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Abstract 

Recently, the intelligent transportation system (ITS), which provides vehicles with the capabilities 

to cooperatively and wirelessly exchange messages to circumvent, for instance, hazardous 

motorway traffic circumstances, have attracted an enormous amount of attention in academia 

and the automotive industry. Moreover, vehicular adhoc networks (VANETs) are considered to be 

at the centre of ITS, owing to the recent demands to minimise the number of injuries leading to 

fatalities, loss of lives and finances, consequent to the increased number of accidents on the 

highways. However, VANETs have many challenges, among which is the need for timely, reliable 

and scalable message transmission. Solving these challenges will require a shared media access 

control (MAC) layer that will guarantee timely, reliable as well as scalable communication of safety 

messages. This research investigates the application of error correction coding for reliable 

transmission in VANETs. An adaptive application of Forward Error Code (Adaptive FEC scheme) 

for reliable safety message transmission in VANETs is proposed. The solution combined Automatic 

repeat request (ARQ) with FEC at the MAC layer. The Adaptive FEC scheme used the existing 

channel condition, an estimate of the maximum number of transmissions and message type as 

an index into the code lookup ensemble (CLE) to get the optimum code (optCode) for current 

transmission. Furthermore, the proposed Adaptive FEC scheme also sets the transmission timeout 

delay RTT, encodes the message with the optCode and transmits. However, if the transmission 

timeout delay elapses before receiving an ACK/NAK, the scheme will go back to the initial stage 

for possible retransmission of the message. In this solution each transmission is self-decodable. 

Although the proposed Adaptive FEC scheme has shown remarkable performance, it needs 

improvement to minimise the incurred overhead due to the collision effect of the retransmission 

requests. To overcome the weaknesses of the proposed Adaptive FEC scheme, an Adaptive FEC-

based Timely and Efficient Multihop Broadcast (Adaptive FEC-based TEMB) scheme is proposed 

for Reliable Inter-Vehicular Communication. The Adaptive application of error control and the 

utilisation of dynamic transmission range reduces the hops count between faulty vehicle and 
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other nearby vehicles in a region on the motorway. Furthermore, in order to mitigate the hidden 

and exposed node problems, which will minimise the rate of collision in the network, a novel 

request to transmit (RTT) and clear to transmit (CTT) mechanisms is designed for the Adaptive 

FEC-based TEMB. In addition, a pre-emptive queuing mechanism is developed and applied to 

give the highest priority to the safety critical messages. This enables faster safety message 

transmission between the source vehicle and the destination vehicles. On the other hand, in 

VANETs, designing an efficient media access protocol poses a major challenge, as the number of 

vehicles is not known before transmission and could not be bounded. Thus, the scalability of the 

MAC approach has a significant effect on the operation of vehicular communication. Therefore, 

an investigation was conducted into the scalability issue of 802.11p and compared with Self-

Organised Time Division Multiple Access (STDMA), using time-triggered and event-triggered 

safety messages. The proposed solutions’ performance is clearly demonstrated through detailed 

theoretical analysis which was further validated by results of the simulation experiments. The 

results of the theoretical analysis and simulation experiments show that our proposed schemes 

mentioned above outperformed the existing related solutions.  
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Chapter 1: Introduction 

1.1 Vehicular Adhoc Networks 
 
Recent developments in wireless technologies (Zeadally et al., 2012) permit speedy mobility, 

efficient working and make products relatively cost-effective. These technologies further allow 

communication anywhere and anytime (Al-Sultan et al., 2013), for example, in places of work, at 

homes, and while travelling. The advancement of wireless technologies coupled with the desire 

for rapid deployment of independent mobile users for efficient and dynamic communication has 

produced the idea of mobile ad-hoc networks (MANETs). In MANET, each node functions as a 

host and a router. The area of applications of these systems includes military operations, 

emergency and disaster aids, as well as conferences formed using PDAs (Al-Sultan et al., 2013). 

These network scenarios cannot depend on centralised network connectivity and management. 

MANETs consist of an independent collection of mobile nodes communicating using relatively 

constrained bandwidth wireless links, with each node having routing functionality. Due to the 

mobility of the nodes, the network topology could rapidly change and therefore, become 

unpredictable (Aye and Aung, 2014). 

Advances in wireless communication and sensing technologies and their integration into vehicles 

are gradually transforming vehicles from means of transportation into computing (Ali and Dyo, 

2017) and sensing platforms (Caminha et al., 2018), which can increase transportation safety 

through avoidance of accidents, leading to a reduction in injuries, fatalities and economic losses. 

