to test relationships between reliabil-
ity in terms of the packet loss ratio, distance in meters and data rate in packets per
second. The QoS is vital in CAVs as safety messages must have almost guaranteed
delivery or at least 99.9%. This investigation is especially important for collision
avoidance, where missed packets lead to avoidable crashes and accidents.

Initially, a field test was used to monitor packet losses over large distances. Three
instances of 1000 packets were sent and recorded whilst stationary at each interval
from 10 to 450 metres to measure the packet losses. The packet delivery ratio was
then averaged at each of the specified distances, but it was found that such a small
number of packets yielded a 0% loss. Due to a reception rate of 100%, it was nec-
essary to repeat this test with a higher packet number but smaller distances. This
is to find and identify a baseline of performance which can be used to predict the
trend of packet losses at larger distances and can also minimise the losses incurred
by external factors such as temperature, humidity and outside interference. How-
ever, this test highlights that the range of SDR-based DSRC can exceed 450 metres
in meeting V2V requirements.

The initial setup for the redesigned field test was the same as previous experi-
ments and was conducted within an indoor laboratory environment. This experi-
ment was achieved using a short distance with a high quantity of packets, and an
example equipment setup is shown in Figure 3.24.

The same range of 10 to 140 packets per second is used and set to send 7500
packets. The experiment is measured over 5 to 25 metres. With the packet size also
kept to 1500 bytes, it is determined that 10.5 million bytes will be sent for each test.
For each stage of this test, line of sight was maintained, and two python codes were
used for receiver and transmitter. The transmit python code injects a value chosen
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FIGURE 3.24: Laboratory Equipment set-up

and set, starting from 1 to the desired value, into the data payload of the sent packet.
The receive python code displays the number of packets captured as a percentage
and a counter that displays the total received packets. This packet manipulation is
achieved in the physical layer. The formula in Equation 3.12 is used for calculating
the packet success percentage. Packet number (PN) is a value inserted into each
packet payload at the transmitting side, from 1 to 7500 in this experiment. The
number of packets received (PR) is the value that the receiver adds to each time a
packet is received. The value of 100 is used to represent 100%. The result is also
displayed as the total packets successfully (PS) received in number format.

PS(%) =
PR ∗ 100

PN
(3.12)

Initial calculations were performed to determine packet size, bytes sent and related
statistics. The initial results can be seen in Table 3.6. This table contains the baseline
statistics used for each test over every distance chosen to measure.

The formula in Equation 3.13 and Figure 3.25 are used to show how the equation
for packet loss is derived. Where N denotes the total number of transmitted packets,
N′ represents the total number of lost packets (loss rate), N′′ denotes a total number
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TABLE 3.6: Packet size statistics

Data Rate(pps) Interval(s) Number of packets Time(Seconds) Total Bytes(Mb)
1 1 7500 7500 11.25

10 0.1 7500 750 11.25
25 0.04 7500 300 11.25
50 0.02 7500 150 11.25
75 0.013 7500 100 11.25
100 0.01 7500 75 11.25
120 0.0083 7500 62.5 11.25
140 0.0071 7500 53.571 11.25

of received packets, R is used to show the throughput, P denotes packet loss rate, η

signifies goodput, and T represents total transmission time.

FIGURE 3.25: Packet loss equation block

P =
N′

N
%

P =
N − N′′

N
= N′′

N = R ∗ T, so, R =
N
T

packets/s

N′′ = η ∗ T, so, η =
N′′

T
packets/s

P = R− η =
N
T
− N′′

T
=

N − N′′

T
packets/s

(3.13)

An initial test was conducted using an increased number of packets of 75000,
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TABLE 3.7: Experiment results at 5 metres

Data Rate(pps) Data Rate(B/s) Packets Sent Packets Lost Success% Loss%
10 15000 7500 2 0.9997 0.0002
25 37500 7500 1 0.9998 0.0001
50 75000 7500 1 0.9998 0.0001
75 112500 7500 4 0.9994 0.0005

100 150000 7500 5 0.9993 0.0006
120 180000 7500 5 0.9985 0.0006
140 210000 7500 2 0.9997 0.0002

but it was found that the time taken for each test was far too high with an excessive
number of packets. For example, with ten packets per second, each test would take
two hours, and the amount of data transmitted was 562.5 million bytes.

For the 7500-packet test, an instance was performed at every distance three times
and recorded the lost packets and packets success rate. The results were tabulated
to show packet loss rate, percentage loss rate per 1000 packets and the approximate
number of bytes lost. An example of the tabulated results will be included for the
experiment conducted at 5 meters in Table 3.7. The table will also include the overall
packet loss rate, distance and data rate relationship. Table 3.7 shows the packet
losses are relatively low, over 99.8% at 5 metres and the largest loss being 0.6 packets
per 1000.

Figure 3.26 shows the results for packet loss rate versus data rate, the results for
each distance are plotted and include the initial test result with the increased 75000
packet example and this is done to show similarity and confirm the decision to re-
duce packet quantity. The results show that all distances are very close in packet
loss rate being approximately 1 or 0 per 100 packets. The exception is the 25-metre
test, where a significantly higher loss at 120 and 140 pps can be seen, respectively.
This finding can be attributed to the system not handling high messages or channel
conditions. It is deemed a rate of up to 100 pps for future testing is suitable for col-
lision avoidance. The results show that data rates up to 100 pps over each distance
maintain an average error of less than one packet in each instance. It can also be
seen that from 10 to 50 pps, the packet losses are very low, but after 50, the losses
start to increase slightly. The final point of notice is that the increased packet test of
75000 packets at 5 metres, yielded a larger packet loss at 140 pps compared to the
other tests. This could be due to time taken and fluctuating environment conditions
such as humidity or temperature. TCP may be considered in future investigations
to decrease packet losses but may suffer increased latency.

Figure 3.27 is a plot showing the relationship between packet loss rate and dis-
tance for each data rate. The second figure is used to show assumptions are correct
based on the first figure shown in Figure 3.26.
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FIGURE 3.26: Packet loss rate vs. data rate

FIGURE 3.27: Packet loss rate vs. distance

As previously shown, the highest data rate of 120 and 140 pps are the points at
which the packet loss increases at 25 meters. This figure also emphasises that all
other data rates are uniform across all distances, with only a slight rise in 100 at 25
metres and a significant increase at 25 metres. However, the error is approximately
2.4 errors per 1000 packets and occurred at the longest distance with the highest
number of packets per second. A significant point can be seen in the 140 pps test,
where a significant increase in loss can be seen at 25 metres. This can be attributed
to outside factors, such as interference from outside sources such as temperature or
interference from people passing by.

The final section of this experiment analyses the tests that operated for a long
period. This result helps to indicate how the system copes when used for extended
periods or for such cases of V2I, which could be a potential usage. One of the pre-
vious tests was conducted using 75000 packets, as has been discussed and was also
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TABLE 3.8: Extended experiment results at 5 metres

Data Rate (pps) Interval(s) Number of packets Time, Hours Loss%
1 1 75000 20.83333333 6.66667E-05
10 0.1 75000 2.083333333 2.66667E-05
25 0.04 75000 0.833333333 2.66667E-05
50 0.02 75000 0.416666667 1.33333E-05
75 0.013333333 75000 0.277777778 0.000213333

100 0.01 75000 0.208333333 0.000226667
120 0.008333333 75000 0.173611111 0.000213333
140 0.007142857 75000 0.148809524 0.001586667

tested with one packet per second, which took 20 hours. The results for that test can
be seen in Table 3.8. As can be observed, these results show no significant change
from running the tests over an extended period.

Two other tests were performed similarly, with one taking 18 hours at 100 pps
and the second for 2 hours with ten packets per second. The results for the first were
a loss of 5600 packets from 6480000, meaning a loss ratio of 0.0008. The results for
the second are a loss of 22 from 72000 a loss rate of 0.0003. These results show a
slight increase in loss, but not much higher than previous tests.

3.3.6 Regression analysis

Regression analysis is used to investigate the relationship between the power and
packet losses and predict the signal to noise ratio (SNR). This result is achieved
using the estimated values for packet loss and received power. The SNR has been
extracted using a linear regression-based method based on the packet loss linear
regression curve estimation and the power received regression curve. The signal to
noise ratio is then computed from the power estimation result and the noise floor
result, measured at -100dBm.

Three layers of regression known as multiple linear regression were applied. The
previously generated field test results provide estimations, and predictions can give
useful insights into performance. The first use of regression is to create a distance
against packet loss estimation using previous data. This result can be plotted using
different variations of data rates, with the example used of 140 pps.

Figure 3.28 shows the packet losses recorded in a field test, over a distance at
140 pps, from 10 to 100 metres, and this also has the linear trendline associated
with the data. This experiment was performed ten times and the average is used
for the curve fitting. The equation for the trendline is shown in Equation 3.14. The
losses incurred at points 30 and 70 are attributed to reflections of the signal causing
increased interference. and in ideal circumstances losses would be minimal.
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FIGURE 3.28: Regression at 140 pps, packet loss rate vs. distance

Y = 0.0453x + 3.8271 (3.14)

This equation can then be applied to a chosen selection of distances to produce
a packet loss estimation. The results are shown in Figure 3.29 and represent the
predicted number of lost packets from 0 to 500 metres, however it should be noted
that this is only a preliminary estimation and does not represent accurate results,
rather offers an insight of predicted losses.

FIGURE 3.29: Regression prediction to 500 metres

The trendline calculation and the resulting values at each distance can produce a
power estimation correlation using these values. Figure 3.13 shows the original plot
for the power measured in a field test, with the curve fitting following a logarithmic
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scale for the larger amount of data acquired. The power equation used is seen in
Equation 3.15.

Y = −5.088 ∗ ln(x)− 55.039 (3.15)

From the equation for power plotted and the data from the packet losses, a
power estimation can be plotted to show the relationship and produce a power esti-
mation trend based on the number of packets that have been lost. This result can be
seen when replacing the value for packet loss at each distance into the power loss es-
timation equation, and the results can be seen in Figure 3.30. This figure shows how
packet loss and power correlate and identifies further the relationship, that lower
power leads to an increase in the number of packets lost.

FIGURE 3.30: Power vs. packet loss correlation to 500 Metres

The noise floor is the sum of all noise sources and signals that are not being
monitored and discovered to be -100dBm. The signal to noise ratio can be calculated,
and, in this case, it is a simple equation shown in Equation 3.16.

SNR(dB) = PowerEstimation(dB)− NoiseFloor(dB) (3.16)

SNR can also be calculated in another way if the requirement is to be in non-dB
form and is shown in Equation 3.17.

SNR = PSignal/PNoise (3.17)

The SNR can now be plotted using regression and the formulas for each distance.
SNR can be shown for any distance range and is calculated up to 500 m. Figure 3.31
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and 3.32 represent both linear and log form respectively.

FIGURE 3.31: Linear signal to noise ratio to 500 metres

FIGURE 3.32: Logarithmic signal to noise ratio to 500 metres

These results show that up to a maximum distance of 500 metres using the
regression-based analysis, that distance impacts the packet loss ratio, which can be
caused by the change in the SNR ratio, where the signal power can be seen decreases
and this decrease leads to increased packet losses.

3.4 Further field testing

The following experiments are used for further analysis and are tests where certain
performance aspects have been analysed. These tests were used to identify further
opportunities for SDR in V2V scenarios not yet investigated. However, they are
smaller in scope.

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 93



Chapter 3. Vehicular Communication with SDR based DSRC

TABLE 3.9: Two transmitter reliability results

Test Total Received Total Lost Packet Loss rate %
1 19998 2 0.01
2 20000 0 0
3 19997 3 0.015
4 19991 9 0.045
5 19988 12 0.06
6 19994 6 0.03
7 19981 19 0.095
8 19999 1 0.005
9 19990 10 0.05
10 19998 2 0.01

Average 19993.6 6.4 0.032

3.4.1 Receiver reliability with two transmitters

Analysis was also performed, showing how the receiving device would cope with
two transmitters sending at the same time to one receiver. The same setup was used
but included an extra replicated transmitter setup. Ten tests were performed in this
setup, with a mid-range chosen of 50 packets per second with 10,000 packets sent
per device, and this means it would be expected to receive 20,000 at the receiver side.
The setup for this was with each transmitter spaced on either side of the receiver at
approximately 10 metres.

The experiment results in Table 3.9 show an average loss of 6.4 packets per 20,000
packets sent, and this is highly similar to the results obtained with one transmitter.
Overall, this indicates that even with two transmitters, the receiver is robust enough
to operate whilst receiving from at least two devices. This finding shows that inclu-
sion into rear-end collision avoidance is possible.

3.4.2 Video transmission with SDR-based DSRC

The final experiment conducted using the SDR-based DSRC was a simple experi-
ment to explore the concept of object detection with the transmission of video data
showing the potential safety hazard. For this, it was chosen to transmit a video file in
real-time through the SDR to the receiving devices. This experiment was conducted
in a lab environment using the existing UDP block additions and an open-source
video player stream via UDP incorporated. The readily available and free to use
VLC Media Player was used.

The setup with this test was also using three SDR devices. The transmitting
device was placed centrally (Tx1), and two other devices were placed in different
locations; one was positioned 10 metres away with clear LoS (Rx1), and the second
was positioned 10 metres away without clear LoS (Rx2). A second scenario was
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used that operated as a cooperative relay system, where Rx2 was programmed as a
transceiver, where each of the Tx and Rx ports operated with different port schemes.
The scenarios can be seen in Figure 3.33.

FIGURE 3.33: Video transmission scenarios, 1. LoS vs. NLoS and 2.
Cooperative relay

The VLC program had to be prepared to be compatible with the SDR compila-
tion, which required separate setup configurations on the Tx and Rx, respectively.
The Transmitter configuration can be seen in the following set of Figures. Figure 3.34
shows the address configuration within the SDR code for a UDP client. The Wi-Fi
MAC block is used to show the correct addressing used for broadcast communica-
tion.

FIGURE 3.34: Tx configuration in Gnuradio

Figure 3.35 shows the configuration inside the VLC suite, detailing the process
of creating a UDP stream profile and addressing matching the client and the video
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setting parameters, with a data rate matching those calculated in previous experi-
ments.

(A) Select video source file

(B) Select video broadcast destination

(C) Set address and port

(D) Set video codec

FIGURE 3.35: VLC settings on Transmitter

On the Receiver side, the same process is followed. Figure 3.36 shows the ad-
dressing in the GNURadio suite for a UDP client and the matching address config-
ured in VLC.

Figure 3.37 shows the output of the streamed content from transmitter to receiver
via the SDR devices. The addressing scheme and image quality can be seen in the
figure. The video broadcast in this test was a 480p standard definition image, and it
is easily discernible to see the road and vehicles.

The video transmission experiment allowed us to stream video and audio con-
tent through the SDR-based DSRC testbed. The receiving side received the data
and streamed the video and audio with almost identical quality. However, a small
error was observed, with some pixels missing or freezing images, which was very
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(A) Receiver Gnuradio block

(B) Set VLC video stream address

FIGURE 3.36: VLC settings on receiver

low. The longer the stream continued, the more reliable the quality and connection
became.

This experiment proves it will be possible to use video capturing to detect an
object and stream the information or even a warning message advertising the prob-
lem encountered to other vehicles in the vicinity. This concept is used to recognise
pedestrians or bicycles on the road or even measure distances through continued
training and inference with a deep learning algorithm.

FIGURE 3.37: Screenshot of video received at Rx
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3.5 Summary and conclusions

In this chapter, an SDR-based DSRC platform for V2V was designed, developed and
analysed. The capabilities were presented along with the performance attributes be-
ing measured. Various parameters were shown and extracted through robust testing
in various environments and simulations. Knowledge is gained on the performance
relating to the impacts of power on SDR-based DSRC performance. In addition, re-
gression analysis has allowed the extraction of further components such as the SNR
and the relationships between packet loss and received power.

The SDR-based DSRC was shown to perform to a standard capable of traditional
DSRC communication, observing that the biggest impact is seen with longer dis-
tances. However, it can also be noted that in terms of packet losses, the SDR-based
DSRC does not meet the 99.9% requirement and instead approximately 99.75% at
its lowest. The SDR platform was investigated over a large distance to analyse the
performance. It then was subjected to a measurement campaign within a vehicle,
demonstrating the performance is not significantly affected whilst moving. Still, the
reduction of the line of sight had a more significant impact.

Robustness was also proven to support vehicular communication, with testing
scenarios showing steady data rates, short latency and a high packet success ratio.
These components also proved that the SDR-based DSRC could perform real-time
video transmissions using a UDP-based stream of pre-recorded content. The re-
ceiver received this data and played it with acceptable quality and sound.

Further testing using regression has enabled the prediction and modelling of
packet losses, received power and signal to noise ratio, with extracting linear and
logarithmic curve fitting to enable the parameters to be further used in future.

This investigation provides a deep understanding of the developed SDR-based
DSRC performance related to the modified DSRC project and the physical limits
of the SDR device. Further evaluation concerning collision avoidance and the per-
formance in scenarios closer to those in the real-world environment can be investi-
gated. This development will enable further experimentation to develop the perfor-
mance and be compatible with further incorporated technologies and techniques.
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Chapter 4

Reliable V2V communication for
Collision Avoidance

4.1 Introduction

The continuing evolution and adaptation of vehicular technology are needed to sup-
port autonomous driving. The needs of autonomous driving vary but have a specific
set of fundamental requirements for many different applications. The requirements
encompass various attributes such as reliability, latency, robustness, efficiency, high
capacity, and stability. Examples are in-car entertainment which requires a steady
data throughput with less stringent demands on latency or safety that requires low
latency and high reliability. ADAS systems to support AV have high reliability and
Quality of Experience (QoE) requirements, which requires regularly updated infor-
mation via V2I or V2V. The safety of vehicle operators and other road users is a
paramount concern for ADAS and AV.

Safety for CAVs is vital for the emergence of the future of connected vehicle.
Essential to this will be the application of the various technologies and techniques
developed and utilised in modern vehicles. With the emergence of CAVs, there has
been a significant increase in research and development for concepts and technolo-
gies that can enable and enhance information sharing. CAV safety aims to address
the nature of what it is to drive [223] to allow a safer and more efficient world-
wide transport system that is achieved by reducing collisions, easing congestion,
and enabling a safer road system for all road users. Facilitating communication be-
tween vehicles, infrastructure, pedestrians, and the network will also decrease air
pollution by traffic efficiency. This effect can be attributed to the tumbling effect of
increasing safety; fewer accidents mean less congestion, and less congestion means
fewer vehicles spending time on the road.

Safety is a critical component for CAVs, and this area must be continually ad-
dressed. Critical factors such as reduced road fatalities, less time spent on the road,
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and reduced lost hours spent in congested roadways will all be somewhat impacted
by increased road safety procedures. In the UK, the number of road accidents with
casualties is reported to be 115,584 with 1460 fatalities in the year 2020 [224] and the
WHO reported a worldwide estimate of 1.35 million road accident-related deaths in
2021 [2].

The application of vehicular communication into safer driving is one of the pri-
mary goals with CAVs and DSRC is a candidate technology for V2V communica-
tion. In this chapter, DSRC is shown to improve the safety performance for vehicles
through the analysis of stopping distances. V2V reliability via DSRC is then inves-
tigated via the implications of consecutive losses. This investigation identifies how
stopping distance reduction can be impeded by packet losses in terms of distance
and density-based losses.

Firstly, a model is created using SDR-based DSRC to reduce stopping distance
via V2V communication. Then the analysis was further developed into a novel sce-
nario for collision avoidance via adherence to a stopping distance, which is based
on the DSRC capabilities previously measured in Chapter 3. The stopping distance
algorithm developed also shows an advantage over traditional methods and shows
that with SDR-based V2V communication, the stopping distance required can be re-
duced with communication. Secondly, this model is subject to different categories
of burst losses, and the implications are evaluated. This evaluation is achieved with
the design of a model for the remaining stopping distance. This model is used with
different speeds and packet rates to analyse the impacts of losses in different scenar-
ios. Finally, this model is developed and compared with other available models to
show the increase in performance.

In section 4.2, initially, an investigation into V2V collision avoidance with SDR-
based DSRC is produced, showing the two main advantages of incorporating CAVs
and how safety will be increased. Then secondly, an investigation is made into com-
munication assisted stopping distances and algorithms are developed for distance
measurements. Section 4.3 is used to show the impact of consecutive losses, with a
model designed and developed for distance independent and distance dependant
losses. In section 4.4, density-based losses are investigated, with a safety distance
algorithm developed with SDR-based DSRC and a simulation of node density. Fi-
nally, section 4.5 proposes a joint loss system, and 4.6 summarises and concludes the
chapter.
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4.2 Collision avoidance with V2V

The following section is used to design and investigate the application of SDR-based
DSRC in V2V collision avoidance scenarios. The scenarios will be shown with algo-
rithms developed for each respectively. Results will be developed to highlight the
advantages of non-communication assisted collision avoidance.