Vehicular ad hoc networks (VANETs) are a special category of MANETs that integrate wireless 

communication and sensing technologies into vehicles, which transform them into computing and 

sensing platforms. The DSRC is the enabling wireless system designed to provides wireless access 

in vehicular environments. VANETs have remarkable potential capable of enhancing traffic 

efficiency, road and vehicle safety, convenience, as well as comfort to drivers and passengers 

(Zeadally et al., 2012). 
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Currently, the vehicular ad hoc network has received broad acceptance as a result of its numerous 

applications in transportation, which focus on passengers’ safety, entertainment and the 

economic concerns of government, private organisations and the citizenry. It is in the light of this 

that various governmental and private agencies have invested an enormous amount of funds into 

many projects for improving passengers’ safety and comfort in vehicles (Javadi, Habib and 

Hannan, 2013; Dua, Kumar and Bawa, 2014). Consequently, VANET has many challenges such 

as scalability, efficient and reliable information dissemination and security, to mention but a few, 

that gave government agencies, automobile companies and academia the impetus to conduct 

serious research activities intending to finding solutions to the problems (Adminaite et al., 2017). 

Despite all the determined efforts by the government, private agencies and research community, 

there are still many challenges and open research issues in VANETs, as highlighted in (Dua, Kumar 

and Bawa, 2014; Sharef, Alsaqour and Ismail, 2014; Liang et al., 2015). 

1.2 Communication in Vehicular Adhoc Networks  

 
In VANETs, communication is categorised into vehicle-to-vehicle communication (V2V), vehicles 

to infrastructure (V2I)  communication and communication between vehicles and any other 

commuication entity (V2X). further explainations on the communication in vvehicular adhoc 

networks are given the following subheadings. 

1.2.1 Vehicle-to- Vehicle  Communication 
 
This type of communication allow direct communication among vehicles without requiring any 

support from a centralised or a fixed infrastructure such as an access point. Furthermore, in V2V, 

vehicles communicates between them using On-Board Units (OBUs). This system is primarily 

intended for safety message communication(Cunha et al., 2016; 

Agarwal, 2018). 
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1.2.2 Vehicle-to-Infrastructure Communication 
 
Vehicle-to-infrastructure communication allow communication between vehicles and a fixed 

infrastructure (roadside infrastructure or unit). Therefore, the OBUs inside vehicles are used 

communicate with roadsides infrastructure, that is an access point, a base station or Roadside 

Units (RSUs). Furthermore, using V2I communication provided with a lot of services, such as, 

vedio streaming and road traffic information (Cunha et al., 2016; Agarwal, 2018). 

1.2.3 Vehicle-to-X Communication 
 
Vehicle-to-X communication (V2X), also referred to as a communication between vehicles and 

anything (anything here means any communication entity that could engage in message 

exchange between it and a vehicle) (Cunha et al., 2016; Agarwal, 2018). 

1.3 Applications in Vehicular Adhoc Networks 

 
Applications is VANETs are classified based on their motives (Cunha et al., 2016; Song, 2017; Al-

ani, Zhou, Shi, and Sagheer,2018), these include safety and non-safety applications. The safety 

applications comprise of the passengers, the driver, as well as the vehicle safety. The non-safety 

applications (infotainment) consists of, but not limited to, internet access while travelling, 

emailing, video streaming and the other classical services. Further explainations of the 

applications are provided in the following subheadings. 

1.3.1  Safety applications 
 
Safety applications are intended mainly towards avoiding and decreasing the frequency of road 

accidents. Therefore, to minimise delay, this class of applications use vehicle-to-vehicle 

communication (V2V). Furthermore, additional requirement for these applications is the reliability 

of the transmitted warning message intended to reach all the neighbouring vehicles to a hazard 

location on time. For instance, if an accident (collision) occurs between two or more vehicles on 

a road, there are two issues to handle: succeeding vehicles and the accident location. A simple 

safety application that will broadcast warning message wirelessly to the approaching vehicles to 
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prevent file-up collision (secondary accident) is required (Cunha et al., 2016; Song, 2017; Al-ani, 

Zhou, Shi, and Sagheer, 2018). 

1.3.2 Non-safety applications 
 
On the other hand, non-safety applications comprise of applications that are intended towards 

providing transport efficiency focusing on optimising flows of cars on the roads, and further 

commercial applications, geared towards offering the driver and commuters with information 

support as well as entertainment to make the travelling more pleasing (Cunha et al., 2016; Song, 

2017; Al-ani, Zhou, Shi, and Sagheer,2018). Consequently, safety application broadcast two type 

of messages: periodic safety messages and event driven messages. 

 Periodic safety messages 
 
These are time triggered messages that vehicles travelling on a road broadcast periodically to 

announce their presence, position, direction of travelling, speed and velocity to the neighbouring 

vehicles in a single hop distance of wireless communication. Periodic messages are called ‘Hello’ 

messages or beacon in the United states vehicular communication terminologies and Cooperative 

Awareness Messages (CAM) in the Europe vehicular communication terminologies (Santa et al., 

2014). 

Event Driven Safety Messages  
 
These are emergency messages that are generated by a vehicle after detection of the occurrence 

of an accident or event on a road. The ultimate goal of their transmission is to inform the 

succeeding vehicles beyond single hop about the occurrence of a given incident to help drivers 

to make decisions. These messages are called Decentralised Environmental Notification Messages 

(DENM) in the Europe vehicular communication terminologies (Santa et al., 2014). 

1.3.3  Examples of Safety and Non-Safety Applications 
 
The safety and non-safety applications are generic terms. Examples of safety and non-safety 

applications are provided in the table below. 
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Table 1.1: Safety and Non-Safety Applications 

Application Safety Non-safety 
Collision avoidance Y N 
Forward collision avoidance warning Y N 
Intersection warning Y N 
Electronic toll collection N N 
Road hazard warning Y N 
Head-on collision warning Y N 
Video streaming N Y 
Internet access on the move N Y 
Emergency vehicle warning Y N 
Blind spot warning Y N 
Real-time traffic information N Y 
Parking lot availability N Y 
Post-crash notification Y N 
Route Diversion N Y 
Lane changing warning Y N 
Emailing services N Y 

 
Key: Y = Yes and N = No 

 
 
1.3.4 Significance of Safety applications over Non-safety applications 
 
Primarily, vehicular communication was intended to provide solution to the problem of road 

accidents, leading to loss of millions lives and substantial amount of wealth globally. Therefore, 

any application that is intended to prevent or avoid accidents on the road is termed as safety 

application. Safety application are time-critical messages and their timely and reliable 

transmission cannot be overstressed, as it is equal to saving lives. Since every reliably and timely 

delivered message conveys life-saving contents (Cunha et al., 2016; Song, 2017; Al-ani, Zhou, 

Shi, and Sagheer, 2018). 

The impact of safety applications can be assess based on the reduction of the number of accident 

or number of accidents avoided, number of lives saved as well as minimised damage to properties. 

While, application that is intended to provide comfort/entertainment or traffic efficiency to a 

traveller is termed as non-safety application. The impact of these applications can be asses based 

on the increased traffic efficiency by reduction in traffic congestion, reduced fuel consumption, 
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enhancement in environmental conditions as well as increased satisfaction of the traveller 

(Shrestha, Bajracharya and Nam, 2018). 

1.4 Intelligent Transport System 
 
Intelligent Transport Systems (ITS) refers to the deployment of information and communications 

technologies (ICTs) in the transportation network. Globally, ITS is faced with three key 

challenges, a reduction of road sufferings due to vehicles’ accidents, improving transportation 

efficiency and reduction of environmental impacts. Vehicular communication is an aspect of ITS 

which uses wireless communication technologies dynamically to allow the exchange of messages 

amid vehicles and among vehicles to Roadside Units. These systems enable vehicles and 

transportation systems to share information cooperatively to provide safety and comfort to 

commuters (Federal Chamber of Automotive Industries, 2014). Consequently, in ITS, each car 

bears the responsibility of a router, a transmitter and a receiver to disseminate messages to the 

platoon of cars or transport organisation, which will use these messages to guarantee risk-free 

and unrestricted passage of cars on the roads. In the communication of information between cars 

and Roadside Units (RSUs), cars ought to be prepared with On-Board Units (OBUs) that allow 

short range wireless ad hoc communications to be developed. Additionally, cars ought to be 

equipped using systems that provide access to the GPS or DGPS for appropriate position details 

(Booysen, Zeadally and van Rooyen, 2011; Zeadally et al., 2012). 