4.2.1 Stopping distance with V2V communication

Stopping distance is a critical component for rear-end collision avoidance towards
increasing safety. It measures the distance a vehicle will take to come to a complete
stop. If correct procedures aren’t followed, collisions can occur when a lead vehi-
cle brakes in an emergency and the following vehicle is unaware. Safety issues can
potentially be reduced with vehicle communication. The concept of using the SDR-
based DSRC is investigated to show the capabilities of emitting a safety broadcast
message or beacon. The SDR-based experiments previously investigated will be
used to develop this novel idea, and the most vital statistic to be used in the latency
between sending and receiving nodes. The idea is that the lead vehicle can alert the
following vehicle, and braking can be applied more efficiently and quickly, espe-
cially in an autonomous vehicle rather than a vehicle operated by a human driver.

The time taken for a broadcast message to be received will be classified as the
delay or message latency, and a distance will be travelled during this time, which
will be discussed further. The latency usage can be classified as the time for a mes-
sage sent by a transmitting node and received at its endpoint. In this case, it can be
assumed to be a broadcast type communication, advertising the braking status. As
the receiver sees a change in braking status, it too can apply automatic braking.

A clarification will show how stopping distance is measured in this scenario.

• Stopping Distance: The total distance traversed until a vehicle comes to a com-
plete stop and comprises the following measurements.

– Reaction Time (s): Time is taken for the driver/system to apply the reac-
tion to a problem, such as applying brakes.

– Thinking Distance (m): Distance travelled during a driver to notice a
problem and initiate a reaction.

– Braking Distance (m): Distance travelled by a vehicle after the reaction
has been made, such as brakes being engaged and the vehicle coming to
a full stop.

In this procedure, these values will be broken down into separate measurements,
and the reaction time will be replaced with either the human standard reaction time
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or the SDR-based DSRC latency, which can be classified as AV or ADAS. Thinking
distance will be omitted due to comparisons with an autonomous system where
automatic braking will not require any action by the human, therefore is taken as
zero to keep the results consistent.

Stopping distance can be calculated as shown in Equation 4.1, where DS is stop-
ping distance, DR is reaction distance and DB is braking distance. Additionally, in
the equation, µ is used for the coefficient of friction, and g represents the gravita-
tional acceleration (9.80m/s2). The coefficient of friction used in dry conditions and
average tyres is 0.8 and can be found in [225]. Research suggests that the reaction
time of an average driver is approximately 1.5 seconds [226] but has also been cited
to be 0.67 seconds. TR will be used to represent the reaction time, and is specified in
three formats, each representing a different time. TR1 represents a reaction time of
1.5 seconds, TR2 is used for 0.67 seconds and TR represents the latency of the SDR at
2.89 milliseconds. In addition, V is used to represent vehicle velocity.

DS(m) = DR + DB

DR(m) = V ∗ TR

DB(m) =
V2

2gµ

(4.1)

Using the latency measured in Chapter 3 in place of the human reaction time will
show the reduction in stopping distance that is produced when using V2V broad-
cast assistance. This result will be shown for both estimated human reaction times
and the V2V reaction time (latency), at speeds from 4.5 to 45 m/s, and the results
can be seen in Table 4.1 and Figure 4.1. This figure is used to show the difference
in stopping distances when comparing human reactions against autonomous reac-
tions, which can be given by the latency from the SDR. In addition, the decrease
gained by using the SDR latency over the human reaction time can be seen in Fig-
ure 4.2 and this figure shows how much distance is saved by using TR as reaction
time compared to both human based reactions. This is produced by finding the dif-
ference between the results and showing the reduction at each speed. For instance,
at 30 m/s TR will offer 20 metre reduction compared to TR2.

Using the latency of the SDR-based DSRC transceiver reduces the reaction time
significantly. However, this value could be increased slightly due to mechanical
processing. The results show that stopping distance is reduced substantially with
this SDR implementation compared to human driver reactions. The distance saved
would be between 20 and 46 metres at 32 m/s (70 mph). This distance is a consider-
able reduction, and thus collision avoidance would be reduced with the advanced
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TABLE 4.1: Stopping distance comparison

v (m/s) DB DS at
TR1=1.5s

DS at
TR2=0.67s

DS at
TR=2.89ms

Decrease
in DS

from TR1

Decrease
in DS

from TR2
4.5 1.46 8.16 4.45 1.47 6.69 2.98
8.9 5.83 19.24 11.82 5.85 13.38 5.96

13.4 13.11 33.22 22.09 13.15 20.08 8.95
17.9 23.30 50.13 35.28 23.36 26.77 11.93
22.4 36.41 69.94 51.39 36.48 33.46 14.91
26.8 52.43 92.67 70.40 52.51 40.15 17.89
31.3 71.37 118.31 92.33 71.46 46.85 20.88
35.8 93.22 146.86 117.18 93.32 53.54 23.86
40.2 117.98 178.33 144.93 118.09 60.23 26.84
44.7 145.65 212.71 175.60 145.78 66.92 29.82

FIGURE 4.1: Comparison of stopping distance using SDR-based
DSRC

warnings provided by V2V.
The information can be shared cooperatively via V2V over large distances to

warn others of obstacles or accidents ahead. The information passing via multiple
V2V nodes will provide this warning hundreds of meters in advance, depending on
the communication range and power profile specified.

4.2.2 Beaconing with V2V reaction time

A secondary scenario for applying the SDR-based DSRC communication would be
to emit a beacon periodically to make drivers aware of situations. This scenario
would have various applications, and two will be briefly explained.

Emergency services are an integral part of daily road usage. Currently, the only
method to alert road users of their presence is with the combination of audible sirens
and visible lights. Still, this method is not always practical for drivers with disabil-
ities, loud music or obscured vision. The novel approach proposed here is the use
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FIGURE 4.2: Comparison of decrease in stopping distance using SDR-
based DSRC

of an emergency service broadcast. This broadcast will be used to alert lead drivers
on the same route to an approaching emergency service vehicle, which would allow
them to make appropriate collision avoidance manoeuvres. This warning would
mean that emergency services would arrive at their locations sooner and prepare
life-saving capabilities more efficiently.

The proposition of the system can be extended to more at-risk, vulnerable road
users, such as bicycles or motorcycles, that can potentially be equipped with a com-
munication device, warnings from other vehicles or through object detection. This
system would emit a broadcast to receiving vehicles, and they will have an alert
light on the dashboard or an audible alert informing them that a two-wheeled ve-
hicle is near. The location information from Global Positioning Systems (GPS) can
improve effectiveness when linked to distance and displayed to the drivers. This
warning would assist in identifying the distance to the broadcasting vehicle.

The designed system would implement a directive broadcast from a vehicle. The
directive broadcast will be received, and the message relayed to the vehicle driver.
The broadcast message will be sent periodically using a regular broadcast to all
nodes in range advertising a two-wheeled vehicle in the detection range and an
approximate distance measurement to the location of the vulnerable road user.

The experiments show that up to 500 metres are possible in the SDR range. This
distance can be converted into time for different speeds and offer drivers the ad-
ditional time to be aware of a motorcycle or leave adequate space for emergency
vehicles to pass. This system would be potentially lifesaving and would avoid
many collisions with VRUs. The results in Figure 4.3 show the awareness time that
would be given at different speeds and various communication ranges. This has
been achieved with Equation 4.2, where TA represents awareness time, D represents
distance and TR denotes the reaction time.

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 104



Chapter 4. Reliable V2V communication for Collision Avoidance

FIGURE 4.3: Awareness Time that can be offered with SDR-based
DSRC

TA =
D
TR

(4.2)

4.2.3 Comparison to laptop-based DSRC

Previous work utilised a different DSRC testbed based upon Linux laptop nodes
that act as DSRC devices. Following earlier experiments with the SDR and laptop
variations, the SDR-based DSRC has superior performance in every area. However,
the cost is significantly more expensive, although still less than commercial DSRC.
The implementation of the SDR-based DSRC is taken from Chapter 3, and uses the
2.89 ms reaction time.

The laptop implementation achieved approximately 100 metres in broadcast dis-
tance, but the SDR can exceed 450 metres. The delay and data rate have also im-
proved, with previous measurements being 18 ms and 56 Kilometres per second,
respectively. The SDR implementation can provide a latency between 2.1-2.9 ms
and a data rate of 210 KB/s.

The QoS has also improved for both packet loss rate and the number of collisions
when operating with two receivers. The packet loss rate in the laptop-based had a
value of 1.6% at 10 metres, whereas the SDR could maintain a loss rate of 0.06% at the
same distance. This result can also be compared with the smaller number of packets
test where a 0% loss rate at 450 metres was measured with the SDR. In comparison,
the laptop version had a 30% loss at 110 metres. Collisions of two transmitters and
one receiver have decreased from 6.6% loss to 0.095%.

The final comparison that can be made is with the decrease in stopping distance
gained from the SDR. Previous work analysed the laptop-based DSRC reduction
when used for stopping distance purposes. The latency of 18 ms is compared to a
human reaction time of 1.5 seconds, and the stopping distance can be reduced at 70
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mph, from 96.01 metres to 75.26. Utilising the SDR-based DSRC, it can be concluded
that the stopping distance would be reduced to 74.76 metres. This result can be seen
in Figure 4.4 where the slight decrease can be seen in the SDR-based DSRC. This
figure is used to show the difference between a laptop based and SDR-based DSRC,
where the slightly lower reaction time produced by the SDR also leads to a slightly
lower stopping distance needed.

FIGURE 4.4: Comparison of stopping distance between laptop and
SDR-based DSRC
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4.2.4 Communication assisted stopping distance

The SDR-based DSRC used in Chapter 3 has also been used in this chapter. The
empirical measurements evaluate the capabilities and show performance to meet
802.11p/DSRC standards. With this SDR-based DSRC established, it was then used
in more direct scenarios concerned with vehicular safety scenarios.

One of the most important areas highlighted in the literature is rear-end collision
avoidance [182], [221], [227], [228], and is classified as a collision by the following
vehicle to a leading vehicle, commonly occurring for not having enough space be-
tween vehicles. Stopping distance is the term used for the distance a vehicle will
take before it comes to a complete stop. This distance includes the time taken for
a driver to react to an emerging situation, the distance that is travelled during this
time, and the distance taken before the vehicle completely stops from the initial op-
eration of the brakes to the point the vehicle is entirely stopped, and velocity is 0.
This stopping distance is commonly split into three categories, which can be found
in section Section 4.2.1.

These different categories will be explained and discussed in later stages. Still,
it should be stated that in the investigations, the reaction time will be replaced and
substituted with SDR-based DSRC communication time or latency. This latency will
be the DSRC system latency and a perceived computational time.

The following sections make use of the developed SDR-based DSRC and utilise
some of the results that have been taken from previous measurement campaigns. In
this first area considering rear-end collisions and stopping distance, the value used
is the value for latency. This latency is observed in the previous experiments high-
lighted in Chapter 3 and is the measured E2E latency between sender and receiver
as shown in Equation 3.10 and 3.11. Latency is a critical component for CAVs. It
is a measure of time taken for nodes to communicate important data to each other
so that appropriate actions may be taken. This investigation is vital for safety sce-
narios. The latency of the SDR-based DSRC can be seen in Chapter 3, Figure 3.22.
As mentioned, this latency measurement is measured, and, in this case, the logical
processing was ignored as it is negligible. The latency was measured to be in the
range of 2.1 and 2.9 milliseconds with a mean of 2.48 milliseconds.

Two different methods are typically used in the literature to calculate the stop-
ping distance in the vehicular environment. The first equation is the more com-
monly used formula used in physics to calculate braking distance [129], [229], [230].
However, this method is not based upon the vehicle’s mass and uses a deceleration
rate from 0 to max. The formula is shown in Equation 4.1 where g is the gravita-
tional acceleration (9.81m/s2), v is the current velocity of the vehicle, µ represents
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TABLE 4.2: Coefficient of friction

Road Type Coeff of Friction With ABS Without ABS
Asphalt - Dry 0.8-0.9 0.75
Asphalt - Wet 0.5-0.7 0.45-0.6
Concrete - Dry 0.8-0.9 0.75
Concrete - Wet 0.8 0.7

Snow 0.2 0.15
Ice 0.1 0.07

the coefficient of friction. This equation is paired with an equation for thinking dis-
tance to calculate the total stopping distance. Thinking distance is calculated using
velocity and reaction time; in this experiment, reaction time is represented with TE2E

when using SDR related measurements.
The coefficient of friction is a variable that is allocated to measure the friction

between a vehicles rubber tyres and the road surface. Depending on the road type
and condition, this can have a different impact on the coefficient of friction. Table 4.2
represents some road types and weather conditions, highlighting the different val-
ues for the average coefficient of friction associated [228]. In this experiment, 0.8
is chosen for the coefficient of friction as this is the standard for normal-dry road
conditions.

The second equation is found in many research papers due to the more detailed
parameters involved in discerning the conditions of vehicle information used [228],
[231], [232], [233]. This equation discerns more detailed parameters on the type of
vehicle, road conditions, air conditions, and other parameters and can be seen in
Equation 4.3 that is split into three individual parts used to equate the total DS.
The components of the equation have been detailed in Table 4.3 and it shows the
typical ranges used in other research along with the value chosen in this experiment
specifically.

DB(m) =
W

2gCae
ln(1 +

CaeV2

ηbµW + f rcosθ + Wsinθ
)

Cae = (p ∗ A f ∗ Cd)/2

DS(m) = DB + DR

(4.3)

A prediction can be made using equations and the SDR-based DSRC maximum
communication latency as the reaction time recorded as 2.92 milliseconds. This time
will be used instead of the typical driver reaction time, which is suggested to be
between 0.67 seconds and 2 seconds. The reaction time depends on the driver state,
such as age, driver experience and state of mind. In this investigation, 1.5 seconds
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TABLE 4.3: Equation parameter values

Value Meaning Range Chosen Value
W Weight Of Vehicle N/A 1800kg (Citroen DS3)
g Gravitational Acceleration N/A 9.8 (m/s2)
p Air Density N/A 1.35

Af Projection Area Height * Width 2.562
Cd Air Drag Factor 0.15-0.5 0.4
V Velocity (m/s) N/A (mph/2.237)
ηb Brake efficiency 0.8-1.0 0.7
µ Friction Factor N/A 0.8
θ Road Slope N/A 0
f r Roll Factor 0.012-0.015 0.015

Cae Air Resistance (kg/m) N/A (p*Af*Cd)/2

is chosen as the reaction time as this is the time reported in a study conducted by
Brake to accurately represent most drivers [226], [234]. The travelling speed has also
been displayed in both kilometres per hour (km/h) and miles per hour (mph).

FIGURE 4.5: Comparison of stopping distance using different equa-
tions, Equation 4.1 and Equation 4.3

Figure 4.5 highlights the stopping distance reduction that could be observed
when using communication assistance systems or automatic braking systems. The
results show the distance saved using the communication system and the differ-
ence between each method for calculating stopping distance. It can be seen that the
second more detailed method has a slight reduction in the distance needed when
tailored towards a specific vehicle. Secondly, the figure shows the vast reduction in
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TABLE 4.4: Stopping distance reduction

mph Km/h Stopping Distance Reduction (m) Decrease (%)
10 16.09 6.69247 81.9962
20 32.18 13.3849 69.5796
30 48.27 20.0774 60.4289
40 64.36 26.7699 53.4053
50 80.45 33.4624 47.8444
60 96.54 40.1548 43.3324
70 112.63 46.8473 39.5980
80 128.72 53.5398 36.4563
90 144.81 60.2322 33.7764
100 160.90 66.9247 31.4635

stopping distance needed when using communication in both examples compared
to the traditional distance needed to brake for unassisted drivers.

The application of this system can be used when critical braking scenarios are
required, such as debris on the road causing an emergency braking situation, a ve-
hicle breaking down, a crash occurring, or sudden braking by the lead vehicle. This
concept can be further highlighted in the results in Table 4.4. The stopping distance
reduction is shown for each travelling speed, assuming a 100% receive rate. At the
minimum, the inclusion of communication assisted stopping distance has a 30%
reduction over normal braking. The use of the two different methods to calculate
stopping distance can both be deemed accurate; however, Equation 4.3 uses more
details on environment and vehicle choice, so it is deemed to give a more accurate
representation for the studied vehicle. This equation is variable and can be altered
and adjusted for the studied vehicle. For these reasons, this equation was chosen
moving forwards.
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4.3 Impact of consecutive losses on stopping distance

Reliability is an essential factor for safety systems in vehicles as missed or lost pack-
ets may lead to important messages and data being lost. These missed packets could
cause the following vehicles to receive alerts too late and would mean reaction time
would be compromised, and accidents that could have been avoided would occur.
However, the impact of singular losses is not a cause for concern if the data rate
is high enough. The reliability issue can be seen with consecutive losses, such as
a burst of packet losses. A field test is conducted using the SDR-based DSRC and
monitors and records the burst losses, packet reception rate, and the number of total
losses. The losses observed and recorded in the field test are quantified as either a
single loss or a consecutive (burst) packet loss. Burst losses can occur for many rea-
sons or circumstances such as channel fluctuations, obstacles blocking LoS, weather
changes or the hidden node problem. The use of UDP transmissions means there
is no acknowledgement of a packet received, and therefore if a packet is lost, the
sender is not aware of this. UDP will also allow communication to occur more effi-
ciently as no relationship needs to be built between the nodes, eliminating the time-
consuming process of the handshake procedure. UDP is the closest representation
of a broadcast type communication, and TCP is considered for future work, due to
its increased reliability. Broadcast communication is used for CAMs/BSMs, though
it is not specifically UDP. However, work by Santa et al. [97] also propose UDP for
CAMs.

This test is used to identify the reliability requirements in DSRC and the impor-
tance of high levels of reliability in safety scenarios. The tests conducted have been
performed with different data rates to monitor the inter-packet gap (IPG) impact.
The number of losses chosen will be shown later, but it should be stated that these
losses are based upon real-world field tests conducted with the existing SDR-based
DSRC.

4.3.1 Impact of consecutive loss on stopping distance: model design and
development

A developed model will show the theoretical loss to stopping distance that consec-
utive packet loss will produce in a vehicular environment. The model was designed
based on the stopping distance analysis formula and an equation to calculate the
loss of stopping distance per missed packet. This equation includes the interval be-
tween packet sending or IPG. The IPG will be abbreviated to TPI which is the packet
interval time. Equation 4.4 shows the developed model formula, and Table 4.3 and
Table 4.5 show the classification for each parameter. It should also be noted that TE2E
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TABLE 4.5: RSD parameters

Component Detail
TE2E End to End Latency or Reaction Time

V Velocity (m/s)
g Gravitational Acceleration
µ Coefficient of friction

PaL Number of Packets Lost (Consecutive)
PTE2E Processing Time Latency at Receiver (s)

TPI Packet Interval Time(s)

is used to represent reaction time.

RSD =
{
(TE2EV)+

[ W
2gCae

ln(1+
CaeV2

ηbµW + f rcosθ + Wsinθ
)
]}
−
{

V[PaL(TE2E +TPI)]
}

(4.4)
However, this initial model does not consider the next packet after the burst

losses are successfully received and processed. The omission of this packet would
mean that no packet would be transmitted, successfully received, processed, and
appropriate action to be taken after the consecutive packet losses. The reception
of this data would be a vital component in autonomous systems where commu-
nication would be essential to maintaining appropriate distances and maintaining
mutual awareness. To counter this, an extra iteration of processing, RTT, and TPI

would have to be included that will be used to represent the successful packet being
received and processed. This fundamental change can be seen in Equation 4.5, the
newly developed model formula. This model is a simulation based on real world
data and the reaction time is represented by TE2E, for autonomous vehicles no hu-
man reaction is used.

RSD =
{
(TE2EV) +

[ W
2gCae

ln(1 +
CaeV2

ηbµW + f rcosθ + Wsinθ
)
]}

−
({

V[PaL(TE2E + TPI)]
}
+
[
V(TE2E + TPI + PTE2E)

]) (4.5)

The second model in Equation 4.5 is used as this simulation focuses on how
packet loss will alter the stopping distance when relying on communications and
highlights that impact. The model works by utilising the normalised stopping dis-
tance and subtracting the distance lost via consecutive losses. The losses can be seen
in the second part of Equation 4.5. The resulting information will leave the distance
remaining till a collision occurs or the stopping distance remaining between vehi-
cles. After consecutive losses, it is known that the vehicle will still need to stop.
However, if the sign is switched in the second part of Equation 4.5, This would then
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represent the stopping distance plus the distance lost through consecutive loss to
leave us with total stopping distance. In this case, the model shows how to lead and
follow autonomous vehicle communication, with the following vehicle adhering to
a communication assisted stopping distance. This model allows the analysis of how
stopping distance is impacted by consecutive packet loss and is shown for different
speeds and data rates. The results show the stopping distance when zero packets
are lost, and then they show how the stopping distance is reduced with each con-
secutive loss. This result highlights how the reduction in reliability leads to reduced
stopping distance and hence a higher chance of collisions with the lead vehicle. As
the reduction value reaches zero, it can be deemed that this to be the point at which
the lead and follow vehicle will be occupying the same space or that a collision may
have occurred. In addition, a negative value can be calculated, meaning the follow-
ing vehicle has gone past the lead vehicle, and this would be classified as a collision,
which is shown to identify the impact of reliability.

4.3.2 Investigation into consecutive losses observed in field testing

The results can further investigate the impacts of consecutive loss in the field test ex-
periments. The results will be analysed in two ways; the first is a distance indepen-
dent instance, where theoretical analysis is conducted to see how consecutive losses
will affect stopping distance at different distances, with a range of losses monitored.
The second is a distance-dependent analysis based on packet losses measured dur-
ing field test trials. This scenario is measured up to 100 metres and will use varied
data rates and travelling speeds.

4.3.3 Impact of distance independent consecutive packet loss on stop-
ping distance

A measurement campaign was carried out in the field to measure and record con-
secutive losses in 3000 samples when measuring the packet loss rate. For the inde-
pendent distance analysis, 100 metres was chosen as the baseline as typical stopping
distances up to 70 mph fall within the 100-metre range. The result was achieved by
attaching a number inside each packet that could be extrapolated and compared at
the receiver allowing the extraction of the number losses seen consecutively. The
samples are taken at 100 metres, and a normal distribution plot is compiled, high-
lighting the spread of consecutive losses. This spread can be seen in Figure 4.6 which
shows the distribution of losses and highlights that most consecutive losses are from
0 to 11 per 1000 packets. Most of the tests yielded a packet loss rate of 0 packets per
1000; for the sake of testing the impact of consecutive losses, a range of values has
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TABLE 4.6: Remaining stopping distance (m) at 30 mph (48.27km/h)

Consecutive packet loss Eq. 4.4 Remaining SD (m) Eq. 4.5 Remaining SD (m)
0 13.1474 13.1474
1 11.7675 10.3488
2 10.3876 8.96891
4 7.62782 6.20911
6 4.86803 3.44932
8 2.10823 0.68952
9 0.72833 -0.6903

11 -2.0314 -3.4501
13 -4.7912 -6.2099
15 -7.5510 -8.9697
17 -10.3108 -11.7295
18 -11.6907 -13.1094

been selected through 1-18, as 1 is the minimum consecutive loss and 18 was the
highest. Results are produced for 30, 40, 50, 60 and 70 mph for the full range of data
rates, from 10 to 140 packets per second.

FIGURE 4.6: Distribution chart of consecutive packet loss

An example of the impact of the consecutive loss can be seen in Table 4.6, which
shows the results for 30 mph after the application of the models developed for RSD.
The results are compiled using 10 pps and 30 mph and give an example of the model
application.

As shown in the table at 0 losses, the full stopping distance is needed at 30 mph.
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As the consecutive losses increase on the left side of the table, the remaining stop-
ping distance gradually decreases, which can be seen on the right. It can also be
seen that 11 packets and higher than the value becomes negative, which would in-
dicate that the vehicles have either collided or overtake has been performed. This
result highlights the importance of reliability for safety scenarios such as communi-
cation assisted stopping distance, especially as autonomous vehicles become more
widespread on the road.

The following figures are used to show the results for each different speed, and
it should also be stated that there are three different variables in the model which
will be shown;

• Consecutive losses, which have been set to – 0, 1, 4, 6, 8, 9, 11, 13, 15, 17, 18

• Data rate in packets per second (pps), which is configured as - 10, 25, 50, 75,
100, 120, 140

• Speed in mph (km/h), which is configured as – 30 (48.27), 50 (80.45), 70 (112.63)

These Results are attained through the use of Equation 4.5 and in the results
a negative or minus result would indicate a collision has occurred. at this point
the results could potentially maintain a zero value, however the negative value is
maintained in order to show how significant the collision would be and how much
extra braking would have been required to avoid a collision.

As shown in Figure 4.7 and Figure 4.8, the results show an evident pattern from
the consecutive losses, in that as expected with more losses, the stopping distance
decreases. However, it can be observed that at lower speeds in the 30, 40 and 50 mph
simulation, the higher levels of packet losses can cause crashes, as evidenced by the
negative recorded values. Another highly useful observation is when the different
data rates are examined. For each experiment, 50 pps and above doesn’t reach a level
to cause collisions and, at most, reaches a 50% decrease in the slowest velocity test.
The initial packet loss of 1 consecutively shows that not much impact is observed
in all scenarios. Extending this to 6 packets consecutively lost, using Equation 4.5
has minimal impact, other than at a 10 pps rate, which can be deemed unsuitable
for this scenario, which would be expected. It can be assumed that for each case,
after minimal losses, vehicles would be able to adjust their position in motorway
scenarios; however, on-road scenarios, in some cases, would lead to unavoidable
crashes.

In all figures, the 120 and 140 pps rates have a very small distance reduction
for each speed, even in the largest case being 30 mph and a 4.5-metre reduction,
which is the average length of a vehicle and hence leaving enough space to take
emergency action. When considering the maximum consecutive packet loss, the
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FIGURE 4.7: Remaining stopping distance after consecutive losses at
30, 40 and 50 mph

minimum data rate that would provide adequate time to respond would be above
75 pps per second in the 50 mph experiments, as seen in Figure 4.7. Anything lower
than this and the stopping distance is reduced by 50-75%, which is deemed a short
distance to react. In the 70 mph example in Figure 4.8, 25 pps would reduce less
than 40%, and the higher data rates with consecutive loss degrade the stopping
distance by approximately 10%. However, in the 60 mph test, a 50 pps and above
data rate would reduce the stopping distance by 20% maximum, and for 70 mph,
25 pps would also have a less than 40% reduction and this distance would be large
enough to take emergency action.

A conclusion can be drawn from the results that at lower speeds, the consecutive
packet loss has much more of an impact than at higher speeds, even at low levels

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 116



Chapter 4. Reliable V2V communication for Collision Avoidance

FIGURE 4.8: Remaining stopping distance after consecutive losses at
60 and 70 mph

of consecutive loss. As the stopping distance is smaller, less distance to receive the
delayed or lost communication message is given, but the results in Figures 4.7 and
4.8, show that with high data rates, the packet losses are less detrimental. As more
packets are sent the losses are less consequential due to receiving more messages in a
short amount of time. It is also concluded that data rates are as essential as reliability
in safety scenarios. With reduced reliability, higher data rates can assist in getting
more messages transferred to increase the packet reception rate. In turn, actions can
be made from the messages received. This result identifies a three-way relationship
that safety would rely on, reliability, data rate and latency. This meaning that all
three factors play an important role, latency and data can be high but with low
reliability, messages will be missed. Reliability and data rate can have high rates,
but with low latency messages will be received too late. Reliability and latency can
be high, but with a slow data rate, the messages may have too long between them,
meaning distance will be significantly reduced between them.
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4.3.4 Impact of distance dependent consecutive packet loss on stopping
distance

A second scenario analysed was to monitor consecutive packet losses observed at
each distance or distance dependant losses. In this field test experiment, the packet
losses have been recorded at every 10-metre interval from 10 to 100 metres. The
losses have been recorded like the distance independent. Each test has a number
injected into each packet to monitor the max number of consecutive losses at each
distance and data rate. This test monitors the different distances from the lead vehi-
cle to the vehicle of interest, how packet loss rate differs at different communication
ranges and how stopping distance is impacted according to real-world measure-
ments. In Figure 4.9 the power over distance is shown for each of the distances in
the SDR-based DSRC field test, then in Figure 4.10 the number of packets recorded
consecutively are shown at the distances and each data rate. These results are taken
with the SDR-based DSRC setup in a field test, with the distances measured between
transmitter and receiver. This result gives insights into the packet losses and how
they differ and change over the distances chosen.

FIGURE 4.9: Receiver power from SDR-based DSRC

These initial figures show that at distances of 30 metres and between 60 to 90
metres, packet losses are significantly increased at both 120 and 140 pps curves. This
result is due to power drops seen in Figure 4.9 and are due to the fading nature of the
channel. The receiver suffers degradation at these distances. It can be assumed to
attribute these losses to channel overloading caused by the high number of packets
being transmitted in a harsher environment. Therefore, the fading nature at these
specific distances coupled with high data rates impacts the packet reception ratio
rather than the distance itself.

Following this, a figure will be plotted for each speed showing how these dis-
tance dependant losses impact the remaining stopping distance, such as previously
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FIGURE 4.10: Distance dependant packet loss distribution

shown. The same formula will be applied as in previous examples and applied to
the recorded losses seen in these experiments, and this will be shown for the same
speeds and data rates as used previously. The results are presented in Figure 4.11,
Figure 4.12 and Figure 4.13.

The main conclusions drawn from the distance dependant experiments are that
a high data rate must be used to maintain enough reaction time to mitigate the ef-
fects of consecutive losses in safety scenarios. This result is highlighted by the 10
pps scenarios with the highest stopping distance reduction due to packet losses.
The results show that a 99.9% reliable system is possible in almost all scenarios. Fig-
ure 4.11, Figure 4.12 and Figure 4.13 show that the loss of two packets or 0.1% has a
minimum effect.

The highest loss to stopping distance is seen in the 30 mph test, and this loss is at
the lowest data rate and suffers at max a 50% loss which can be seen in Figure 4.11.
All other data rates at 30 mph suffer only a few metres of reduction, showing the
importance of high data rates. This trend is followed in the other speed tests, but the
reduction is not as severe as slower speeds due to the increase in stopping distance.
This finding is especially prevalent for 60 and 70 mph, respectively, where every
data rate other than 10 pps has approximately less than 10% reduction, based on
actual measurements.

The lower speed data rates suffer more loss at higher distances. However, the
losses cause more substantial degradation to stopping distance at lower distances,
and a primary example of this can be seen in the 30 mph tests in Figure 4.11. It can
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FIGURE 4.11: Remaining stopping distance after distance dependant
consecutive losses at 30 and 40 mph

also be seen that as the distance increases, the packet losses have less of an impact
exponentially. Figure 4.9 showing the power highlights the reason for this, the fig-
ure shows received power levels at distances up to 250 metres, but the focus is only
to 100 metres. It also shows the fading characteristics indicated at the lower dis-
tances by the rapidly changing power levels, hence the higher losses seen at lower
distances. Figure 4.9 also highlights that the power levels for lower distances suf-
fer fading but that 100 metres has a lower power level but does not suffer the same
level of packet losses. This loss can be attributed to the fading characteristics of the
channel and the gain settings on the SDR. It can also be seen that at 60 metres, a
significant level of fading is observed.

4.4 Impact of vehicle density on safety distance

There are other implications other than the distance to consider in wireless vehicu-
lar networks when the concept of safety is concerned. The second important aspect
is the density of the roadway or the number of vehicles on the road within the com-
munication range. This section investigates the connotations of consecutive losses
incurred by the density of the vehicles on the road network. This loss can be deemed
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FIGURE 4.12: Remaining stopping distance after distance dependant
consecutive losses at 50 and 60 mph

FIGURE 4.13: Remaining stopping distance after distance dependant
consecutive losses at 70 mph

the number of packet losses incurred by the receiver caused by an increased number
of vehicles transmitting simultaneously.

This investigation is essential to measure the losses incurred in-vehicle networks
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and how reliability will be affected by a vast number of vehicular nodes transmit-
ting their safety messages. The effects of this message dissemination will adversely
impact reliability. The approach taken is the creation of a simulation of a vehicular
scenario based on several nodes within the communication vicinity and relate this
to the number of packets lost and the effect on safety distances. The experimental
simulations prove the use of communication will reduce reaction time. With this re-
duction in reaction time, there is a decrease in both; nodes in communication range
and the range needed for safety distance.

4.4.1 Investigating consecutive losses versus vehicle density

In this section, a simulation is designed to monitor the packet losses in the network
when considering a varied number of nodes in a three-lane highway environment.
It can be assumed that the opposite flowing traffic will be eliminated via location-
based broadcast, which is the preferred method for cooperative collision avoidance
(CCA) [199]. The initial step is to approximate the number of nodes within the
broadcast communication range. This range is chosen to incorporate automatic gain
control (AGC) [235], which is used to alter the gain depending on the speed being
travelled. Lower gains are used at lower velocities to create a reduced and lower
communication range.

The first step of this section is to identify the communication range classified in
this investigation as safety distance. The safety distance is the distance left between
vehicles to provide enough distance or time to react to a situation without crashing.
In the case of this experiment, this will be approximately the same as the reaction
time for a human driver or DSRC/advanced driver assistance systems (ADAS) de-
vice and is approximately 1.5 seconds without the SDR-based DSRC and 2.92 mil-
liseconds with the developed SDR-based DSRC Chapter 3. For the consideration of
safety distance, the separate measurement of braking distance is not required be-
cause, as described previously, stopping distance is the combination of braking dis-
tance and reaction distance. In this scenario, safety distance is considered reaction
distance or reaction time. In this investigation, the measurement to be calculated is
the safety distance or minimum required gap between vehicles depending on the
speed being travelled.

When using a full functioning ADAS system, a suitable approach must be made
to calculate braking distance, as, without this, chain reaction collisions would be
prevalent. This simulation represents an example of the safety distance with com-
munication and the impacts of node density. It can be shown that the safety distance
DS is directly affected by; the time taken for a reaction to being made by the driver or
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ADAS system TR and the acceleration coefficient of the vehicle (a). This relationship
can be shown in Equation 4.6 as;

DS = a ∗ TR (4.6)

In the case of the SDR-based DSRC reaction time, there must also be a consid-
eration for the delay within the hardware system due to the received information
processing and the mechanical delay introduced when activating the brakes. It will
be assumed that this is equal across all acceleration speeds and has set this value as
0.25 seconds and will be specified as reaction processing time (TRP). This is shown
for human driver in Equation 4.7 and ADAS in Equation 4.8. In this example TR1

represents human reaction time and TR represents the ADAS reaction time. Al-
though the formula is longer for the ADAS vehicle, the reaction time of the human
is significantly larger.

DS,h = a ∗ TR1 (4.7)

DS,a = a ∗ (TR + TRP) (4.8)

The difference between the two safety distances, human driver/ADAS, accord-
ing to the travelling speed, can be shown and, in addition, also show the results
of various stopping distance algorithms used in literature and other research work.
These algorithms are the Mazda algorithm [27], the Stop Distance Algorithm (SDA)
[27], and a more recent variation, known as the PATH (Berkeley) algorithm [27],
[194], [195]. The PATH algorithm is a modified version of the well-established
Mazda algorithm and is used to show safety distance calculation or to equate critical
warning distance.

The results for the various algorithms can be shown. The deceleration of a vehi-
cle is assumed to be at maximum for both following and leading vehicles, as is com-
mon practice. This is taken from a study conducted into various vehicles [195], [236],
[237]. For this interpretation of the algorithms, the deceleration rate for a standard
petrol car is used to keep compatibility with the type of vehicle used previously. The
deceleration can also be calculated using a formula and the initial calculated braking
distance without reaction time.

Deceleration (á) can be calculated using two different methods and is shown in
Equation 4.9 and Equation 4.10; with S f representing the final speed, Si representing
the initial speed, t denotes time component, and d is a distance of braking.

á = (
s f − Si

t
) (4.9)
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á = (
S2

f − S2
i

2d
) (4.10)

For this scenario, Equation 4.10 is used as the braking distance has already been
calculated. The deceleration will then be modelled to represent the rate of deceler-
ation (áR). This model is taken from Ro et al. [195] and is a validated model repre-
senting the reality of braking via the CarSim simulator. The formula Equation 4.11
is a linear equation representing an approximation of deceleration rate and is used
to simplify the vehicle braking dynamics. Where á is the max rate of deceleration,
and the mechanical delay is (TRP).

áR =
á

TRP
(4.11)

4.4.2 Investigation of safety distance algorithms

Now that the deceleration rate model has been detailed and shown and the calcu-
lated human reaction safety distance and the ADAS reaction safety distance have
also been described, the algorithms for safety distance will now be presented and
briefly described with their designated equation shown;

Mazda algorithm [27], [195], [194], [238] is a worst-case scenario model to ensure
collisions do not occur and is shown in Equation 4.12. Where vl , v f , vrel represent
leading, following and relative vehicle velocities and á f , ál represent each of the
vehicle’s deceleration. The algorithm assumes that the two vehicles are at a con-
stant maintained velocity and that at T2, the lead vehicle will begin braking with
the designated deceleration rate. The following vehicle will begin braking after T1

at its own given deceleration rate. Rmin is used to represent a minimum range or a
tolerance rate for safety, which is shown in the equation.

Ds(vl, vf, vrel) =
1
2
[(

vf
2

áf
)− (

vl
2

ál
)] + vfT1 + vrelT2 + Rmin (4.12)

SDA algorithm [27], [195], [194], [239] is a similar approximation of the concep-
tual idea of Mazda; however, it is based on the difference between the two stopping
distances of the lead and the following vehicle, and it is usually a part of the ADAS
system that utilises driver warning system incorporation. In this algorithm, TR rep-
resents the driver’s reaction time. Equation 4.13 is used to show this.

Ds(vl, vf) = vfTR + (
vf

2

áf
)− (

vl
2

ál
) (4.13)

PATH [27], [195], [194], [240] is a modified version of the Berkeley algorithm
based upon two vehicles, where the lead vehicle begins braking. The following
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vehicle reacts to this action after Tr and brakes. This algorithm also uses Rmin to
represent a minimum range or a tolerance rate, similar to Mazda, as shown in Equa-
tion 4.14.

Ds(vl, vf) =
1
2
+ [(

vf
2

áf
)− (

vl
2

ál
)] + vfTr + Rmin (4.14)

In the specified algorithms, it is assumed that the vehicle velocity and decelera-
tion are the same values, and therefore the relative speed will be 0 mph. The Berke-
ley example will also be applied to use two separate and selected values for decel-
eration. The deceleration value calculated from the simulations and the industry-
standard value of 6.44 m/s2 [241], [242], [243]. The final method to be analysed is
the Highway code guideline value that is used on UK roads, and this is given as
a measurement of one metre per every mile per hour [4], [234]. For instance, at 30
mph, the safety distance gap should be approximately 30 metres. The calculation is
compiled for each algorithm of the SDA, PATH and Mazda. The findings show that
these algorithms are shown to work, but they all equate to the same safety distance
as the findings that have been made for Human-based safety distance.

For this reason, only the relevant algorithms will be plotted. The PATH algo-
rithm, Equation 4.7 and Equation 4.8 are used with the values of reaction time ad-
justed for the type being measured. These algorithms to be plotted will be five
variations of safety distance which can be seen in Figure 4.14. This graph highlights
how much quicker the ADAS based braking system would react compared to a typ-
ical human reacting to a warning produced by the other algorithms or from a visual
reaction from human eyesight and manual braking alone.
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FIGURE 4.14: Safety distance comparison between different safety
distance algorithms

4.4.3 Vehicle node density versus communication range

With the safety distance calculated for the various algorithms, the number of nodes
in the range of the transmitting vehicle can now be predicted for each travelling
speed required. This calculation will be based on the calculated safety distance and
five metres set as a car length, a standard measurement for smaller vehicles.

Due to the use of omnidirectional antennas in the SDR-based DSRC, it is known
the radiation pattern is a circle with the centre point being the antenna which has
been shown in Chapter 3. To communicate to a vehicle of interest, the range of
communication will be the safety distance plus one full car length. As this wireless
emission is a circular pattern, the diameter is simply shown in Equation 4.15. How-
ever, a vehicle is also approximately five metres in length, and a centrally placed
antenna would limit the circumference detrimentally. Therefore, to compensate, an
additional five metres will be added to the diameter to represent the vehicle of inter-
est shown as VL. This equation will only be applicable in this simulation as it only
considers average vehicle sizes. If more appropriate measurements are taken in real-
world simulations, the vehicles would need to be varied, and compensation must be
made. For instance, a custom radius distance would more appropriately represent
other vehicles such as a bus or lorry. However, this would be a measurement known
to the vehicle, so a simple adjustment to the equation would be needed.

d = (r ∗ 2) + VL (4.15)
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With the diameter calculated from the safety distance and Equation 4.15, the
number of nodes within the diameter of the calculated safety distance for each al-
gorithm can now be predicted and estimated. This calculation can be shown, for
example, at 30 mph and using the PATH safety distance of 20.2 metres, the diameter
of the range will be 45.4 metres. The number of nodes present in the communication
range can be calculated with the range calculated. The calculation can be simplified
into smaller terms such as the number of cars per lane, safety distance per car and
the number of lanes. These terms will give an approximate minimum value. For
the number of nodes, all vehicles will be considered to be maintaining the 20.2-
metre spacing, with an approximate length of five metres per vehicle. Therefore,
two nodes will be within the transmission range in one traffic lane. This number
will be multiplied by the number of lanes required, leading to the classification that
nine nodes will be within a range, including the central node.

This scenario is the best-case; a worst-case safety scenario would be that the min-
imum safety distance is not adhered to and vehicles would be more closely packed
together. This scenario would lead to 11 cars per lane being within communication
range and, by calculation, results in 33 vehicles in range at 30 mph. Equation 4.16
shows the best-case number of nodes and Equation 4.17 for maximum nodes, where
d represents the diameter of communication range, r represents the radius of com-
munication range, L is used to represent the number of lanes to be studied, and dc

shows the length of the studied vehicle.