However internationally, development, deployment and standardisation of vehicular technologies 

have well progressed in advanced countries. Nevertheless, further efforts are required for 

research in suitable technologies, global standardisation and scalability of intelligent transport 

systems. To this end, standardisation organisations and the automotive industry are keen on 

developing DSRC technology which empowers the V2I and V2V communications. Smart cars 

equipped with DSRC for V2I or V2V communications form the vehicular ad hoc networks (VANETs) 

(Kenney, 2011). Standardisation of DSRC into IEEE 802.11p was mainly to support a range of 



 

7 
 

VANETs schemes. Foremost of these applications are cooperative collision warning schemes 

(Jiang and Delgrossi, 2008). These schemes provide a plethora of V2V system services, for 

example, forward collision avoidance, a blind spot warning and emergency messaging (Zhou and 

Benslimane, 2013). 

Currently, the vehicular ad hoc network has received broad acceptance as a result of its numerous 

applications in transportation, which focus on passengers’ safety, entertainment and the 

economic concerns of government, private organisations and the citizenry. It is in the light of this 

that various governmental and private agencies have invested an enormous amount of funds into 

many projects for improving passengers’ safety and comfort in vehicles (Javadi, Habib and 

Hannan, 2013; Dua, Kumar and Bawa, 2014). Consequently, VANET has many challenges such 

as scalability, efficient and reliable information dissemination and security, to mention but a few, 

that gave government agencies, automobile companies and academia the impetus to conduct 

serious research activities intending to finding solutions to the problems (Adminaite et al., 2017). 

Despite all the determined efforts by the government, private agencies and research community, 

there are still many challenges and open research issues in VANETs, as highlighted in (Dua, Kumar 

and Bawa, 2014; Sharef, Alsaqour and Ismail, 2014; Liang et al., 2015). 

1.5 Characteristics of Vehicular Communication 
 

The goal of MANETs is to offer wireless network services devoid of depending on any fixed 

infrastructure. The key challenges in MANETs arise from their self-organised and distributed 

nature (Papadimitratos et al., 2009). VANET, as a special class of MANETs, has cars in place of 

nodes, a shared transmission medium, self-organisation, low bandwidth and self-management. 

Fundamentally, VANETs vary from the other MANETs due to their diverse features and 

characteristics which include the following: the high mobility of vehicles, rapidly changing 

topology, recurring fragmentation and constrained vehicular movement owing to the restrictions 

imposed by roads. Other characteristics include variable network density and severe 

communication setting (Booysen, Zeadally and van Rooyen, 2011; Park, 2012; Li et al., 2014; 
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Sharef, Alsaqour and Ismail, 2014). However, vehicles do not have major memory, processing, 

storage and power constraints (Lee and Gerla, 2010; Abdelhamid, 2014; Abdelhamid, Hassanein 

and Takahara, 2014; Blyth et al., 2015; Meng et al., 2019). VANET is also referring to inter-

vehicular communication (IVC) with the assumption that all cars or subgroup are provided with 

wireless radio devices that enable communication among them (Busson and Vèque, 2014). 

Possessing no fixed infrastructure, the inter-vehicle network relies on vehicles to provide the 

necessary networking functionalities (Li et al., 2014). In this network, vehicles assume the 

responsibilities of a host and a router, thus communicating and sharing information (Lee, Lee and 

Gerla, 2010). Further explanation of the characteristics of VANET is as follows. 

1.5.1 High vehicles mobility 
 
Contrary to the node mobility in traditional MANETs, cars in VANETs are travelling at high speed. 

For example, vehicles speed in the city ranges from 30 kilometres per hour to 50 kilometres per 

hour, from 50 kilometres per hour to 80 kilometres per hour in the rural area, and 90 kilometres 

per hour to 150 kilometres per hour over the highways. Furthermore, a medium access control 

(MAC) layer scheme is required to dynamically adjust to the recurrent topology changes of the 

moving vehicles caused by excessive movement and variations in speeds (Ahmed and Gharavi, 

2018; Saini and Singh, 2016). 

1.5.2 Rapidly changing topology 
 
The rapid changes in topology in VANETs are because of the relatively high speed among vehicles 

which poses serious difficulty regarding network management; despite the strict restrictions on 

the mobility of vehicles (that is, their confinement to travelling on the motorways) (Al-Sultan et 

al., 2013; Dinesh and Deshmukh, 2014). 