Nodesavg = ((d/(r + dc)) + 1) ∗ L (4.16)

Nodesmax = (d/dc) ∗ L (4.17)

Figure 4.15 shows the result of the node calculation equation, and it shows that
the ADAS has a vastly reduced number of nodes in the communication range com-
pared to other equations. This reduced number is due to the lower operating reac-
tion time.

As mentioned in previous sections, PATH and human reaction give identical
measurement results so that these algorithms will be treated as the same for the sim-
ulation experiments, and this can also be seen in Figure 4.15. The worst performing
is the general guidance given by the highway code and can deem this to be because
it is rather a suggested guideline rather than a calculated algorithm. It should also
be noted that the human reactions are not a reaction due to an emerging situation
but rather the human reaction to the ADAS warnings provided by the DSRC com-
munication system. In contrast, the ADAS reaction time is a reaction that is based
on an automatic braking system provided and operated by DSRC. Figure 4.15 also
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FIGURE 4.15: Node density comparison between different safety dis-
tance algorithms

shows that the incurred losses scale by increasing miles per hour, with changes only
occurring in incremental stages as speed increases. This finding is useful for using
and including an automatic gain control feature. The diameter would be kept iden-
tical until a threshold is reached, meaning the system would engage an increase or
decrease to alter the gain to the required limit.

The number of nodes is calculated for each velocity, and a simulation is per-
formed to find consecutive losses via density. The simulation has been conducted
using MATLAB software and represents communication occurring between DSRC
enabled vehicular nodes competing for channel access to broadcast safety messages.
The simulations have been performed with varying numbers of communicating
nodes to represent the number of nodes in the communication range for each trav-
elling speed. The simulation provides the expected consecutive packet collision
probability per node density/travelling speed when all vehicular nodes compete
for DSRC channel access with BSM messages broadcasting safety data. According to
standards, the simulation is based upon vehicular node density utilising DSRC com-
munication, with associated equations and contains the parameters used in DSRC
for MAC configuration. This configuration includes collision window timings, slot
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TABLE 4.7: Node density, simulation parameters

Parameter Value
Number of Simulations per cycle 5

Packets Per Node 1000
Transmission Rate 6 Mbps
Number of Nodes Eq.15-16

Packet Size 256 bytes
Number of retransmissions 0

Contention Parameters (Safety Related) Cwmin=3,Cwmax=7
Slot time 13us
MAC Sifs 32us
MAC Difs 58us

MAC Phy Header 32us

allocation, acknowledgements for packet reception that have been removed as they
are not required for BSM. These standardised settings have been gathered through
various sources [138], [163], [244]. Further information relating to the simulation
and the settings have been collated from [70], [245], [246] and these relate to data
rate settings and transmission scheme pre-sets. The simulation has kept as many
variables the same as the tests in the distance-based experiments to maintain con-
sistency, comparability and compatibility. Table 4.7 is used to emphasise important
simulation parameters that have been used.

ADAS results will only be used as they are the most efficient to compare with
distance-based losses, however the number of nodes for each type will be shown
along with the respective probability of packet collisions. This is achieved through
a simulation, comparing the number of nodes generated with Equation 4.16 and
Equation 4.17. Figure 4.16 shows the simulated probability of consecutive packet
collisions for the vehicular node of interest when a specific and calculated number of
nodes are within its designated communication range at the specified ADAS/DSRC
range. Figures 4.17, 4.18 and 4.19 show the results for the alternative algorithms,
showing the probability of packet collisions.

The results show that the number of losses due to density is more severe than
those incurred by the distance-based losses. The DSRC system suffers up to 15%
losses, approximately 150 packets with 21 vehicular nodes in range. Compared to
the distance-based, a maximum loss of 18 packets is observed. This result high-
lights the importance of the network’s capabilities in terms of traffic load density
and an adequate channel allocation scheme to reduce these losses to meet strin-
gent requirements for safety-based systems. The results also highlight the reduced
packet collision probabilities compared to those of Human/PATH, PATH with In-
dustry standards and the highway code guidance. They also highlight the vast im-
pacts produced by the large nodes that would need to be present in the required
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FIGURE 4.16: Node density, probability of collision with ADAS

FIGURE 4.17: Node density, probability of collision with
PATH/Human

FIGURE 4.18: Node density, probability of collision with
PATH/Industry Standard
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FIGURE 4.19: Node density, probability of collision with Highway
Code

safety range.
Linear regression curve equations have been produced and shown. They enable

the number of packets lost due to collisions to be calculated in a percentage (%) for
each scenario and each different safety distance algorithm. These linear equations
will be shown individually in Equation 4.18, 4.19, 4.20 and 4.21, where x represents
the number of nodes.

ADAS = 0.72 ∗ x− 0.57 (4.18)

PATH = 0.57 ∗ x + 1.8 (4.19)

PATHIS0.54 ∗ x + 2.9 (4.20)

HC = 0.49 ∗ x + 4.7 (4.21)
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TABLE 4.8: Losses per 1000 packets

Speed (mph) Speed (km/h) Human/PATH PATH (IS) ADAS Highway Code
10 16.09 104 110 60 136
20 32.18 155 159 60 194
30 48.27 207 208 81 253
40 64.36 241 256 81 312
50 80.45 292 305 103 371
60 96.54 343 353 103 430
70 112.63 378 402 124 488
80 128.72 429 451 124 547
90 144.81 480 515 146 606
100 160.9 514 564 146 665

4.4.4 Investigation into consecutive losses for ADAS

The number of consecutive losses will need to be equated and shown for each trav-
elling speed to show comparable results to the distance-based experiments. Linear
regression formulas are used to show this, which have been developed through the
simulation and then apply them to the number of nodes in the communication range
found in Figure 4.15. These calculations will be shown up to 100 mph, and the values
can be seen in Table 4.8 for each algorithm. These losses have been calculated us-
ing Equation 4.18, 4.19, 4.20 and 4.21, where x represents the number of nodes. The
losses are then converted into losses per 1000 packets using Equation 4.22, where Lk

represents the losses per 1000 and Lp represents the result from the previous equa-
tion used.

Lk =
Lp ∗ 1000

100
(4.22)

Table 4.8 shows the packet losses incurred due to density collisions are much
higher than those produced by distanced distance-based, primarily due to nodes
competing for transmission time slots. The table shows the number of consecutive
losses per 1000 packets for each algorithm, with 100% losses being shown as per the
linear equation, and the ADAS losses can be seen to be 124 at 70 mph. This loss
level is considerably high for successive packet collisions in the vehicular network.
For this reason, a scale is produced showing 1- 100% losses recorded as consecutive,
as 100% losses are a rare occurrence. Figure 4.20 shows the results from calculating
and extrapolating the packet losses based upon travelling speed. Table 4.9 shows
the corresponding packet loss value to each percentage for clarification, and these
have been rounded to the nearest whole packet, as partial loss packets are in this
experiment considered fully lost packets and discarded.

The results will now be shown as stopping distance reduction for each algo-
rithm, for each of the levels of the delays caused by each consecutive packet loss
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FIGURE 4.20: Percentage of consecutive packet losses for ADAS

TABLE 4.9: ADAS/DSRC percentage losses at different speeds

Speed (mph) Speed (km/h) 1% 10% 25% 50% 75% 100%
10 16.09 1 6 15 30 45 60
20 32.18 1 6 15 30 45 60
30 48.27 1 9 21 41 61 81
40 64.36 1 9 21 41 61 81
50 80.45 2 11 26 52 77 103
60 96.54 2 11 26 52 77 103
70 112.63 2 13 31 62 93 124
80 128.72 2 13 31 62 93 124
90 144.81 2 15 37 73 110 146

100 160.9 2 15 37 73 110 146

percentage. The results will be shown for 30, 50 and 70 mph, respectively, using
three different data rates, 10, 100 and 140 packets per second. These rates are the
min, median and max from previous experiments and give the most useful compar-
isons. The algorithm used to calculate stopping distance in previous experiments is
again utilised to keep comparability. However, the altered packet losses from den-
sity will be used instead of the distance-based. Figure 4.21, 4.22 and 4.23 show the
results of this simulation.

4.4.5 Analysis of vehicle density losses on safety distance

The figures provided show similar results to that of distance-based losses. However,
as can be seen, the losses are far greater, and thus, the distance needed to avoid
potentially dangerous collisions is vastly reduced compared to distance-based. As
DSRC aims for 99.9% reliability, the most appropriate result is in the 1% category or
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FIGURE 4.21: Reduction in stopping distance for ADAS at 30 mph
(48.27km/h)

FIGURE 4.22: Reduction in stopping distance for ADAS at 50 mph
(80.45km/h)

1-2 packet losses. If the losses are kept at this level, the stopping distance would not
be affected substantially, but as the losses increase to even 10%, it is observed that a
rate of 10 pps is unsafe to use. The use of 140 pps performs well at 70 mph, but at
30 mph, the 140 pps becomes unsafe to use due to unsafe reductions in the distance.
This result also shows that DSRC needs to have high data rates if the reliability is
reduced below 99%.

For a brief comparison, Figure 4.24 shows the PATH reaction at 70 mph and
has the reaction time set to the standard human reaction as used previously of 1.5
seconds. This figure is only an example used to highlight DSRC systems’ impact,
showing how they assist and reduce vehicular stopping distances. It is acknowl-
edged that the human driver would react from visually witnessing an emerging
scenario, and therefore, the figures are highly improbable but not impossible. The
only loss percentage that would not suffer significant degradation is at 1% consec-
utive loss, as shown in the following enhanced example in Figure 4.25. The result
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FIGURE 4.23: Reduction in stopping distance for ADAS at 70 mph
(112.63km/h)

aligns with the assumption that reliability will be of utmost importance and should
be guaranteed at 99.9%.

These tests highlight the importance of three main factors; reliability, data rate
and latency. Other services would be able to cope with the loss of any of the three,
but they are vital and must be ensured to the highest levels where safety is con-
cerned.

FIGURE 4.24: Reduction in Stopping Distance for PATH at 70 mph
(112.63km/h)
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FIGURE 4.25: Enhanced view - reduction in stopping distance for
PATH at 70 mph (112.63km/h)

4.5 Impact of losses caused by vehicle density and commu-
nication distance

The final part of the analysis is to employ a joint loss system between both distance
reliant and density-based losses. This comparison will be brief as density losses
contribute significantly more than distance losses.

4.5.1 Impact of joint losses on collision avoidance

Joint losses can be presented using both previous results for distance independent
losses and the density-based losses, which are then combined in four different sce-
narios. These scenarios are shown at 70 mph and for four different data rates of 10,
5, 100 and 140 pps. The four differences being each simulation used 0%, 1%, 10%
and 100% of the density-based losses. The algorithm used is the same as distance
independent; however, it has been modified to consider two different packet loss
scenarios. The results can be seen in Figure 4.26, 4.27, 4.28 and 4.29.

FIGURE 4.26: Stopping distance with joint loss, 0% density losses
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FIGURE 4.27: Stopping distance with joint loss, 1% density losses

FIGURE 4.28: Stopping distance with joint loss, 10% density losses

FIGURE 4.29: Stopping distance with joint loss, 100% density losses

From the figures produced, it can again be seen the biggest contributor to un-
safe stopping distances is at any point over 1% density-based packet losses, and the
second-highest is the use of low data rates such as 10 pps. In the 10% and 100% fig-
ures, the only data rates that do not become unsafe are those of 100 and 140 pps, and
this is the stopping distance does not decrease highly, further proving the require-
ment of high data rates. As expected, and previously shown, the 10 pps perform
extremely poorly when subjected to high-density collisions. In Figures 4.28 and 4.29
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they reults again become a negative value, indicating a collision has occurred. Simi-
lar to the distance based results this result could stay at a zero value, but the negative
values indicate the severity caused by delayed messages.

The final point to note is that with the requirement of 99.9% reliability, the sim-
ulated examples at density 1% and maximum distance loss of 18 packets consecu-
tively, totalling approximately 20 consecutive packet losses, 140, 100 and 50 pps did
not approach unsafe levels of distance.

4.5.2 Regression analysis for V2V link quality

Link quality is vital in wireless communications and is used as an indicator of the
reliability or strength of a signal. Link quality can be quantified through regression
based on the PRR and received power/RSSI results which will be shown.

The received power seen in chapter 4 in Figure 4.9 is used in combination with
the losses recorded in the distance dependant experiment to create a simulated
packet lost vs distance plot. In this example, the choice is made to use 140 pps
as this is the max data rate capable of the SDR-based DSRC. A linear curve fitting is
used to create a plot showing the trendline of losses at this data rate and is shown
in Figure 4.30. Table 4.10 shows the correlated values up to 100 metres. This is
done to highlight the relationship between the two, though this method is purely an
example as the data is random and more substantial data would be required.

FIGURE 4.30: 140 pps curve fitting

The two curve fitting equations for 140 pps, Equation 4.23 and 4.24 will be used
to create a symbolic value for a distance of 1000 metres through regression analysis.
And this will be shown for both PRR and power individually, developed through a
predicted number of losses per 100 packets. Figure 4.31 shows the predicted packet
received rate in percentage for distances to 1000 metres, Figure 4.32 shows the power
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TABLE 4.10: 140 pps regression table

Distance (m) Average Packets Lost per 1000 Receieved Power (dBm)
10 4.4 -60.96105549
20 4.4 -71.12273766
30 6.4 -75.58207251
40 4.7 -70.33186672
50 5.2 -76.50693067
60 6.9 -83.42283966
70 8.5 -81.48620375
80 7.9 -80.0151403
90 7.8 -78.23006225

100 7.5 -78.50961634

estimation to 1000 metres, and Figure 4.33 shows the conversion to signal to noise
ratio. A correlation graph can be produced from the plotted figures showing PRR
versus power over distance correlated results, as shown in Figure 4.34 and is created
with Equation 4.23 and 4.24.

y = 0.0453x + 3.8271 (4.23)

y = −5.088ln(x)− 55.039 (4.24)

FIGURE 4.31: Regression PRR

In wireless networks such as WLAN, power levels are often referred to as RSSI
and Table 4.11 shows some of the levels that are used to refer to signal quality taken
from [247].

As shown in the correlation figure, the signal reaches bad quality or -70.02 dBm
at 335 metres; at this point, V2V could be considered unreliable or maximum relia-
bility range. This point will be where V2V is out of reliable range, a point at which
relay nodes can be used, such as V2V or V2I. However, the signal does not leave the
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FIGURE 4.32: Regression power estimation

FIGURE 4.33: Regression SNR estimation

70 dBm range until 425 metres, indicating a signal would be on the edge between
good and bad over this distance.

However, SNR must be considered in this case, where typically, the higher the
SNR, the better the signal. In wireless above 20dbm is regarded as a good quality
signal, and in Figure 4.33, at 335 metres, the SNR can be seen to be approximately
29.97 dBm, which indicates a good quality signal and at 425 metres the SNR is 28.99
dBm. This figure further shows that this range maintains good quality signal in
terms of SNR. However, it is also demonstrated in Figure 4.34 that PRR is 80.997%
at 335 metres, making this unreliable in terms of safety, but general message capa-
bilities would still be established.

From the regression results, an assumption can predict the number of vehicles
within this approximate 400-metre good quality range. Radius can be considered
max range in one direction 400 metres, so the diameter is 800 metres. Using equa-
tion 4.17, the maximum number of nodes at this distance can be calculated to be 162
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FIGURE 4.34: Regression PRR and power over distance

TABLE 4.11: Wi-Fi signal quality levels

Power (dBm) Description
-30 Maximum signal strength, close to access point.
-50 Excellent signal strength.
-60 Good signal strength.
-67 Reliable signal strength, minimum for services requiring reliability.
-70 Weak signal strength, limited services.
-80 Unreliable signal strength supports connection but no activity.
-90 Bad Signal, No internet connectivity.

nodes in one lane and 486 nodes in a 3-lane highway environment. This large num-
ber of connectible nodes significantly increases the probability of collisions, thus
why the range should be limited for safety services.
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4.6 Summary and conclusions

This chapter proposes a model to use vehicular communication to increase safety
through collision avoidance. Different methods are shown between human and
SDR-based DSRC that highlight the reduction needed for stopping distance, mean-
ing that vehicles can be alerted sooner and thus brake more efficiently, coming to a
stop much farther in advance. This application is also shown as a beacon type mes-
sage for VRU that will allow vehicles to be aware of their presence without seeing
them visually. An awareness of the VRU can be as high as 120 seconds in advance
at 70 mph.

Secondly, research was conducted into the various types of packet loss that can
be present in vehicular communication. The losses were modelled based on the
type of loss, distance or density based. This investigation was used to analyse the
reliability of vehicular communication, focusing on 802.11p and safety distances.
Distance-based losses were gathered from field test experiments and then divided
into two simulations; distance dependant and distance independent. In addition
to this, a simulation was designed to monitor the losses observed through vehicle
density. The results from these experiments show how important reliability is in the
context of vehicles and safety, especially for stopping distances. Real-world field
test data is analysed, and results show how highly reliable communication could
assist and even shorten the stopping distance via the significantly reduced reaction
time. It was observed that autonomous or automatic braking systems would be a
lot more efficient in reducing stopping distances, which will allow for more effi-
cient traffic. In addition, the SDR-based DSRC transceiver is investigated for V2V
collision avoidance, and the two scenarios produced show the increase in safety
that can be provided with the latency and range attributes. This finding highlights
a decrease in stopping distance with the SDR and an increased time to react with
broadcast awareness messages.

A model for calculating the reduction to stopping distance when subjected to
consecutive losses has also been produced and quantified. This investigation helps
to highlight the importance of reliability when a system is based solely on commu-
nication, and no sensor data is utilised. The results also show that almost perfect
packet reception must be guaranteed for safety when CAVs become more preva-
lent and prominent on the road. Lower data rates are not suitable for all safety
needs. It was also proved that a method of reduced safety distance using the de-
veloped system could reduce the effect of tailgating. The safety distance algorithm
that has been designed and modelled is viable in density-based simulations. Re-
sults show that this system can improve safety for vehicles, using the DSRC and
adequate mathematical interpretation to maintain safe distances when driving and

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 142



Chapter 4. Reliable V2V communication for Collision Avoidance

equipped in conjunction with ADAS systems. The main detriment to DSRC is the
collisions that can occur between vehicles, and that distance is a much smaller factor
in comparison. With this said, it is presented that with the use of both DSRC and
ADAS, the safety zone can be reduced, which would reduce the number of density
collisions and, by proxy, increase road efficiency.

This chapter presents a model to provide collision avoidance with DSRC/802.11p
communication, and results show a significant increase in stopping distance, which
will lead to reduced rear end collisions. Furthermore, an empirical performance
analysis for DSRC/802.11p under different packet loss situations is performed, with
losses modelled and analysed. The results highlight that density is more of an issue
than distance-based losses.
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Chapter 5

Cooperative Connected
Infrastructure and Smart Vehicles

5.1 Introduction

Many challenges remain for CAV, and these vary in nature, such as technological
suitability [57], [248], location within the vehicle [249], adaptable technology [250],
communication protocol [251], spectrum issues [252] market penetration and inter-
operability. There are also specific concerns on performance and operability be-
tween vehicles and infrastructure, commonly referred to as V2I, and how the co-
operation between V2V and V2I communication can equate to a safer and more
efficient driving system.

V2X is synonymous with the future of CAVs; for example, the issues of au-
tonomous driving will rely on data from other vehicles to be aware of their intention
and planned actions. This type of data will require low latency and high reliability to
maintain up-to-date information, ultimately increasing road safety and reducing ve-
hicle collisions. CAV design will need to be a robust system that is able to share data
heterogeneously. The data shared will provide cooperative perception and mutual
awareness regarding the actions of the road users, such as vehicles and pedestrians.

Many cases show that cooperation between connected vehicles alone cannot
solve the issues for safety and complete autonomous driving, for example, adhering
to the safe distance between vehicles or detection of pedestrians behind parked vehi-
cles. Connected smart road infrastructure will be a key component towards solving
these issues for CAVs that will offer a smarter and adaptive traffic system. Con-
nected smart Road-infrastructure and Autonomous Vehicles (CRAV) [253] is a novel
approach to connected vehicular technologies and their cooperation towards a safer
transport system. The proposed CRAV framework operates by using a combination
of V2V, V2I and local sensing to share information. Vehicles and infrastructure are
vital in CRAV towards smart road infrastructure. It is a combined framework of
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CAVs, pre-defined deep learning, roadside units (RSU) and camera sensing technol-
ogy that has not yet been achieved. This new research approach is used with CV
and AV due to the individual limitations of the different technologies when used
independently. To the best of our knowledge, there are no current investigations
concerning the design and evaluation of CRAV and no published results regarding
the assessment and operability of a decoupled framework for autonomous vehicles
that use V2X, pre-defined deep learning, camera based sensing and cooperative in-
formation sharing towards safety. CRAV makes use of these individual technologies
towards cooperation for increased road awareness.

Connected smart road infrastructure and AVs (CRAV) is starting to receive atten-
tion, and pilot trials have reportedly begun [254], [255], [256]. CRAV holds excellent
potential, but research on CRAV is still in its early stages. Research and investigation
for CAV are complex and challenging due to cross-disciplinary technologies, includ-
ing automotive, driving planning and control, vehicle communications, computer
vision and artificial intelligence. The introduction of intelligent road and infrastruc-
ture technologies make CRAV research a more significant challenge. While field test
systems could produce reliable results, they are costly and time-consuming to build.
They are not scalable or flexible enough for pressure testing to valuable insights into
difficult and dangerous scenarios.

Besides the traditional concepts used for CAV, there are areas of interest under
investigation for CAV concepts, and one such area is the use of deep learning pre-
rogatives. Deep learning is a large and well established technique with many avail-
able pre-trained models, this CRAV implementation makes use of pre-defined deep
learning for object detection/recognition rather than develop a new method. Ap-
plications of deep learning have recently evolved into usage for vehicular needs
[257] due to information importance in a highly dynamic vehicular environment.
The concept for deep learning in a CAV environment is to use video technologies
with object detection/recognition to enable mutual sharing of information concern-
ing detections. This cooperation moves toward alerting road users of situations out
of their awareness range.

The motivation for the developed CRAV framework is to demonstrate the safety
increase that can be provided through a combined system using CAVs and infras-
tructure. Research is conducted into a new proposed cooperative framework be-
tween infrastructure and vehicles to offer smarter and safer driving. The advantages
gained from combining V2X communication, pre-defined deep learning for object
recognition, and sensing-based techniques will show the enhancements made for
road safety and efficiency (RSE) and how these individual technologies combine to
support each other. The deep learning applied in this chapter should be specified
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as pre-defined and pre-trained models for object detection/recognition. The CRAV
package helps identify these inherent advantages with a flexible approach unavail-
able to the best of knowledge. It will demonstrate the effectiveness of the proposed
CRAV framework and identify the potentials of CRAV through investigations.

In Chapter 3 and Chapter 4, The approach was towards V2V communication for
safety between vehicles. In this chapter, the consideration changes scope to encom-
pass other road users as well as vehicles. This approach is achieved using V2I. V2I
is a type of communication between vehicles and infrastructure and vice versa. The
V2I system will incorporate communications between vehicles and infrastructure,
in the form of roadside units (RSU). This communication approach is to solve safety
issues for vulnerable road users using the same roads as vehicles. The main issue is
that vehicles cannot detect VRUs if they are blocked from direct vision. However,
RSUs may have better line of sight to the VRU and they possess the capability to
share their local sensor information to make vehicles aware. The benefits will be an
increased perception range using infrastructure data to be aware of situations not in
the vehicles line of sight.

In this chapter, in section 5.1.1, an overview is given on current V2X/CAV sys-
tems and the state of modern concepts. The framework is designed and developed
in section 5.2, along with an evaluation of CRAV components, and it is shown how
they form the complete CRAV framework. The CRAV system architecture will be ex-
plained, detailing the current issues with modern CAV systems and the approaches
CRAV uses to mitigate them. The framework will also identify the benefits of safer
driving and mutual road awareness.

Following this, in section 5.3, the motivation for CRAV is detailed, focussing on
the problems that CRAV will address regarding the safety of vehicles and VRUs.
This proposed approach will be achieved using a developed CRAV framework. It
will investigate the CRAV experimental procedures applied to demonstrate the ap-
plicability of cooperative, connected infrastructure towards a safer driving environ-
ment and show the benefits of CRAV RSU information sharing for detecting objects
out of vision. This section will also highlight the benefits that CRAV will offer re-
garding increased safety compared to traditional local sensor approaches and the
increased safety distances that can be achieved. CRAV results are evaluated to show
how the RSU gives increased distance to react to a detected VRU with their shared
knowledge, compared to vehicles using local sensors only.

In section 5.4, CRAV is modified to operate as a V2V/V2I relay, which provides a
solution for the issue of vehicles equipped with different communication technolo-
gies. This method solves the problem of VRUs being out of the RSU vision and
allows bidirectional cooperation between vehicles and infrastructure instead of the
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one-way system previously used. This approach is of particular benefit for vehicles
using different types of communication technology, with the RSU equipped with
both. Section 5.5 further develops the previous investigations with the VRU given
lateral movement in front of the vehicle instead of previous iterations with static
VRUs. This novel approach predicts collision time and probability of collisions;
identifying the RSU assistance offers increased safety at many different speeds with
warnings provided for VRUs, the probabilities of collisions are reduced.

Section 5.6 proposes using a safety distance model known as Responsibility-
Sensitive Safety (RSS) with the new concept of inclusion into CRAV, which has not
been previously studied. This newly defined CRAV RSS algorithm is applied into
the CRAV framework to demonstrate the benefits to safety distance when used with
shared information. The CRAV RSS model is adapted to allocate adequate safety
distance to the CAV. Then performance is assessed when vehicles use RSS, human
or SDR-based DSRC-based reaction times. Alongside this, a new algorithm classi-
fied as AWD is developed and applied to measure actual distances between vehicle
locations. These models are used to identify and demonstrate CRAV feasibility, with
results highlighting the increased safety performance with AWD and RSS deploy-
ment. The CRAV framework provides high-quality results, specifically regarding
the usage of pre-defined camera-based deep learning techniques, towards vehicle
and VRU recognition, with algorithms used to identify warning distances and the
likelihood of accidents. CRAV benefits are highlighted compared to on-board vehi-
cle sensors and the issues they may encounter, finding that these models can signif-
icantly reduce road collisions.

5.2 Design and development of CRAV framework

This section will provide an overview of the current state of CRAV technologies,
detail the developed CRAV framework, explain why this approach is taken, and
briefly introduce the relevant technologies and concepts that form the framework.

5.2.1 Overview of the state of technologies

RSE is one of the core components leading the development of state-of-the-art ve-
hicular solutions and the main contributors are connected vehicles, autonomous
vehicles and camera based vision sensing technologies. In previous cases, the ap-
proaches for increased RSE performance were formed from traditional methods
such as maintaining good adherence to driving standards, adopting and enforcing
new road legislation, and expanding or simplifying road networks to increase capac-
ity [258]. The adoption of CV and AV is a distinctly modern approach that directly
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includes ADAS, platooning, collision avoidance, pre-crash sensing, and accident de-
tection or mitigation [259].

Connected vehicles (CV) use communication technology known as Vehicle to
Everything (V2X) to maintain connection, a state of information sharing between
any connected road users, such as vehicles, infrastructure, or pedestrians. CV has
also suffered detriments such as limited data rates and delayed message deliveries
under highly demanding networks, which is unsuitable for CAV applications such
as self-driving or automated chauffeuring [260]. Despite these shortcomings, this is
one of the most promising evolutions for vehicles, and continued development is
ongoing.

Advanced Driving Assistance Systems (ADAS) is a precursor to autonomous
vehicles and is currently used to support vehicle drivers to offer information about
the current driving situation and aid the vehicle’s driver, primarily to reduce the
number of road accidents to increase safety. The safety increase is achieved with
the driver being informed to take appropriate actions or, in the case of partially au-
tomated, the vehicle can take preventative measures or intervene on the driver’s
behalf. As this technology continues to develop, the end goal is AV or self-driving
vehicles, where all components of the driving situation are taken by the vehicle
and supporting technologies. The leading support technologies for AV are sensing
technologies such as LiDAR and RADAR. The combination of these allows various
levels of automation. However, they too have limitations such as limited sensing
range, line of sight blocking and channel issues such as adverse weather conditions.
These limitations can harm the performance of adaptive cruise control, blind-spot
detection, forward collision warning and lane change manoeuvres. Other areas vital
for AVs are highly accurate GPS/GLONASS systems, robust and regularly updated
high definition maps and enhanced driving systems that are intelligent enough to
react to the ever-changing road networks and unexpected events. This approach
requires highly accurate joint sensing systems that can be integrated with advanced
data processing algorithms that are fast and robust. Recently approaches have been
made to incorporate vision-based assistance into ADAS solutions, such as Tesla
[261]. It has been envisioned as likely to encounter camera sensor issues but offers
some benefits such as reverse assistance.

5.2.2 Cooperative CRAV for safe driving

CAV and CRAV implementation are highly challenging and diverse environments
and evaluating these systems can prove difficult. While research works exist con-
cerning CAVs, these investigations mainly comprise separate subsystems that form
a functional part of the entire CAV backbone. Currently, no environment offers a
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complete CAV system, with a full range of components such as V2X communication,
local on-board camera sensing with computation, autonomous driving capabilities
and computer vision with object detection or recognition. Widely used Simulators
exist for V2X network components such as the network focused simulators NS-2 and
NS-3 [262] or environments such as OMNET++ [263] and OPnet [264]. Then there
are more vehicle focused simulators such as Vector Car2X [265] and iTetris [266].
These simulators can be combined with various traffic simulators such as SUMO
Veins [267], Vissim [268] and MOVE [269]. These simulators with collaboration can
express networks and traffic together, although they can be temperamental and dif-
ficult to combine. Additionally, cellular network simulators that represent C-V2X
are available, too, such as Vienna LTE-A/5G [270], NYUSIM [271] and IS-Wireless
[272].

Camera vision sensor-based simulations for CAVs and RSUs are vastly used in
existing deep learning engines, including Facebook Pytorch [273], Google Tensor-
Flow [274], MATLAB Deep Learning Toolbox [275], and MMDetection [276]. Ex-
isting projects are readily available within these systems but must be trained and
compiled for individual needs. Many deep learning models exist already for object
recognition or object detection.

Autonomous driving is another area that has seen significant software devised,
such as CARSim [277] or the open-source project CARLA [278]. They, too, have
their drawbacks as they are built on powerful gaming engines and require massive
amounts of computer resources to operate. They are intelligent systems that cover
the autonomous driving features to create specific scenarios or even city-wide driv-
ing simulations.

Simulated scenarios are significant for network planning, preliminary investi-
gations and forming general ideas on performance characteristics. Simulators are
an excellent way of monitoring a system in theory to predict performance. How-
ever, there are many factors that a simulated experiment cannot account for, such
as interference, real-time operation, obstacles, reflections, refractions, environmen-
tal changes and weather conditions. With these issues, there comes a need for field
or pilot tests. There have been some pilot tests reported for CRAV implementations,
such as [254], [255], [256]. Still, due to the scale and slow nature of field tests, cou-
pled with the need to test specific rare and dangerous use cases, an alternative ap-
proach must be found to implement and deeply evaluate a fully functioning CRAV
system.

As discussed, the current availability of technologies to enable the future of
CRAV and CAV driving architecture still faces many challenges and obstacles in
terms of research and technology synthesis. Such problems can be simply poor
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object detection, poor road layouts, or even incorrectly configured network issues.
These are especially prevalent in field tests that are complex and time-consuming to
troubleshoot and locate the exact issues. Further issues introduced by CRAVs are
unreliable object detection results, which can pose threats if the receiving vehicle
does not trust the information source. Mobile CAV systems are highly dynamic in
terms of topology, and the connection times in these networks are short periods,
proving challenging to cooperate, especially with minimal range. Object detection
has an issue with object localisation, which means whilst an object can be detected
and recognised, the RSU would have difficulty learning the location without refer-
ence from other connected users.

A significant problem for CRAV will be the fusion of the data between CAVs and
RSUs, which would require specific attention to detail. The final and most crucial
issue will be the allocation of CRAV towards enabling safe and efficient coopera-
tive driving and road safety applications. Simulation procedures are also an issue to
monitor, especially when operated in separate instances for each individual concept.
This issue can be solved using a simulator that integrates all features into one frame-
work and offers great benefits. They are much more flexible, cheaper, adaptable on
the fly and operate faster.

5.2.3 CRAV framework

Many of the issues discussed are solvable problems using a comprehensive frame-
work that is a complete model of a CRAV system. The system will be fast and scal-
able, with an interest in road safety applications. This framework supports coopera-
tive CRAV systems with CAV, RSU and VRU. It is imperative to assess the benefits of
CRAV, CRAV planning, and the increase in safety compared to non CRAV enabled
road networks.

The realisation of a CRAV system will enable rapid design and set-up with addi-
tional support from available toolboxes and libraries will allow the operation to take
much less time than separately compiled environments or real-world testing. There-
fore, the designed CRAV framework will incorporate multiple subsystems into one
intuitive framework. The framework will consist of a V2X communication system
simulated at the packet level with adherence to communication protocols and lo-
cal sensing, including vision-based that will be performed at the frame level, which
will utilise the application of pre-trained deep learning models. In addition, the
CAV movement and roadway simulation will be performed with a local trajectory
programmed for speed, movement and location. Finally, the data fusion and object
detection data tracks are performed using communication and local sensing from
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the CAV, RSU and VRU. The results are then used to investigate and analyse coop-
erative road safety.

The approach to have a system framework that can fully utilise the various es-
sential components for CRAV to gain credible insights and results to assist the safety
of CAV is new. In this work, it is known as a decoupled framework, in which the
separate blocks are initiated and compiled independently and then used coopera-
tively with one another. For example, V2X communication is simulated separately
from the CAV driving scenario, allowing much faster simulations while requiring
less computing power. This framework will enable many different safety scenarios
to be expressly identified and analysed in multiple ways to explore the applica-
bility and operation of each subsystem of CRAV and then jointly combined. This
approach is novel in creating the framework design and how the results can be ap-
proached, evaluated and visualised. The applications towards safety can be looked
at for vehicles and the safety of VRU. This approach is not commonly seen in mul-
tiple configuration systems or simulations with the inclusion of RSU vision-based
VRU recognition. The data is then further disseminated to other road users.

Each subsystem will be briefly explained, including the functionality of the sub-
systems in the framework. An example of the CRAV framework can be seen in
Figure 5.1.

• Simulation of V2X Communication: this subsystem is a simulation for V2X
communication and is performed before the full CRAV system simulation is
conducted. Within this subsystem, many options are available to modify the
simulation regarding CAV layouts, such as the road network topology, CAV
actor density, message type, bandwidth allocation, speed of the vehicle, start-
ing location of actors, DSRC or cellular communication type and packet error
rate. Additionally, the RSU and V2I components can be adjusted similarly to
the CAVs. The simulation, in this case, will be performed at the packet level
and follow standardised V2X communication algorithms. Different channel
models can be specified for the different scenarios, such as weather differences
or urban/highway driving. Following the specific parameters, the V2X sim-
ulation will produce statistical performance measurements for the packet de-
livery ratio and the delay against communication distance. The performance
statistics are then used to create a V2X communication simulation profile and
is stored for further use to be passed into the core CRAV. Additionally, these
statistic attributes can be saved and viewed offline. The profile will contain
performance curves at distances and packet error recorded.

• Object detection and tracking test: sensing and vision are crucial components
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for intelligent and connected vehicles. Sensors such as LIDAR, RADAR, cam-
eras, UWB and GPS are the most common and widely used in CAV frame-
works. These sensing technologies can be equipped at CAV nodes and RSUs,
and the object and tracking functions can be performed in separate runs condi-
tionally. The object detection simulation is performed at the frame level with
deep learning models in the scope of inference. The object detection results
will be assessed in accuracy and confidential score. These attributes are then
further evaluated against object distance, lighting, and weather conditions and
collated with object categories, sizes, and object occlusion. All parameters can
be specified depending on the application. For instance, choices can be made
for registering VRU, such as a human pedestrian or cyclist, and then the speed
of each can be computed. Similarly, as with the V2X subsystem, the results
will create an object detection profile and be stored for further usage in the
core CRAV. The profile will contain information such as performance curves
for detection and occlusion.

• Core CRAV Simulation: The overall CRAV simulation is performed at the
CRAV core as shown in Figure 5.1. and will use the two previous profiles
created. V2X and object detection profiles will be taken as input files in the
decoupled framework, and the performance curves are used to configure sce-
narios. This core will include some CRAV simulation settings and procedures
that will be predetermined, such as the road layout, route trajectory, number of
actors and the sensors installed at each actor. Within the CRAV core, additional
parameters can be set for the road safety and driving application specifics.

With the configuration complete for the CRAV and subsystem profiles, the core
CRAV simulation can start, which is completed in a predefined time step and will
begin with regular updating of the actor’s position, status and intention. Object de-
tection and tracking will also be initialised and performed for each actor at each time
step. This detection is completed by referring to the created object detection profile
instead of constructing and applying a deep learning model for each frame. Then
following this, the configuration for cooperation modes will be referenced for the
road safety application. Depending on the design, the results for communication
and sensing will be made available for sharing with neighbour nodes and internal
actor usage. If communication is available and enabled, the interested actors will
receive communicated data concerning the sensing and object detection, which is
simplified to use the V2X communication profile. This profile will also determine
the packet success rate, deciding if a message is received and added to the actor’s
results. If the message is received successfully, the neighbour actors will use the
shared data comprised of the object detection and tracking information, and they
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will fuse this to their local data. Depending on the core CRAV road safety appli-
cation and settings, the cooperative sensing data will be used to make actions for
cooperative driving.

The process of the core CRAV is completed at each time interval until a param-
eter is met that stops the scenario, and this is usually a predefined number of steps
or when all actors reach their trajectory endpoint. The results will be output and
displayed at the finalisation of the simulation using pre-configured settings. In this
case, results for cooperative driving will be collected, collated and visualised.

FIGURE 5.1: CRAV simulation block diagram [253]

5.3 CRAV for VRU detection

The CRAV implementation developed is a robust and capable framework that can
be modified to suit the individual scenario needs, and this includes many types of
visualisation for results. These needs encompass a potentially wide range of driving
and safety applications, including cooperative and localised. The scenarios in this
chapter have been designed to focus on safer driving to emphasise the impact of
safety between the cooperative CRAV system and the approach whereby each actor
uses only locally generated data. The simulation is built using Matrix laboratory
(MATLAB) instead of NS-2/3 is due to the large number of available toolboxes and
having a predefined autonomous driving toolbox, which NS-2/3 does not have. In
these event driven simulations, the main toolbox used is the autonomous driving
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toolbox [279], as it has preconfigured environments that can be altered depending
on situation.

A general setting was applied for the investigations in this chapter, and then
minor changes were performed and compiled for each scenario. The scenarios are
event driven simulations and the core simulator settings will be explained, and then
at each scenario, the modifications will be justified and explained for their relevance.
Within each scenario, the steps and time intervals were maintained to be the same.
The general settings for the framework will be defined in the initial CRAV scenario.

5.3.1 Investigation of CRAV: connected RSU and camera sensing

The initial scenario for the analysis of CRAV is performed to show the impact of
the inclusion of RSU information into the vehicle tracks for a VRU when the ve-
hicle actor’s camera vision is initially blocked. This case study assesses a smart
CRAV assisted VRU collision warning, and the impact is monitored for the CAV
with and without RSU assistance. The initial settings of the simulation are built
within a predefined roadway; the roadway is a 2-lane road with a width of 8 metres
and is approximately 300 metres in length, although the dimensions can be altered.
Then roadway is populated with an RSU, two CAV actors equipped with LTE-V2X
communication radios and camera sensors, a parked bus and a VRU. The bus is
positioned to obstruct CAV vision. The VRU is a pedestrian that is situated behind
the bus in preparation to cross the roadway. Additional vehicles are used for road
perception only.

The RSU is equipped with communication capability, two camera sensors facing
different roadway directions and are fixed at a position of (95, -10). The two CAVs
are travelling north on the road at a velocity (v) m/s. They are given a starting
position of (-20,3) and (-10,3), respectively, whilst the non-important vehicle actors
locations are randomised. The parked or stationary bus actor is given the (d,3) lo-
cation, where d is a configurable variable that can be changed. In this case, it is
positioned at locations from 5 to 65 at intervals of 20 metres. The bus is measured
at 8.5 meters length, 2.5 meters width and 3.5m height. The VRU or pedestrian is
located at (d+10,3.8), directly behind the bus location.

The concept of the scenario is for the RSU to monitor the road and observe the
VRU and CAV locations. The CAVs use their camera sensors to monitor their road
perception. If non-cooperative (Non-CRAV) is used, the vehicles will only use and
update road information from their camera sensors, with no communication capa-
bility; however, if cooperation mode (CRAV) is enabled, the tracks from the commu-
nication with the RSU will be fused with the CAV local tracks, generated from cam-
era sensors. This fusion generates information and warnings for the CAVs with the
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VRU out of their perception range. The LTE-V2X settings have been compiled from
[26] and maintain a 10MHz bandwidth and a communication curve of y=p(x)=1-
0.3*d/x, where x represents max communication range of 150 metres. The results
are visualised to measure the allowed time or distance between CAV and VRU col-
liding. An example of the defined CRAV scenario can be seen in Figure 5.2 and an
example of the simulation running showing camera angle and range can be seen in
Figure 5.3, the CAV camera sensors are always facing north which is entered as -15
with a range of 100 metres, and the RSU has two camera sensors with a range of 100
metres, however the RSU camera angles are set to 110 and 155. In some simulation
examples the RSU camera yaw is altered to change the direction of camera vision,
this is specified in each example.