1.5.3 Recurring network fragmentation 
 
Vehicular networks are susceptible to recurrent fragmentation, regardless of the high rate of 

deployment. When VANETs experience recurrent network fragmentation, it will result in parts of 
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the vehicles being unable to reach the vehicles in the neighbouring sections of the motorways. 

Disperse road traffic situation could lead to fragmentation of vehicular networks. Other causes of 

network fragmentation are vehicles travelling at a high non-uniform velocity and lane changing 

(Dinesh and Deshmukh, 2014). 

1.5.4 The constrained vehicular movement 
 
The nature of the motorways constrain vehicles’ movement because vehicles are inflexibly 

confined to travelling in line with the road pattern. Additionally, drivers are required to conform 

specific traffic laws (Al-Sultan et al., 2013; Peng et al., 2019).  

1.5.5 Variable network density 
 
The network volume in vehicular ad-hoc varies with the time of travel and the type of motorways. 

For instance, in cities when people are rushing to reach their places of work in the morning or 

when they are rushing to go back to their respective homes after working hours, the traffic at 

these hours could be high compared to off-peak periods and at night. However, the intensity is 

always less on rural motorways (Al-Sultan et al., 2013; Dinesh and Deshmukh, 2014; Peng et al., 

2019). 

1.5.6 Adequate energy, storage and processing ability 
 
In VANETs vehicles are the nodes and vehicles have no energy problem, as compared to the 

other classes of MANETs. All the communication devices in vehicular communication use the 

power supplied from the vehicle's battery. Therefore, vehicles have sufficient energy, storage and 

the processing power that could be as powerful as required by any application (Al-Sultan et al., 

2013; Peng et al., 2019). 

1.5.7 Severe communication setting 
 
The fast movement of vehicles on the roads, the presence of high structures and trees in cities 

create many challenges among communicating entities, such as fading and shadowing problems 
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over the transmission medium. This setting further deteriorates the condition of the 

communication channel (Peng et al., 2019).  

1.6 Motivation 
 
The World Bank in partnership with the World Health Organization (WHO) launched a worldwide 

report on road traffic and prevention of injuries (World Health Organization, 2013). The report 

offers wide-ranging details on the risk determinants for road accidents, injuries and the facts on 

practical interventions. It also provides suggestions to countries on the way forward in enhancing 

road safety (World Health Organization, 2013). The first global report on the implementation 

progress of the suggestions by member nations was presented via the worldwide status report 

on road safety in 2009 (Toroyan, 2009; World Health Organization, 2009). Moreover, the number 

of people injured due to road accidents ranges from 20 to 50 million annually (World Health 

Organization, 2009). Subsequently, a similar report on road safety by the WHO, containing data 

from 180 countries, shows that approximately 1.25 million people died annually as a result of 

road traffic accidents globally (World Health Organization, 2015). The report also revealed that 

road accidents are the leading cause of death amongst the youth ranging between the ages of  

15 to 29 years and costs an estimated 3 per cent of Gross Domestic Product (GDP) to 

governments, globally. Consequently, the 2018 report revealed more shocking statistics of road 

traffic accidents which claim over 1.35 million lives annually and 50 million injuries. The report 

further indicated that road traffic accidents become number eight main cause of lost lives globally, 

among which are the young adults between the ages of five and twenty-nine (World Health 

Organization, 2018). Furthermore, the report opined that these deaths are preventable through 

the deployment of smart technologies in vehicles which will permit cooperative communication 

between them and with other communication infrastructure on the roads. 

 
However, despite the enormous loss of lives and finances, efforts to address this universal 

problem remained inadequate. The report further shows that developing countries are the most 
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severely affected (the rate of accidents in these countries constitutes 90 per cent of the worldwide 

deaths caused by road accidents) when compared to the fatality rates of developed nations, 

which is half the rate of developing countries. Further to the grief and hardship caused by road 

traffic accidents, they also often result in substantial economic losses to victims, their relations 

and countries at large (World Health Organization, 2015). The highest rate of deaths as a result 

of road accidents is in Africa when compared with the rest of the world. Furthermore, road traffic 

injuries are ranked 9th among the top 10 leading causes of deaths, globally. However, with the 

growing number of vehicles, it has been projected that the number of road traffic injuries leading 

to deaths will rise to 5th place by the year 2030 (World Health Organization, 2011; United 

Nations,2013). The potential rise in position globally is because of the increase in the rate of 

deaths in developing countries due to road accidents (United Nations,2013).  