FIGURE 5.2: CRAV scenario example

FIGURE 5.3: CRAV Simulation scenario example
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5.3.2 VRU detection results with CRAV

After the parameters have been selected and entered, the CRAV procedure can be
performed. In this scenario, velocity (v) has been chosen to be metres per second,
and a different iteration was performed for five different speeds, 4.5, 9, 13, 18 and
22 m/s. The speed was altered for each simulation, and results were recorded for
the remaining distance and time to VRU. In all experiments it should be stated that
sensors are classified as camera sensors only and the RSU has a communication
range of 100 metres. In the figures, the ARD is used to show how far in advance
the CAV is aware of the VRU and the location of the bus is shown in the horizontal
direction.

The results are shown as figures for 12 m/s and tabulated for the remaining
speeds. Two figures are used, with one identifying the remaining distance in Fig-
ure 5.4 and the other showing the remaining time in Figure 5.5. In each figure, the
results represent values for each CAV when the non-cooperative mode is used (local
camera sensors only) and when CRAV cooperative mode is used (fused tracks from
the RSU and local camera sensors). The local camera sensors for the CAV and the
RSU are given a range of 100 metres and use object detection to identify pedestrians
and vehicles through predefined detection profiles. The dotted lines represent the
Non-coop mode, and the solid lines represent the cooperative fused tracks. Table 5.1
shows the allowed response distance (ARD) for CAV 1 and Table 5.2 shows the ARD
for CAV 2.

The initial results are recorded at the location the VRU moves to from point 5-65
metres. The distance is a difference between the location of the CAV and the location
of the RSU. This calculation is performed when CAV 1 and 2 detect the VRU with
local camera sensors and when CAV 1 and 2 detect the vehicle from the RSU fused
tracks. The distance is converted into time by dividing the distance measurement by
the velocity of the CAV. The results are plotted directly using MATLAB simulation to
represent the difference in detection between CAV camera sensors and RSU camera
sensors fused with CAV data, which highlights the advantages of using RSU fused
data.

The results show that when the CAVs rely on local camera sensors with object
detection only and with no input from the RSU (non-coop mode), local detections
for the VRU behind the bus occur at approximately 12-13 metres. This result means
the allowed response distance is relatively low, and different bus and VRU locations
do not alter the measured distance. This distance is not enough to come to a stop
before potentially colliding with the pedestrian, except for the slowest case of 4.5
m/s, which is significantly lower than speed limits for UK roads. The second trend
for non-coop mode shows that the increase in speeds would leave a significantly
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TABLE 5.1: Allowed response CAV 1

Allowed Response Distance (m) Allowed Response Time (s)
Location of Bus

Sensor

Speed 5 25 45 65 5 25 45 65
4.5 12.822 12.638 12.799 12.534 2.849 2.808 2.844 2.785
9 11.615 12.344 12.618 12.120 1.291 1.372 1.402 1.347

12 12.350 11.976 12.895 12.265 1.029 0.998 1.075 1.022
18 12.264 12.726 12.824 11.240 0.681 0.707 0.712 0.624
22 11.391 11.142 11.069 10.931 0.518 0.506 0.503 0.497

RSU

4.5 18.692 39.050 58.699 78.626 4.154 8.678 13.044 17.472
9 18.653 37.560 57.383 77.217 2.073 4.173 6.376 8.580

12 19.237 36.274 55.185 75.132 1.603 3.023 4.599 6.261
18 18.642 39.620 58.096 78.262 1.036 2.201 3.228 4.348
22 16.562 37.412 55.703 75.909 0.753 1.701 2.532 3.450

TABLE 5.2: Allowed response CAV 2

Allowed Response Distance (m) Allowed Response Time (s)
Location of Bus

Sensor

Speed 5 25 45 65 5 25 45 65
4.5 12.304 12.544 12.017 12.536 2.734 2.788 2.671 2.786
9 12.520 12.568 11.102 12.037 1.391 1.396 1.234 1.337
12 12.588 12.273 11.695 12.739 1.049 1.023 0.975 1.062
18 11.602 11.671 12.139 11.900 0.645 0.648 0.674 0.661
22 12.339 12.116 12.234 9.858 0.561 0.551 0.556 0.448

RSU

4.5 28.692 49.050 68.699 88.626 6.376 10.900 15.266 19.695
9 28.653 47.560 67.383 87.217 3.184 5.284 7.487 9.691
12 29.237 46.274 65.185 85.132 2.436 3.856 5.432 7.094
18 28.642 49.620 68.096 88.262 1.591 2.757 3.783 4.903
22 26.562 47.412 65.703 85.909 1.207 2.155 2.986 3.905
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FIGURE 5.4: CRAV response distance 12 m/s

FIGURE 5.5: CRAV response time 12 m/s

smaller distance to react. In the time-related data in the tables, anything over 9 m/s
leaves approximately one second or less to react, which is lower than the required
reaction time for human drivers of 1.5 seconds. This low amount of time to react
means that collisions with the VRU are highly likely, increasing as v increases.

This result is compared with the results from the fused tracks (coop mode) that
have been cooperatively received from the RSU. In this scenario, there is an inher-
ent advantage for the CAVs as the fused tracks provide knowledge of the VRU far
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in advance of sensing them locally. This result means potential collisions would be
reduced as the vehicle would be aware of its location and adjust speed to slow to a
more appropriate velocity. The results also show that the first value for each speed
for CAV 1 is approximately 20 metres, which will be as the CAV enters the commu-
nication range of the RSU. This finding shows that the communication range for the
RSU plays a large part in the effectiveness of the fused tracks. Suppose the CAV
is out of range until too late; the message is received too close to the VRU. The re-
sults also highlight that the allowed response distance with RSU increases linearly
with the d value in response time. This result increases linearly with d as expected.
However, it also shows that until the velocity approaches unsafe speeds for two-
lane roads, which is 12 m/s, the time to react is over 1.5 seconds, which provides
enough time for a human to react but not brake but still reduces the probability of
fatalities.

Regarding CAV 2, allocating a gap between the vehicles also provides an extra
distance to react, increasing the potential for avoiding chain-reaction collisions. The
most prominent finding is that RSU holds an advantage over traditional camera
sensing if data fusion is allowed and trusted. The use of RSU increases the distance
for reaction than the traditional camera sensing method.

The results in Table 5.1 for CAV 1 show that at 4.5 m/s and using local camera
sensors, is the only time in which the allowed response time is higher than 1.5 sec-
onds, which is the reaction time of a human driver. Using the CRAV framework,
the RSU supplies information to the extent of the communication range, set to a
maximum camera range of 100 metres. This scenario relays information from RSU
to CAVs. For each result at 18 and 22 m/s, respectively, the initial detection offers
an increased reaction time but is still not high enough for a human driver to react.
These results can be compared with the reaction time of a human driver and CAV
SDR-based DSRC developed in this thesis in Chapter 3. Therefore, the results can
be applied with a formula for both humans and autonomous reaction time, this will
be taken from Chapter 4 and Equation 4.3. Figure 5.6 is used to show the distance
remaining after the vehicle is notified of the pedestrian at 12 m/s, and the human
driver makes a reaction. This is simulated for the distance that the driver is alerted
from and the subtraction of the total stopping distance, this leaves a distance re-
maining before collision. A negative reading means that the vehicle would have
collided with the VRU and shows how much extra distance would have been re-
quired. Where Tr=1.5s and the entire braking force is applied, this result highlights
the additional distance that the RSU provides. This Figure shows that the remaining
distance is negative with a human driver reacting to local sensors, indicating a crash
has most likely occurred. For the RSU fused results, the human can react to the data
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from the RSU earlier, and the only collision would be the initial detection for CAV 1.

FIGURE 5.6: Remaining distance after reacting and braking 12 m/s
and human reaction time

Following the results for a human reaction, the SDR-based DSRC reaction time
for autonomous vehicles can be applied to the formula, and the results for this can
be seen in Figure 5.7. and the reaction time is 2.9 ms taken from results in Chapter 3
for the SDR-based DSRC reaction time.

FIGURE 5.7: Remaining distance after reacting and braking 12 m/s
and CAV reaction time

This experiment highlights the extra distance provided when using RSU to relay
vision sensing data and shows that the CAV reaction time is vital as human reaction
does not give enough time to react even with a warning message. Figure 5.7 also
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indicates that with an autonomous reaction, the sensing from local cameras and au-
tonomous features provides enough warning to brake to a complete stop. However,
speeds higher than 12 m/s would start to decrease below 0. However, the speed
limit for many UK roads is 30 mph, approximately 12 m/s.

With the reaction time of an autonomous vehicle and a velocity of 12 m/s, the
CRAV framework shows the collisions could potentially be avoided as a vehicle still
has enough time to react and come to a complete stop. This experiment highlights
the extra distance provided when using RSU to relay data created by vision sens-
ing and shows that the CAV reaction time is essential as human reaction does not
provide adequate time to react.

These preliminary results demonstrate the effectiveness of the CRAV framework
and how collisions can be reduced when this is applied. The RSU can notify CAVs
of the existence of VRUs much earlier than a CAV with local sensors will be able to
detect them. These results highlight the potential to use CRAV in different safety
scenarios and address further possibilities.

5.4 CRAV and RSU relay for VRU detection

CRAV framework will not only rely on communication between the RSU and CAV
for information to be fused, but it will also incorporate tracks shared from the CAV
to the RSU. The scenario design has been modified to give the RSU a lower road
position (55,-15), and the bus/VRU will move out of the detection range at points
65 and 85. CAV 1 (lead CAV) will use its camera sensors to identify the VRU and
then share the data with the RSU. Following this, the RSU will add the informa-
tion to its tracks and forward this to other interested vehicles in the communication
range. V2V is a technology that would negate the need for the RSU to share data to
CAVs that are following behind the lead CAV; however, if the two CAV road users
have different communication equipment integrated, they will not be able to enable
communication. This scenario would mean the vehicle would be equipped with ei-
ther DSRC or C-V2X, With CAV 1 using DSRC and CAV 2 using C-V2X. The RSU is
equipped with both and is required for efficient cooperation.

The RSU relay is beneficial for this scenario and can be seen in block form in Fig-
ure 5.8. The RSU is equipped with dual communication, and each CAV is assigned
a different communication technology. The motivation is to observe the impact of
RSU when CAVs are equipped with different communication technology and V2V is
not available. The lack of V2V could be due to manufacturer choice, legacy vehicles
or a system error.
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FIGURE 5.8: CRAV V2V block diagram

This CRAV investigation will identify the impact of the RSU towards cooperative
shared tracks without direct communication between CAV nodes and will use the
RSU as a relay point. This investigation will help determine the response of the
RSU, and the benefits will be further explored as to how the use of V2I will assist in
reducing collisions with VRUs.

This list shows the step-by-step procedure that takes place between the CAV 1,
CAV 2 and the RSU, concerning the data transmission for detected VRUs on the
road that have been positioned behind the bus. The arrows are used to dictate the
direction of the communication and the numbers can be correlated to the steps seen
below;

1. CAV 1 detects a VRU with camera sensors, adds a track to its fusion data

2. CAV 1 shares its fusion data with any interested parties, RSU receives fusion
data

3. RSU checks if shared fusion data is new. The data received is not known (new
data for RSU), so RSU adds a track to its local data and then adds local data to
its fusion data

4. RSU shares its fusion data with interested parties. CAV 1 and CAV 2 receive
RSU shared fusion data

5. CAV 1 checks if shared fusion data is new. The data received is already known
(not new data for CAV 1), so it is not added to the CAV 1 local tracks
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6. CAV 2 checks if shared data is new. The data received is not known (new data
for CAV 2), so CAV 2 adds a track to its local data and then adds local data to
its fusion data

The data fusion has been modified from previous iterations, and this is due to
the RSU needing to incorporate tracks from CAV 1 and maintain the fusion tracks
sent to CAV 1 and CAV 2. The tracks are still fused to CAV 1 to ensure that the
initial detections for the VRU that the RSU can detect and CAVs cannot detect are
still maintained. These steps ensure the tracks are bi-directional and updated from
one user; this identifies that the tracks can be shared across the road network to
non-directly connected recipients.

5.4.1 VRU detection results with CRAV and RSU relay

The results for this scenario have been conducted in the same method as the previ-
ous scenario. The most noticeable results will be those at VRU positions of 65 and 85
when the VRU is blocked from RSU camera vision. The plots have been kept to the
distance remaining after braking for this set of results. A final point to note, is that
to stop the sensing of CAV 2 before the VRU has added and transmitted the tracks,
the gap between CAV 1 and CAV 2 has been slightly increased.

Figures 5.9 and 5.10 show results for 12 m/s, and they identify the successful
reception of RSU to CAV messages at points 5-45 with the results the same as pre-
viously. However, at points 65 and 85, the trendline reaches the same level as the
local sensors for CAV 1. This figure identifies that the RSU is unaware of the VRU,
and CAV 1 cannot be alerted to the VRU presence. On the other hand, CAV 2 show
that the received tracks from CAV 1 via the RSU are relayed, accepted and added to
the fusion track. This finding is seen in the result where the RSU sensors for CAV 2
are higher than CAV 1, showing that CAV 2 is aware of the VRU without using its
sensors. However, this resultant distance is proportionate to the distance between
the CAVs. This result would mean that for CAV 2 not to cause a collision if CAV 1
brakes, the safety distance would need to be adequately calculated.

Regarding the remaining distance after reacting and braking, the local sensors
are the same as before, where collisions are highly likely, the same for CAV 1 when
the RSU does not relay information. For CAV 2, however, the distance between the
CAVs is enough in this scenario and speed. A collision could be mitigated for both
human and autonomous reactions, as shown with the positive value in both cases.
It can be concluded that with the RSU and autonomous vehicles relaying, potential
collision chains could be avoided for CAV 2 in both human and autonomous situa-
tions. Whereas for CAV 1, the local sensors and humans would still have collisions
without using the RSU.
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FIGURE 5.9: CRAV and V2V remaining distance, 12 m/s and human
reaction time

FIGURE 5.10: CRAV and V2V remaining distance, 12 m/s and CAV
reaction time

This can be compared to 18 m/s in Figure 5.11 and Figure 5.12, where the re-
maining distance after reacting and braking is represented. These figures show that
the increase in speed from 12 to 18 m/s leads to the human reaction times becoming
likely to cause collisions by decreasing below 0. CAV 2 manages to have an approx-
imate 10-metre distance safe space on the autonomous side, and CAV 1 and sensors
again fall below 0. This result highlights the importance of a fully connected CRAV
system and the importance of CRAV for chain accident mitigation.
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FIGURE 5.11: CRAV and V2V remaining distance, 18 m/s and human
reaction time

FIGURE 5.12: CRAV and V2V remaining distance, 18 m/s and CAV
reaction time

5.5 CRAV connected RSU with mobile VRU

Previously the VRU has been specified as a static pedestrian behind a parked bus
with the potential to attempt a crossing manoeuvre. It has been discovered that a
collision is likely for high speeds if that occurs. The motivation in this scenario is to
observe the potential collisions when the VRU is a moving pedestrian or bicycle, and
they move from behind the bus to cross the roadway. This investigation will assess
how sensors and fused RSU VRU detection data will assist in reducing potential col-
lisions. As the previous results show, CAV 1 is specified to be moving longitudinally
at a set speed and cannot detect the VRU behind the bus until it is much closer than
with the assistance of the RSU. The VRU will be given a specified speed and will be
moving latitudinally and the speeds of the VRU have been split into pedestrians or
bicycles individually with a min, max and mean value. These have been extracted
from previous works by Twisk et al. [280] and Forde et al. [281]. The values for the
VRU velocities are seen in Table 5.3.
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TABLE 5.3: VRU velocities

Time m/s
VRU Type Min Mean Max
Pedestrian 0.67 1.45 3.35

Bicycle 4.12 4.94 5.76

The velocities for the VRU are used in conjunction with velocities for CAV and
the detection distance to predict whether the vehicle will collide upon detecting the
VRU. This method can also detect the difference in arrival time from the vehicle’s
perspective. This point will be known as the initial potential collision point and is
the measurement of when the VRU and CAV will reach a point where they would
collide, in this case as a head-on collision. The first point for this collision will be
0 when both independently reach the same location. The potential also exists as a
speed difference whereby the VRU will cross the road before the CAV arrives; this
will also be classed as a non-collision scenario. Figure 5.13 shows an example of the
CRAV scenario along with the components used.

FIGURE 5.13: Diagram of mobile VRU scenario

The equation for calculating the prediction of collision time is taken from the
combination of distances, velocities and times of the involved parties. This equa-
tion shown in Equation 5.1 represents the time of the predicted collision (TCP) and
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Figure 5.13 show the collision is judged at first contact between the vehicle (CAV)
and VRU. If the VRU arrives ahead of the vehicle, the equation for the VRU cross-
ing first must be used in addition. This extra equation is represented with (TCP2)
and Equation 5.2. If TCP is less than zero this will indicate the VRU will attempt to
cross the road before the CAV has arrived, this indicates a potential collision and
thus Equation 5.2 will be used to calculate if the VRU will cross the distance needed
before CAV will arrive or if it will be another collision situation.

TCP =
DCAV

VCAV
− DVRU

VVRU
= TCAV − TVRU (5.1)

i f ,


TCP > 0, VRU arrives first

TCP = 0, CAV and VRU arrive equal

TCP < 0, CAV arrives first

i f TCP > 0, then , TCP2 =
DS

VVRU
(5.2)

Where, TCP represents the time of the predicted collision, TCP2 represents the time
to collision if VRU arrives first, DCAV and DVRU represent the distance needed to be
travelled to reach the collision point for CAV and VRU respectively, VCAV and VVRU

represent the velocity of the CAV and VRU respectively, TCAV and TVRU denote the
time it will take to reach the collision point for the CAV and VRU respectively and
Ds is used to denote the distance the VRU must travel before it has safely crossed
the road.

This formula for TCP is a difference of time between each VRU and CAV reaching
the initial collision point, which will be the furthest edge of the vehicle closest to
the VRU, which can also be calculated with the distance to the collision point and
velocity of each respectively. If the VRU is arriving first, the vehicle’s width must
be considered. This calculation is needed because although the VRU may begin
crossing, the CAV will still be travelling, and as such, the VRU could be moving at
a slower speed, and collision could still occur. In the results, the negative value will
indicate that a vehicle has arrived first and the pedestrian will not attempt to cross.
If the value is positive, the VRU has arrived first, and then Equation 5.2 will need to
be used. This extra equation is a measurement of the distance required to travel the
car’s width to safety, represented by Ds and the velocity of the VRU. In this example,
the vehicle’s width would also need to be assessed to indicate how long the VRU
would take to pass the vehicle’s width. This scenario uses a standard vehicle width
estimation, and the width of the vehicle is set to 1.8 metres plus a safety gap of 0.5
metres, leaving the distance to be traversed by the pedestrian as 2.3 metres. The
safety gap is added for the different sizes of potential VRUs.
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The velocities shown in the Table 5.3 have been taken and split into a range of
twenty values, and these cover a range from min to max as outlined and will be
different for each scenario.

The results for this experiment will be split into a figure for each speed being 4.5,
12 and 22 m/s. The five curved lines represent the difference in arrival time between
the VRU and CAV, and a black marker has been used to show the mean value. The
lowest of the curved lines represents the CAV being equipped with sensors only for
all values of the starting VRU location. The red line at value 0 indicates when the
VRU and CAV collide and be classified as the initial collision point. The blue line is
used as an indicator to show the stopping distance when travelling at the velocity
shown for the CAV. The final line is the black curved line showing the TCP2 equation,
and this represents how long it will take for the VRU to cross the distance previously
specified of 2.3 metres.

5.5.1 CAV 1: the probability of collision with pedestrian VRU depending
on longitudinal and latitudinal movement

In Figure 5.14, Figure 5.15 and Figure 5.16, the plots are presented for a pedestrian
VRU and CAV 1 travelling at three different speeds. The figures are overlaid with
various lines plotted to show the collision potential between the VRU and CAV, and
the meaning of the figures needs to be explained.

The results of the plots will be explained to give insights into how the results
should be understood and what they represent. The curved dotted lines are used as
the basis for the results, and the other lines are used to present the different scenarios
that can impact the probability of a collision. Initially, anything above the red line is
considered a dangerous scenario where the VRU has reached the collision point first
and has begun crossing. The black curved line and any values below are scenarios
where the vehicle will collide with the VRU, and anything above is considered safe.
The values below the blue line and above the red line represent additional unsafe
scenarios where the VRU has arrived first and the CAV does not have enough time
to come to a stop. In simple terms, the collision area can be considered any points
that satisfy the conditions above the red line, below the blue line and below the black
line, which are the scenarios where collisions can occur. The value represented as
RSU location N, is the location of the RSU on the side of the road and N will be
between 5 and 65. The mean value presented is a representation of the average
pedestrian speed used which results in a mean TVRU .