In acknowledgement of the difficulties, loss of human lives and substantial economic losses to 

victims, their relations and countries at large due to the road accidents  globally, and in an attempt 

to circumvent this problem, in 2010 the United Nations general assembly resolved to establish a 

10 year period, from the year 2011 to year 2020, of initiatives for road safety (World Health 

Organization, 2011). The overall aim of the United Nations declaration of the period (‘the decade 

of action’) is to alleviate, as well as to minimise the projection of the amount of deaths due to 

road accidents by 2020, globally. Implementation of these actions could save five (5) million lives 

during the decade of action 2011-2020. Otherwise, the situation will continue to worsen with a 

prediction of approximately 1.9 million deaths yearly by 2020, unless the necessary and urgent 

steps are implemented (World Health Organization, 2013). Consequently, at the core of this plan 

is safer vehicles, post-crash response, safer roads, users and mobility, as well as highway safety 

management. To make travelling on the roads safer, a ten year global road safety plan of action 

identified five pedestals of action. These pedestals include safer roads, management of road 

safety, mobility, safer road users post-crash response and road user, as well as safer vehicles 

(World Health Organization, 2011).  
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The adoption of the decade of action resolution by the United Nations general assembly led to 

the calling of member states to implement measures that could make their respective motorways 

safer. Equally, the resolution mandates the WHO to serve as the monitoring agency to assess the 

level of implementation across the various nations worldwide via its global status report on road 

safety. The reports serve as a means to evaluate the impact of the applicable changes and to 

emphasise where further effort is required (World Health Organization, 2011). Furthermore, the 

road traffic accident report (Adminaite et al., 2017) in the European Union indicated that the 

death toll exceeds 30,000 people, and for every death, an estimated four per cent of road traffic 

accidents resulted in permanently incapacitating wounds, like spinal cord damage or brain; eight 

per cent consisted of serious injuries, and 50 per cent were minor injuries (Adminaite et al., 

2017).  Approximately, 46 per cent of road fatalities on the EU roads are car occupants, and this 

percentage rises to 60 per cent due to traffic accidents (European Union Commission, 2017a). 

Consequent to these, the EU has approved a determined traffic safety agenda, which aimed to 

decrease the volume of road traffic deaths in Europe, from the year 2011 to the year 2020. The 

agenda developed a combination of actions, at national and European levels, focused on 

enhancing the safety of infrastructure, vehicle and road user’s conduct (European Union 

Commission, 2015). However,  following the expiration of the earlier target (2001 to 2010) of 

halving the rate of deaths on the roads, the European Union in 2010 set another target to reduce 

the rate of deaths on its motorways by 50 per cent by 2020 through enhancement of road safety 

measures.  Nonetheless, improvement in decreasing the amount of deaths on the EU roads almost 

remained static in 2014 (World Health Organization, 2015). 

In 2015, a total of 26,200 people died due to traffic accidents, out of which 654 were children 

(European Union Commission, 2017a) and in 2016, 25,670 people lost their lives, which indicated 

a reduction of 2 per cent. Yet, between 2006 and 2015 more than 52,000 children lost their lives 

due to road accidents (European Union Commission, 2017a). The rate of deaths on EU roads 



 

13 
 

since 2010 has decreased; however, despite the current advancement in vehicular 

crashworthiness and novel technologies that could assist drivers to circumvent or lessen the costs 

of collisions, the EU vehicular standard has not been updated since 2009. Recently, European 

Union transport ministers have called on the EU to come up with a more serious target for the 

reduction of injuries due to road accidents, to span another duration of 10 years (2020 to 2030) 

(Adminaite et al., 2017). These circumstances have made transportation safety a very significant 

issue of concern, globally. 

 
Initially, the efforts mostly focused on enhancing and developing safety systems within the 

vehicles, for instance, an airbag mechanism, security belt and anti-lock braking. The efficiency of 

these solutions has resulted in considerably reducing the consequences of accidents and the 

number of fatalities by 50 per cent in Europe in the last two decades. However, these techniques 

are reactive, reducing the effects, rather than the causes (accidents) ( Stanica, Chaput and Beylot, 

2011, European Union Commission, 2017b). Although there are vehicles equipped with 

technologies that can offer some kinds of alert warnings that vehicular communication provides, 

such as a blind spot warning, forward-collision warnings, and lane changing warning, these 

systems provide alerts using radar and camera-based sensor mechanisms that are characterised 

by the restricted functional area around the vehicle (European Union Commission, 2015). 