Initially, in these results, the velocity of 4.5 m/s is considered and is the slowest
speed that has been evaluated. Due to the nature of the slower velocity, the area
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FIGURE 5.14: CRAV and Pedestrian VRU: potential collisions 4.5 m/s

FIGURE 5.15: CRAV and Pedestrian VRU: potential collisions 12 m/s

between the collision point and the braking time is minimal, so the scope for colli-
sions in this area is low. The time for the VRU to cross the TCP2 measurement is also
unneeded, as this scenario where the pedestrian arrives first does not occur in an
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FIGURE 5.16: CRAV and Pedestrian VRU: potential collisions 22 m/s

unsafe area. The only profile that causes collisions in this velocity is the collisions
between slow-moving pedestrians and the CAV when relying on sensors, and even
in this case, the mean VRU speed is deemed safe. All RSU supported CAVs have no
collision probability at any location.

In the results for 12 and 22 m/s, shown in Figure 5.15 and Figure 5.16 respec-
tively, the collisions increase as the distance needed to stop increases. In the 12 m/s
results, most collisions occur in the sensor, location 5 and location 10 areas. These
collisions occur at different VRU speeds at each location, with sensors and location
5 occurring at higher VRU speeds and location 10 at slower VRU speeds. However,
the mid-range and mean values are deemed safe. The VRU crossing first also occurs
at 12 m/s, with some collisions avoided.

The highest collision probability can be seen in Figure 5.16 for 22 m/s, with colli-
sions occurring at all locations with RSU assistance. Contrary to previous velocities,
there are no collisions when sensors are used. Again, this is due to the increased
stopping distance required and the higher velocity. In this case, the VRU crossing
first again does omit some collisions but only when the VRU is travelling at higher
speeds. In the case of locations 25 and 45, the mean value is also considered a colli-
sion point. This result highlights the level of reduced safety for this speed of CAV.

A probability can be plotted for the different speeds by taking these results and
extracting the number of collisions. The results from Figure 5.14, Figure 5.15 and
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Figure 5.16 can be used and the number of predicted collisions can be extracted and
used to plot a probability in percentage. This result is seen in Figure 5.17 and is
represented with number values on the x-axis, with one representing sensors and
the others representing each RSU location, respectively. This plot is useful to show
that the number of collisions at lower speeds is much lower than at higher speeds.
However, an interesting result shows that at a higher speed of 22 m/s, the closer
RSU locations lead to fewer collisions than 12 m/s. However, at the longer distance
RSU locations, the collisions are much higher than 12 m/s. This result gives a bene-
ficial insight that providing the CRAV system is in place, autonomous driving is in
effect, and the VRU has been indicated to the CAV, many collisions can be avoided.
At the minimum, this would allow the CAV to reduce speed before collisions, and
according to studies [282], [283], [284], lower velocity collisions cause a reduction in
collision fatalities.

FIGURE 5.17: CRAV and Pedestrian VRU: collision probability CAV
1

5.5.2 CAV 2: the probability of collision with pedestrian VRU depending
on longitudinal and latitudinal movement

An assessment of the performance of CAV 2 has not been evaluated. In Figure 5.18
the collision performance for CAV 2 following CAV 1 is shown. Velocity is set to
12 m/s with the same VRU speed range, and the calculations are performed in the
same method. However, the difference is that the readings from the RSU will be
slightly different due to the distance gap between the CAVs.

In the case of CAV 2, the overall number of collisions is not significantly different
as with CAV 1; however, there is a slight reduction. The significant difference is that
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the mean VRU velocity at location 5 is now classed as a collision point, so although
collisions are reduced, the average velocity now poses a danger.

FIGURE 5.18: CAV 2 and Pedestrian VRU: potential collisions 12 m/s

CAV 1: the probability of collision with bicyclist VRU depending on longitudinal
and latitudinal movement

The final comparison is with the VRU configured as a bicycle instead of a pedestrian.
The values have been altered, and the parameters for the TCP and TCP2 formula are
altered to match bicycle studies. The range has also been selected from min to max
through a range of 20 values.

Figure 5.19 shows the results of the bicycle evaluation when 12 m/s velocities
are used for the CAV, and Figure 5.20 shows the collision probability for the same
speeds as the pedestrian probability. In the case of bicycles, the results show that
the collision probability is vastly reduced in all cases with RSU assistance. How-
ever, the shorter warning distance provided by sensors provides a higher collision
probability than the pedestrian.
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FIGURE 5.19: CRAV and Bicycle VRU: potential collisions 12 m/s

FIGURE 5.20: CRAV and Bicycle VRU: collision probability CAV 1

5.6 Development of AWD and RSS CRAV for collision avoid-
ance

The motivation for this scenario is to compute an adequate distance for CAVs to
adhere. As previously mentioned, this distance is referred to as a safety distance.

S.A. Knowles Flanagan, PhD Thesis, Aston University, 2022 173



Chapter 5. Cooperative Connected Infrastructure and Smart Vehicles

The reason for an adequate safety distance is that many road collisions are caused
by the ineffective spacing between vehicles, which do not allow enough time to react
[285], [286] and this is in part due to vehicles not obeying the speed limits [287].

The VRU is positioned on-road as an unavoidable object, such as an immobile
pedestrian, a child, or a crashed car. In this case, Figure 5.21 shows the results at 12
m/s for the CRAV system. In the figures the Allowed Response Distance is used to
show how far in advance the CAV is aware of the VRU and the location of the bus
is shown in the horizontal direction.

FIGURE 5.21: Obstruction blocking CAV 2 sensors

Figure 5.21 shows the detections for CAV 2. The results from the sensors are
severely degraded due to the lead vehicle blocking the line of sight for the camera
sensors on the following vehicle. The collisions could be mitigated by using an ade-
quate safety gap between the vehicles instead of an arbitrarily estimated value. A re-
cent mathematical model has been proposed known as the Responsibility-Sensitive
Safety (RSS) model, and this model proposes a new way of providing safety for
CAVs [288], [289], [290], [291]. RSS is currently being deployed in Intel and Mobil-
eye’s test fleet of automated vehicles and has a set of rules associated with it known
as the five rules for autonomous safety [292], [293], [294].

The fundamental concept of these rules is to ensure a vehicle can follow implicit
rules without using human common sense to verify and avoid causing collisions
causing damage or injury to other parties. This framework is essentially a starting
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TABLE 5.4: RSS Dmin formula

Vr The longitudinal velocity of the rear vehicle
P Response time

a max, accel Max acceleration of the rear vehicle
a min, brake Min braking of the lead vehicle
a max, brake Max braking of the rear vehicle

Vf The longitudinal velocity of the lead vehicle
where Vf can be considered 0 if lead vehicle/object stationary

point for autonomous vehicle safety and defines an initial assessment and verifica-
tion process for CAVs.

1. Do not collide with the vehicle in front (longitudinal distance)

2. Do not cut in without due care (lateral distance)

3. Right of way is given, not taken

4. Be cautious in areas with limited visibility

5. If a vehicle can avoid a collision without causing more collisions, it must do so

5.6.1 Algorithm development with RSS for collision avoidance

The rule of interest for safety distance is rule 1; Do not collide with the vehicle in
front (longitudinal distance). For humans, this rule is usually given as an arbitrary
measurement either in time or distance that is often different depending on the in-
dividual’s advice. This advice usually means "leave a 2-3 second gap" or "leave
enough space for two vehicles". However, this can cause issues as higher speeds
mean larger gaps should be given to give enough time for a driver to react and stop.
The RSS model proposes a mathematical algorithm to provide a minimum distance
between two vehicles [206], [295]. If the rule is not met, the CAV will appropriately
respond to reach the minimum value known as dmin. The equation for RSS can be
seen in Equation 5.3 and each parameter in Table 5.4 [289].

dmin = [vr p +
1
2

amax,accel p2 +
(vr + pamax,accel)

2

amin,brake
−

v2
f

amax,brake
] (5.3)

The RSS model can be compared with the previous study of safety distance in
[296] and Chapter 4. This result can be achieved for both a human reaction time and
the SDR-based DSRC resultant reaction time. In this case, the formulas can be seen
in Equation 5.4 and Equation 5.5. In this circumstance, for a non-moving obstacle
for the lead vehicle, the obstacle can be considered to have a velocity of 0 as it is
completely stationary.
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TABLE 5.5: Stopping distance comparison

Speed (m/s) SDR-based DSRC RSS Human RSS+Human
4.5 2.613972221 4.895648 9.350947522 18.14128087
12 13.53035935 25.78248 31.49562682 54.39846065
18 28.16718035 54.1232 55.11516035 95.03545089
22 40.84064423 78.76083 73.77696793 127.8706031
26 55.84627703 107.9935 94.77113703 165.3008156
31 77.88332178 150.9962 124.2937318 218.5503848

Ds,h = a ∗ TR (5.4)

Ds,a = a ∗ (TR + TRP) (5.5)

Each of the attributes in this model has been taken as a value from previous work
related to stopping distance and safety distance from earlier Chapter 4 to keep the
results consistent. In some cases, further studies have been used for reference. The
acceleration has been taken from an RSS study for different vehicles [297], [298]. The
deceleration is taken from a study by Naumann et al. [299] on lane changes. Further
information relating to the model is taken from [300].

The different safety distances can be compared directly, and with a lead vehicle
velocity of 0, the equation results will show the stopping distance for the different
models. This result will be compared for a range of speeds from 4.5 to 31 m/s, and
the result is shown in Figure 5.22 and table format in Table 5.5.

FIGURE 5.22: Stopping distance comparison of different models

Figure 5.22 shows the SDR-based DSRC has a slightly lower stopping distance
than RSS, and human-based has an initially higher value than RSS. However, as
the speed increases, the sharp gradient of RSS causes the value to go higher than
the human-based reaction. The figure also shows that the RSS model has a much
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sharper gradient as speed increases and that the Human with RSS has a higher value
overall.

From this information, the 12 m/s data can be used in conjunction with the data
for CAV 1 (Lead CAV) to show if a collision will occur. In this case, sensor detec-
tion data and the data for RSU alerts are extracted. As mentioned, this could be a
crashed vehicle, or an obstruction caused by a pedestrian or other VRU. In this sce-
nario, the lead vehicle is ahead of the following vehicle by 10 meters. The obstacle is
positioned directly in the path of the approaching vehicles. Velocity is set to 12 m/s.
The RSU and sensors are programmed to alert the vehicles of a detected obstacle.
The 10-metre spacing is chosen as it is approximately the length specified for safe
distances between vehicles travelling at 12 m/s or 26 mph.

5.6.2 Development of AWD algorithm

In addition to these parameters, an allocation must be made for the location of the
sensors within the vehicle. A diagram representation of this can be seen in Fig-
ure 5.23 showing how the AWD is computed. Where, SL represents sensor location
(camera), VL represents vehicle location (DSRC antenna) and LLV represents the
length of lead vehicle.

FIGURE 5.23: Diagram showing AWD

The flow chart for this can be seen in Figure 5.24. The equation for this more
accurate warning distance can be seen in Equation 5.6 and is referred to as the Actual
Warning Distance (AWD). In previous studies [202] and [191], the position of the
CAV is assigned a value without a location reference. With safety concerns, this
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measurement must be as accurate as possible hence this algorithm is designed to
give an as close estimation to the location and distance measurements as possible.
In this equation WD represents warning distance (from the data shared/camera
data).

AWD = WD− (SL + VL + LLV + DBS) (5.6)

FIGURE 5.24: Flowchart for AWD decisions

In this experiment, VL, SL, DBS, and LLV represent individual distance mea-
surements and vary depending on the circumstances to be evaluated. In this case,
values are chosen to represent standard vehicles, and the locations of sensors and
vehicle waypoint have been used as with previous scenarios, with LLV = 4.7m,
VL=3.7m, SL=1.9m and DBS=0.5m. DBS, the distance for buffer safety, is used
to give a gap for safety to ensure that a vehicle will be at a full stop before touching
the obstacle/VRU, which is similar to an earlier experiment produced. Depending
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on the data source used SL or VL will be equal to zero respectively and LLV will be
zero if the vehicle is the lead vehicle.

Figure 5.25 is used to show a diagram for camera sensor-based AWD, and Fig-
ure 5.26 is a diagram for CAV based AWD. The diagrams show how the measure-
ments and results are gathered for both CAV 1 and 2.

FIGURE 5.25: Diagram showing sensor based AWD

FIGURE 5.26: Diagram showing RSU based AWD
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5.6.3 Collision avoidance results with CRAV and AWD

A more accurate representation of the remaining distance can be calculated using
the AWD and stopping distance equations. Following the flowchart, values can be
input for the lead or following vehicle, which will equate to a distance depending
on the usage with the chosen stopping distance calculation.

The following figures show the comparison between the RSS, human and SDR-
based DSRC models for CAV 1 in Figure 5.27 and CAV 2 in Figure 5.28 respectively.
The plots show the stopping distance with AWD and RSS equation applied to the
readings taken from MATLAB and are performed at 12 m/s. The equation used to
find this result is shown in Equation 5.7, where DR represents the distance remain-
ing, and the stopping distance SD will be dependent on 3 cases, where RSS stopping
distance is represented with dmin, stopping distance from a human reaction time is
shown with Ds,h and a CAV/ADAS reaction time stopping distance is denoted with
Ds,a. There are three cases specified in the equation for the value of SD, and these
cases specified for SD will be represented by one of the values and can be changed
to whichever is needed to represent the value of SD required. dmin for RSS based
stopping distance, Ds,h for human reaction based stopping distance and Ds,a for au-
tonomous reaction based stopping distance.

DR = AWD− SD = (WD− (SL + VL + LLV + DBS))− SD


dmin

Ds,h

Ds,a

(5.7)

The results highlight important factors concerning various areas. In CAV 1, the
only collisions observed following the RSS model and the AWD algorithm are vehi-
cle sensors and one instance using the RSU relay at the earliest obstacle location. The
collision at the earliest location is due to a much shorter warning time and, when
coupled with the human reaction time, leads to a collision. It can also be seen that
the sensor-based detections at the 5 locations in Figure 5.27 perform slightly better
than the RSU relay. This finding is due to the developed AWD algorithm in Equa-
tion 5.7 more accurately measuring the location distance. It can be attributed to the
sensor location being positioned closer to the front of the vehicle. In contrast, the
fusion method uses a point of the car at the rear axle.

The second important in Figure 5.28 analysis is that CAV 2, the following vehicle,
has a significantly higher number of collisions when using sensors only. This result
is expected as CAV 1 is blocking the camera vision sensors of CAV 2. The collisions
are also higher because the following distance that CAV 2 uses is not a large enough
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FIGURE 5.27: AWD results for CAV 1 (leading)

FIGURE 5.28: AWD results for CAV 2 (following)

distance, which doesn’t allow CAV 2 to detect after CAV 1 has reacted to the emer-
gency. This result means a collision is highly likely for CAV 2. The other interesting
point to note for CAV 2 is that the only error from the RSU is the same as with CAV
1 in that the RSU with a human reaction time leads to a potential collision.
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5.6.4 Collision avoidance results with CRAV, RSS and AWD

The result can also be validated by simulating the RSS model incorporated into the
CAVs. However, this will be different as safety distance will consider the velocities
of each vehicle instead of the non-moving obstacle. In this case, the safety distance
for vehicles can be calculated for CAV 2 using the RSS formula, with assumptions
made for CAV 1 and the operation of the brakes. In this scenario, AWD from Equa-
tion 5.7 is applied for CAV 1 as previously used; however, CAV 2 will now use RSS
from Equation 5.3 to produce the safety distance between vehicles using both ve-
hicles velocities. Figure 5.25 and 5.26 can be used to highlight obstruction location
in position of the VRU, and the safety distance between Lead CAV 1 and following
CAV 2 will be produced with Equation 5.7 and uses a reaction time to match the
individual cases.

Using the RSS formula at 12 m/s, safety distance equals 13.12 metres. For exam-
ple, the values taken for obstruction location at point 5 show that the lead vehicle
(CAV 1) detects the obstacle at 22.9184 metres using AWD and sensors. The fol-
lowing vehicle (CAV 2) would only detect at 2.4923 metres using sensors. If CAV 1
applies its brakes immediately, it will take 19 metres to stop leaving a safety margin
of 3 metres. CAV 2 would then begin braking after observing CAV 1 brake at a reac-
tion time, and this for a human would be the standard 1.5 seconds. At 12 m/s, CAV
2 would travel 18 metres before braking, and this could cause collisions if the safety
distance is too low.

A prime example of an inadequate safety distance would be a two-car length
spacing of approximately 9 metres, which would leave a braking distance of (22+4.7+9)-
18 =17.7m using Equation 5.7 and 12 m/s, where 22 meters is the warning distance,
4.7 metres is the length of the lead vehicle, 9 meters is the space between vehicles
and 18 meters is the distance needed for complete braking. The resultant 17.7 me-
ters is the total distance that would be left for braking, where a vehicle at 12 m/s
would need 18 metres. This means an accident would occur between CAV 1 and
CAV 2. Suppose the RSS formula is applied to the following vehicle in conjunction
with the autonomous features. In that case, the safety distance will instead become
22+4.7+RSS, where RSS is equated with being 14.1 metres; this equates to a distance
of 40.7 meters when a human again reacts the remaining distance 40.7 – 18 = 22.7
meters leaving a safe distance from the 18 metres needed to brake to a complete
stop. This method does not implicitly adjust the sensor detection range for the ob-
struction; however, this is slightly increased due to the distance between vehicles.
The increase can be seen in Figure 5.28 and shows a reduction for potential collisions
with CAV 1.
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The results are plotted for each vehicle’s incorporated AWD and RSS. This sim-
ulation has been completed for various speeds from 4.5 to 31 m/s (10 to 70 mph)
and these speeds are used as RSS can be applied in highway scenarios where the
maximum UK speed limit is 31 m/s (70 mph). The results for 12 m/s and 22 m/s
will be shown in Figure 5.29 and Figure 5.30 respectively. The additional results can
be seen in Appendix B. These results show the allowed response distance for both
CAV 1 and 2 for all locations previously used 5-65, this time with the incorporation
of the RSS. RSS use means the distance between the CAV 1 and 2 will be increased
from previous experiments.

FIGURE 5.29: RSS and AWD results at 12 m/s

FIGURE 5.30: RSS and AWD results at 22 m/s

In these figures for all speeds, the results do not deviate below the zero-value
collision point, and they also highlight the previous finding that the sensors of CAV
2 are blocked by CAV 1 and the value of distance remaining for CAV 2 to collide is
still very low. This result emphasises the importance of the increased safety distance
and at the same time also highlights the CRAV system benefits. At each speed, the
RSU shared information ensures that the CAVs have a higher distance than those
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of the sensors, particularly CAV 2, where there is a large distance increase due to
the blocked cameras. Without using CRAV, the distances at higher speeds may be
potentially dangerous.

An example speed of 12 m/s is used to identify potentially dangerous situations
for CAVs to show the remaining safety distance after a driver or an autonomous ve-
hicle is used to react at the detection of the obstacle for CAV 1. The previously shown
equations are used for stopping distances for a human reaction and an autonomous
reaction. In these figures, the results will show a standard stopping distance with
sensors, a standard stopping distance using the RSU and the RSS stopping distance
with sensors and the RSS stopping distance with RSU assistance. These figures can
be seen in Figure 5.31 and Figure 5.32, for humans and autonomous reaction times
respectively.

FIGURE 5.31: RSS and AWD results at 12 m/s and human reaction
time

FIGURE 5.32: RSS and AWD results at 12 m/s and CAV reaction time

With the results for the remaining safety distance for a human reaction in Fig-
ure 5.31 for CAV 1, this figure shows that the sensors with a standard safety distance
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are below the collision point, indicating collisions, and RSU with standard safety
distance at the first location is also in the collision point. However, with the RSS
safety distance and a human reaction, no values have deemed a collision at 12 m/s.
All values in every scenario are not classed as collisions for the autonomous results
in Figure 5.32, and the minimum distance is over 20 metres.

5.6.5 Probability of collision with CRAV, RSS and AWD

In this section, the probability of collision is calculated for CRAV, AWD and RSS.
The scenarios are repeated at speeds from 4.5 to 31 m/s ten times, with the results
collated and averaged out for each speed. The results are then extracted to account
for the potential number of circumstances that could be potential collision scenar-
ios. The results were then evaluated into a figure to show the potential number of
collisions for CAV 1. The number of collisions was then converted into a probabil-
ity of collision based on the resulting information, and the probabilities can be seen
in Figure 5.33. This figure shows the collision probability between CAV 1 and the
obstacle in the road at varying speeds, based upon a human standard reaction time
and when equipped with CAV autonomous capabilities. Red shows human Reac-
tion Time (RT), blue shows CAV RT. The probability results show an expected trend

FIGURE 5.33: Probability of collision for CAV 1, with RSS and AWD

that sensor-based communications reach a 100% probability for collisions at rela-
tively early speeds without autonomous capabilities. This result occurs at approx-
imately 18 m/s or 40 mph with autonomous capabilities. This speed is acceptable
as 30 mph is the UK speed limit on rural roads, but any road with higher limits will
be in dangerous probability. The RSU based communication with human reaction
reaches 50% probability at 18 m/s, which is exactly half of the camera sensor-based.
It is expected that the RSU will perform better; however, this does reach 100% at
speeds higher. The RSU with autonomous capabilities performs the best and, at its
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peak speed of 31 m/s or 70 mph, reaches only a 75% probability, and the results
show a 0% probability until 13 m/s or 30 mph. In general, the RSU results are better
than sensor-based. However, a surprising find is that the sensors with autonomous
reactions have a 0% probability at lower speeds, up to 18 m/s, which can be seen in
Figure 5.33 and the solid blue line. This compared to the other results show a lower
percentage compared to those with RSU fusion.