Consequently, the limited field view of the existing systems could not provide advanced warning 

messages to drivers with the same effectiveness as vehicular communication; for example, when 

a vehicle has stopped around a bend, on a slippery road, during hazy or foggy weather. 

Furthermore, allowing vehicles to exchange messages cooperatively among themselves about 

their positions, speed and location are more accurate than having to estimate from cameras and 

radar (Stanica, Chaput and Beylot, 2011). Therefore, the primary solution should be the 

prevention of accidents through proactive mechanisms that can enhance the driver’s awareness 

of the vehicle’s neighbouring environment (World Health Organization, 2018). 
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On the other hand, the communication range of the dedicated short range communication (DSRC) 

can allow an exchange of data of up to approximately 300 ms (when a car is travelling using high 

velocity and is not within the line-of-sight of the destination vehicle). Moreover, up to 1000 ms 

transmission range could be achieved around the vehicle, when a vehicle is travelling at an 

average speed and within the line of sight of the intended destination. Thereby, allowing the 

drivers to have knowledge beyond the immediate vicinity of his vehicle and giving him a further 

opportunity to react to vehicles that are out of his sight (Kenney, 2011). Achieving this could be 

through equipping the vehicles and roadside infrastructure with the needed technologies (Stanica, 

Chaput and Beylot, 2011, European Union Commission, 2017b). Furthermore, about 82 per cent 

of road collisions can be averted with the support of cooperative communication (Kenney, 2011) 

using DSRC devices, eventually safeguarding thousands of lives and a considerable amount of 

money. Vehicular communication can potentially reduce accidents by enhancing the driver’s 

knowledge about his neighbouring vehicles by letting vehicles to communicate messages between 

themselves while travelling and could influence the driver’s reaction after receiving an alert of a 

potential accident. Scholars opined that if drivers could receive a safety message at least 500 ms 

before the occurrence of an accident, more than 60 per cent of the piled collisions could be 

avoidable (Eze, Zhang and Liu, 2014). Furthermore, enabling intervehicular communication could 

provide the driver with traffic information while travelling, which can enable him to choose 

alternative routes to prevent unnecessary delays due to traffic, increase automobile effectiveness 

and minimise environmental contamination due to excessive carbon emissions. Consequently, in 

the area of comfort, Vehicular adhoc network could provide additional benefits to commuters 

through information sharing, such as videos, music and further exchange of messages among 

communication entities on the roads (World Health Organization, 2013). 

Advances in various communication technologies make the development and deployment of 

different kinds of networks feasible using wireless mechanisms. An instance of such networks 

that have attracted significant efforts in research globally at various levels of government, 
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academia and in the automotive industry is the Intelligent Transportation System (ITS). Moreover, 

vehicular ad hoc networks are considered to be at the centre of ITS owing to the recent demands 

to minimise the number of fatalities leading to injuries, loss of lives and finances, consequent to 

the increase in the number of accidents on highways (Liu et al., 2017). Some efforts towards 

allowing vehicular communication have been achieved, at the foundation level, while many 

projects are at still at various levels of development. These projects include the provision of the 

5.9GHz frequency spectrum, providing 75MHz for dedicated short-range communication by the 

United States (US) Federal Communication  Commission (FCC), which led to the design and 

development of WAVE standard by the IEEE to offer communication among cars and between 

cars and Roadside Units. There is also the vehicle safety communication consortium in the United 

States of America. In Europe, the PReVENT integrated project is intended for road safety 

enhancement through designing, development and testing of proactive applications and 

technologies that could be used to minimise the rate of fatalities on the roads, which is an 

automotive industry project with collaborative funding from the European Communication 

Commission (Schulze et al., 2008). In addition, there is the Pre-Drive C2X which is aimed to create 

an EU architectural framework for V2V and V2I applications that are interoperable in the 

framework (Grumert, 2011). Further projects in Germany include Network on the Wheels (Festag 

et al., 2008) and Car2Car communication consortium (Car2Car Communication Consortium, 

2017).  