The previous figures were concerned with CAV 1 colliding with the obstacle
in the road without any analysis for collisions of CAV 2 with CAV 1. The same
procedure for CAV 1 was then compiled for CAV 2, investigating the probabilities
of collisions with CAV 1 after reacting to the obstacle. This result makes use of
the RSS and AWD formula in Equation 5.7 and, in addition, the stopping and safety
distance equations for both human and autonomous reactions. The results for CAV 2
collision probabilities can be found for sensors and RSU in Figure 5.34, with varying
speeds, safety distance type and reaction times.

FIGURE 5.34: Probability of collision for CAV 2, with RSS and AWD

These results were then further evaluated for CAV 2, and regression analysis was
used to create a collision probability for all speeds from 0 to 65 m/s. The regression
was formulated from the previous results and the trendline equations utilised to
plot a full range of speed analysis for the difference between the human and au-
tonomous reaction times and is shown in Figure 5.35. The results for CAV 2 are split
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FIGURE 5.35: Regression probability of collision for CAV 2, with RSS
and AWD

into two plots in one figure showing information for both sensors and RSU sepa-
rately. The results are split into four categories in each. They represent the standard
safety with and without autonomous assistance and the RSS model safety distance
with and without autonomous assistance. In Figure 5.34 for the sensor results, the
worst result is, as expected, the sensors without autonomous reaction, which reaches
a 100% probability of collision after 13 m/s, which is quite low. Further to this, an
interesting result is that the sensors with RSS and the sensors with standard safety
distance/autonomous assistance have identical results. This result gives a new in-
sight that the autonomous system and RSS with sensors have an approximate equal
impact on the probability. In the result, which is a combination of RSS and CAV, the
measurements campaigns show a 0% collision probability. The result is valuable in
confirming that using the RSS model with an appropriate autonomous system can
increase sensor usability. In previous scenarios the camera sensors proved to have
reduced safety compared to RSU fusion and this is due to the inadequate safety
distance used. This can be eliminated with the implementation of RSS.

In Figure 5.34 for RSU results, the same set of results was compiled from the
relevant results. In this case, the results show that all scenarios are safer when us-
ing the CRAV system. With the CRAV RSU relay and a standard stopping distance
and a human reaction, the possibility increases with each speed increase linearly
with velocity, until 22 m/s, where the probability becomes 100. With the same but
autonomous reaction, the results never reach a 100% possibility up to 70 mph; how-
ever, they are 0 until 18 m/s, and then they rise linearly with velocity until 75% at 31
m/s. When the standard safety distance is changed to the RSS model and a human
reaction is used, the results are lower than with sensors and lower than the human
reaction with RSS. In this case, the results only reach a peak of 50% at 31 m/s and
are 0% until 18 m/s. Finally, as with sensors results, RSS and autonomous reaction
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use lead to a 0% collision probability for all speeds. This result further proves that
using RSS and autonomous reaction is key to avoiding accidents. The results show
that CRAV relay is safer than the reliance only on local sensor data.

5.6.6 CAV 1: the probability of collision at different velocities

This set of results splits the remaining warning distance for each detection technol-
ogy and reaction times to compare them directly. The split is for CRAV RSU relay
and sensors initially and then split into human and autonomous CAV reactions.
Then finally, the last split shows the probabilities for each at three different speeds,
being 4.5, 12 and 22 m/s. The results will be shown for both CAV 1 and CAV 2
separately as before. The collision point is considered the point at which the CAV
will collide with an obstruction that is positioned at the respective point on the road,
which is indicated in the x-axis.

In Figure 5.36 the plot shows the collision point at 0, and all warning distances
do not fall below this value indicating that sensors are suitable for this lower speed.
It doesn’t alter this with the use of CRAV RSU assistance or autonomous reactions.
In Figure 5.37, the results are shown for 12 m/s, and in this case, the human reaction

FIGURE 5.36: Probability of collision for CAV 1, with RSS and AWD
at 4.5 m/s

with sensors and one instance of RSU relay encounter a collision with human reac-
tion times. Therefore, at 12 m/s, sensors should not be used with human reaction
times. And RSU relay with human reaction is slightly safer. However, the safest
option is to use an autonomous reaction time with all results yielding no collisions
for both sensors and RSU relay.
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FIGURE 5.37: Probability of collision for CAV 1, with RSS and AWD
at 12 m/s

At 22 m/s, the human reaction time results in Figure 5.38 show that all instances
except one with the RSU result in a negative collision value indicating a collision
are highly likely. In the case of autonomous reaction time, all sensor values yield a
collision, and only the longer-range RSU relay offers the higher remaining distance.
It can therefore be stated that RSU relay communication is also important at high
speeds. Areas like motorways would require an RSU with an increased communi-
cation range to use precious data.

FIGURE 5.38: Probability of collision for CAV 1, with RSS and AWD
at 22 m/s
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5.6.7 CAV 2: probability of collision at different velocities

In these CAV 2 results, the plots contain more information than CAV 1 as these plots
will also show RSS usage. This experiment uses the RSS distance to maintain a safe
distance for following behind CAV 1 and the collision point for CAV 2 is deemed
when CAV 2 will collide with CAV 1. Similarly, to the CAV 1 results, CAV 2 has no
collisions at lower speeds with sensors and RSU. Results in Figure 5.39 again show
sensors can be used solely at lower speeds. In the 12 m/s for CAV 2, the results in
Figure 5.40 show that sensors with human reaction times cause a negative value;
however, sensors with RSS are the opposite with no potential collisions. RSU and
RSS also have no potential collisions. On the other hand, there are no negative val-
ues associated with the CAV reaction times and hence no potential collisions. The

FIGURE 5.39: Probability of collision for CAV 2, with RSS and AWD
at 4.5 m/s

results for 22 m/s are shown in Figure 5.41. In the case of human reaction times,
the results show that all except the RSU and RSS result in a negative value, and
collisions are probable. However, the RSU and RSS have one potential collision at
the lowest detection range, emphasising the need for a more extended range for
RSU communication. Regarding the CAV reaction, the only set of entirely negative
results is sensors without RSS, with one instance of sensors with RSS having a neg-
ative collision probable value. Both RSU values with and without RSS result in no
probability of collision indicated by the positive values at every location.
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FIGURE 5.40: Probability of collision for CAV 2, with RSS and AWD
at 12 m/s

FIGURE 5.41: Probability of collision for CAV 2, with RSS and AWD
at 22 m/s
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5.6.8 Recommended application of AWD, RSS and reaction technology

With the application of the various techniques, models, technologies and algorithms
at multiple speeds and for the difference between lead or following vehicle/CAV, a
recommendation can be made for how and what types of these various features
should be used in a particular scenario.

From these recommendations in Table 5.6, the key results can be summarised.
Speed plays an essential role in the probability of collisions; as the velocity increases,
the probability of collisions increases respectively. This increase can be mitigated
at lower velocity values using sensor technologies for leading and following vehi-
cles. As the velocity increases, the sensor technology cannot provide enough prior
knowledge to avoid collisions if the reaction is completed by a human reaction in
the lead vehicle. If this is achieved autonomously by the vehicle itself, sensors can
still prevent collisions up to the velocity of around 12 m/s. However, the distance
is relatively low, and this distance is vastly increased with the CRAV RSU fusion.
As the velocity increases above 12 to 22 m/s, the use of sensors is completely unus-
able, and the use of CRAV is a lot safer; however, at this high speed, collisions may
still occur, though they can be reduced with the use of autonomous reactions. This
finding is an issue for the earliest alerts as a vehicle enters the RSU communication
range as the warnings can be provided too late. Hence it is recommended to reduce
speed in these scenarios.

For the following vehicle at 12 m/s, sensors are again unsuitable if used with
human reaction times; however, collisions are avoided with the inclusion of the RSS
model. With the use of autonomous reactions, all scenarios can be deemed safe.
As the velocity is higher again at 22 m/s, the human reaction time again becomes
unsuitable unless the CRAV RSU fusion is used with the addition of RSS. All colli-
sions can be avoided at high speeds if the CAV is used with RSS and autonomous
reaction.

To summarise the results, the most significant impact on collisions is speed.
Camera sensors eliminate this slightly, but the biggest mitigator is CRAV RSU re-
lays. The CRAV relay data is essential for these situations. Secondly, the use of inad-
equate safety distances causes many issues for the following vehicle, and if the RSS
model is deployed with the CRAV system, safety is almost guaranteed. The final
point is that human reactions are very limiting at large velocities, and autonomous
reactions are essential as velocity increases.

These results display the increase in safety the CRAV has over traditional camera
sensing, especially at higher velocities. The use of the RSS model is also validated
to offer advantages to RSS, especially when the vehicles are autonomous.
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TABLE 5.6: Recommended application of technologies

Speed (m/s) Lead Vehicle Following Vehicle

4.5 Sensors and RSU for Human or
CAV acceptable. No RSS.

Sensors and RSU for Human or
CAV acceptable. No RSS.

12 Sensors and RSU acceptable
with CAV.

Sensors and RSU can be used
with Human and RSS; if there
is no RSS, the human driver
should not be responsible. Sen-
sors and RSU can be used with
CAV; No RSS.

22

Sensors not suitable with Hu-
man or CAV. RSU can be used
providing warnings are sent
early speed should be reduced.

Sensors and RSU should not be
used with Human Driver. Sen-
sors and RSU can be used with
CAV if RSS is used.

5.7 Summary and conclusions

In this chapter, a framework for cooperative CRAV was designed, developed and
then evaluated. The CRAV investigation shows the inherent increase in safety possi-
ble with CRAV and RSU integration towards cooperative driving and mutual aware-
ness. The research shows the importance of the RSU in the CRAV framework to-
wards alerting road users of other vehicles or VRUs, this is particularly important
for autonomous vehicles. The results in all sections show an increase in safety when
the CRAV framework is used compared to traditional vision sensing methods. In
addition, the scenarios examined emphasise the finding that autonomous CAV ve-
hicles can be alerted to VRUs far in advance with CRAV. The results show a mini-
mum awareness increase approximately 19 metres at minimum and 80 at maximum.
Thus, the safety for CAVs and VRUs is vastly increased. This result is beneficial
when the VRU is detected out of the direct vision of a CAV.

The findings show that V2I is highly important in safety and can provide many
benefits that V2V cannot offer. This finding is particularly evident when the CAVs
utilise different types of communication, as this may potentially occur with au-
tonomous vehicles. The RSU can have dual communication and messages are re-
layed to vehicles based on the information it receives from others. Furthermore, the
results show collision probabilities between different VRU types can be minimised
using deep learning RSU vision perception. CAVs can avoid collisions at lower
speeds with efficient warning system messages from an RSU. This result is also pos-
sible with sensors. However, as the speed of the CAV increases, the CRAV offers a
lower collision probability than local sensors. The models developed in this section
for both VRU arriving initially and VRU and CAV simultaneously provide a further
increase in safety, showing a lower number of predicted collisions, with all findings
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significantly safer when using autonomous vehicles compared to those operated by
a human driver.

A new method of applying the RSS model into CRAV was also investigated to
provide accurate safety spacing between CAVs. By assessing RSS and applying the
algorithm to the CAVs, it was shown that using an adequately calculated safety
distance prevented more collisions between CAVs and VRUs. The RSS approach
increased the effectiveness of collision avoidance. Compared with human or au-
tonomous CAV reaction, the stopping distance needed at 31 m/s is much lower,
reducing a need of 220 metres to 150 metres.

A further addition is the use of the AWD algorithm, a new method of calculating
the CAVs position from the type of technology applied. This algorithm provides ac-
curate distances between vehicles, which assists in evaluating safety and distances
between vehicles. The results from AWD and RSS show speeds up to 22 m/s can
be made safer with the inclusion of these models. Recommendations are made to
show the best technology for different speeds, with the higher speeds requiring
more technology than lower speeds. The results highlight that human reaction at
higher speeds cannot compete with CRAV with RSU assistance, for detecting and
avoiding collisions with VRUs. Finally, when AWD is used for autonomous con-
trolled CAVs, almost all collisions can be avoided at all speeds for CAV 1 with both
RSU fusion and cameras. However, CAV 2 is only safe with autonomous operation
at higher speeds, and only when RSS and AWD are applied.
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Chapter 6

Conclusions and Future Work

6.1 Introduction

In the modern age of vehicular transport, the proposition of autonomous and con-
nected cars is becoming a reality. Current research and development are setting a
new precedent for this generation of transportation. The future of vehicles will un-
doubtedly encompass communication between vehicles and infrastructure to form
a heterogeneous vehicular network. With the capability of connectedness, the pos-
sibility for a more efficient, more comfortable, and safer driving experience for road
users is a reachable goal. The cooperation between vehicular nodes will rely on
many technologies that will fuse a vehicle’s data and offer cooperative communi-
cation to other vehicles to enable collaborative intelligent transport systems. Given
the potential that CAVs encompass, industry and academia are investing ample time
and funding in research and development. However, many areas still need to be in-
vestigated and finalised.

This chapter concludes the thesis with key findings discussed and speculated
future research directions. To summarise, the thesis presents an essential work to-
wards reliable vehicular communication with extensive results on SDR-based DSRC
and fundamental performance towards V2V. The allocation of safety with V2V is de-
veloped, with results concerned the reliability and packet losses modelled. CRAV is
designed and shown to increase safety for VRUs and vehicles, with increased safety
distances and detections with RSU assistance provided earlier than those with local
sensors.
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6.2 Summary

In chapter 2, an extensive review detailing the many vital aspects of connected ve-
hicles is presented. The modern automobile is rapidly becoming more connected
towards self-driving autonomous vehicles. This connected nature will have many
benefits such as safety, efficiency and quality of experience. The literature review
in this chapter was conducted to investigate the types of wireless communication
currently available for vehicle networks and identify the key technologies and how
they perform. Further analysis is required on SDR-based DSRC in field test trials
towards safety. Software-defined radios are a capable technology that has been re-
ported to be capable of DSRC standards.

Following the literature review, an SDR-based DSRC platform is developed in
chapter 3. The platform utilises open-source software and USRP SDR devices capa-
ble of providing DSRC connectivity by developing a modified 802.11p/DSRC com-
pliant transceiver. This chapter is used to develop various experimental procedures
and perform investigations into the capability of an inexpensive SDR-based DSRC
implementation and investigate performance as a V2V transceiver. Based on results
for latency, range, robustness, data rate and SNR, the study demonstrates that this
modified SDR-based DSRC meets the requirements of DSRC and can perform to the
high standards required of a V2V enabled link. Further to these field tests, experi-
ments are conducted for an on-road field test where it is found that distance is not
the most crucial factor to packet loss, and this is instead due to environmental or
channel conditions. Finally, the SDR-based DSRC is shown to be capable of relaying
video data over an 802.11p link via LoS and NLoS conditions.

V2V will be important for providing adequate collision avoidance in vehicular
networks; however, packet delivery reliability could be an issue. Due to the nature
of a mobile network, wireless communication conditions are continually changing.
These changes can cause different types of losses from environmental conditions,
the distance of communication, and vehicle density. In chapter 4, following the
creation of the improved SDR-based DSRC transceiver and testing of the capabili-
ties, a further study is conducted into stopping distance assistance capabilities and
the cause and effect of different forms of loss in the V2V wireless channel. The
SDR-based DSRC is shown to have capabilities that can increase safety through a
decreased stopping distance needed and an increase in time for awareness. In ad-
dition, the different types of V2V communication losses are modelled, and simu-
lations are performed for distance independent, distance dependant and density-
based losses. The losses are evaluated to show impacts on stopping and safety dis-
tance. Algorithms are developed to produce a model that shows the impact of losses
on collision avoidance via stopping distance. The experiment simulations show that
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the most loss is caused by the density of nodes within the vehicle communication
range. A model is developed to predict the number of nodes in the communication
range which can be used to show expected losses through simulation. The impacts
of the number of nodes are investigated. Distance-based losses are shown to be rela-
tively low compared to those of density, highlighting that connectivity over distance
is not a significant problem. This chapter demonstrates that the density of vehicles
has a higher impact on safety distance than those caused by communication dis-
tance.

Connected and autonomous vehicles are valuable and promising technologies
for increasing road efficiency and decreasing road accidents. However, currently,
these technologies have shortcomings. In chapter 5, a new method of communi-
cation is investigated for cooperative sensing amongst CAVs and connected road
infrastructure to improve road safety, which will be critical to the success of CAVs.
This chapter presents a study of the modern state of the art technologies. It then pro-
poses CRAV, a smart, scalable simulation framework that evaluates the increase in
road safety that cooperative, connected smart road infrastructure can provide. The
CRAV framework consists of decoupled subsystems for object detection and track-
ing, V2X communication and CRAV sensors and scenarios. Various use cases are
investigated to evaluate the operation of CRAV and compare the impact with and
without RSU on the detection of VRU. The use of RSU shows an immediate effect.
It demonstrates that CRAV offers far greater recognition of VRUs for CAVs than us-
ing local sensors and significantly reduces the potential number of collisions. This
finding is of particular importance when VRUs are outside of the visual detection of
CAV local sensors.

Furthermore, the CRAV framework shows the benefits for RSU assistance when
vehicles are equipped with different communication modes and the RSU is used as
a V2V relay point to share information. Secondly, a new CRAV RSS model is devel-
oped and applied to show the impacts of rear-end collision avoidance at different
speeds. Results show a smaller stopping distance requirement for CRAV reactions
than human reactions, and a decrease in collisions with VRUs is evident when using
this model. A second algorithm, AWD, is developed to provide an accurate warning
distance based on more effective localisation. Applying the two algorithms leads to
fewer collisions when CRAV and RSUs are used, showing the essential nature of
infrastructure communication towards safety.
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6.3 Future work

There exists a broad scope for future research into several areas that have not been
covered in this study and warrant additional investigation. The following are some
important areas that need additional research:

• An extensive field test utilising the SDR-based DSRC transceiver over long
journeys with an exterior mounted antenna. The extra experiment will mon-
itor performance in different road scenarios such as urban or highway envi-
ronments. Extended field tests will further understand the DSRC channel per-
formance in varied traffic scenarios.

• To design an automatic gain control (AGC) function block in GNURadio for
the SDR-based DSRC. The AGC will be developed within the SDR-based DSRC
transceiver and developed from received power results. This function will en-
able the communication system to remain connected without the need for the
user to manually change or alter the gain settings within the GNURadio envi-
ronment. It will allow simpler testing in future for other users.

• This research used a single omnidirectional antenna, and further tests could be
modified to include two antenna types for different communication responsi-
bilities. This approach could be extended to make a V2X transceiver com-
prised of cellular and Wi-Fi-based communication architectures. The antenna
proposed is a directional antenna for directive broadcasts.

• Performance of in-depth analysis to investigate the causes of the losses seen in
field tests, with a focus on different channel models and environmental con-
ditions. This measurement campaign can include tunnels, rain, snow, fog, or
densely built areas. Employing this approach will give further insights into
performance under various conditions.

• Design a weighted algorithm for judging safety distance between vehicles.
This algorithm can comprise a selection of LiDAR, V2V, GPS, and ultra-wideband
(UWB) technologies. This algorithm will provide accurate distances between
vehicles to enhance collision avoidance further.

• Further analysis of CRAV, focussing on different scenarios, such as overtaking,
lane merging or platooning. This extended set of scenarios will identify further
RSE applications and demonstrate the potential for CRAV implementation for
additional safety-related scenarios.

• Utilise CRAV to assess the impacts to road network capacity with a varying
number of connected users. This approach will allow the research into how
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road capacity will perform when CRAV and a more efficient safety distance
system is incorporated. Furthermore, this approach will correlate the use of
autonomous systems and the increase in efficiency gained.

• Propose platooning integration with SDR-based DSRC, CRAV and RSS-AWD.
The approach will include works from all chapters into one system for pla-
tooning to analyse how this lower cost and the model-based system can achieve
collision avoidance and positioning.
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Full GNURadio Transceiver Block

FIGURE A.1: Full GNURadio Transceiver Block
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Appendix B

Extended Collision avoidance
results with CRAV, RSS and AWD

FIGURE B.1: RSS and AWD 4.5m/s results

FIGURE B.2: RSS and AWD 18m/s results
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FIGURE B.3: RSS and AWD 26m/s results

FIGURE B.4: RSS and AWD 31m/s results
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