1.7 Statement of the Problem 

In vehicular communications, emergency messages are needed to be communicated to all the 

vehicles in a considered area of the road with a limited delay to allow drivers time to make 

appropriate decisions that can potentially avert the occurrences of accidents, save lives and 

preserve wealth. However, the limited field view of existing systems (built in vehicles) cannot 

provide advanced warning messages to drivers with the same effectiveness as the vehicular 

communication.  For example, if a vehicle has stopped around a bend in the road, during slippery 
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road conditions and hazy or foggy weather. In vehicular communication, vehicles equipped with 

the requisite communication technologies (On-board systems with an integrated 802.11p 

protocol) could cooperatively exchange messages among themselves about their positions, 

speed, the direction of travel and emergency messages more accurately than having to rely on 

cameras and radar to guess. Furthermore, vehicular communication can potentially reduce 

accidents as a result of enhancing the drivers’ knowledge of neighbouring vehicles, which when 

alerted of a potential accident could influence the drivers’ reaction. However, for vehicular 

communication to be effective, there is the desire for an effective method for handling time-

critical messages, such as warning alerts to ensure reliable and timely dissemination of messages 

among moving vehicles in a considered area of the motorway to avert accidents. 

The significance of ensuring reliable transmission of the time-critical safety messages among 

vehicles could not be overemphasised, as it is equivalent to saving human lives because every 

reliably and timely delivered message conveys life-saving contents and on the contrary, 

unreliable, ill-timed messages could lead to the loss of lives and finances. Further development 

of time-critical applications that could minimise packet loss, reduce excessive retransmission 

requests and improve timely packet reachability is needed. These applications rely on the 

recurrent data exchanges between vehicles using a shared and bandwidth constrained 

transmission channel; this coupled with the vehicles’ fast mobility, leads to network variations, 

rapid changing topology, transmission medium noise and interference (Tal and Muntean, 2017). 

Moreover, in vehicular networks with no fixed infrastructure, inter-vehicular communication relies 

on vehicles to provide the necessary networking functionalities in these networks. Thus vehicles 

assume the responsibilities of a host and a router, thereby communicating and sharing 

information (Lee, Lee and Gerla, 2010) without any central coordination. However, the self-

managing nature of vehicular communication and frequent data exchanges between vehicles 

using a shared and low-bandwidth transmission channel make them susceptible to collisions. 

Continuous message exchange collisions could always result in error-prone message reception 
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and reduced reliability in transmitted messages. Therefore, consequent to the rise in the amount 

of vehicles trying to access the transmission medium, the probability of collisions among the 

vehicles also increases. Moreover, this could potentially lead to excessive loss of safety messages 

and the collapsing of communication. Therefore, a solution is required that could allow 

cooperative communication among vehicles, minimise message collisions during safety message 

transmission, improve safety message recovery and maximise reliable safety message reception.  

Consequently, an effective message dissemination scheme is needed for transmitting time-critical 

safety messages, which should take into consideration the effect of the transmission errors, 

collision, the timeliness and the transmission reliability of safety messages. 

1.8 Aims and Objectives of the Study 

1.8.1 Aims of the Study 
 
This study seeks to investigate how reliable vehicular safety applications can be guaranteed using 

error correction techniques and thus, propose a suitable theoretical framework for imminent 

development and deployment of V2V safety applications, to minimise the rate of accidents, 

fatalities and injuries on the roads. 

1.8.2 Objectives of the Study 
 
 Study available approaches for ensuring reliable transmission in wireless networks 

 Investigate existing methods for guaranteeing reliable transmission in VANETs 

 Propose a new system for achieving reliable transmission of messages in vehicular 

communication and perform a theoretical analysis of the proposed system 

 Conduct evaluations of the proposed system by way of comparison with an existing 

scheme using simulation experiments 

 Refine the proposed solution using additional mechanism(s) that could eliminate some 

of the shortcomings of the system 
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 Study the scalability issue of IEEE 802.11p as a function of reliability through 

comparison with Self-Organised Time Division Multiple Access (STDMA) 

1.9 Research Contributions 
 
In this study, an investigation into how transmission of messages between moving vehicles on 

the roads can be reliably ensured through the application of error correction mechanisms has 

been conducted. Theoretical frameworks for further development and deployment of vehicle-to-

vehicle (V2V) reliable transmission of messages have been proposed to minimise the rate of 

accidents, injuries, loss of lives and wealth. Below is a summary of the research contributions of 

the study.  

 
1.9.1 Proposed a Novel Adaptive Application of FEC in VANETs 

In Chapter 5 an adaptive application of Forward Error Code (FEC) for Reliable message 

transmission in vehicular ad hoc networks (VANETs) is proposed. The solution combined ARQ 

with FEC at the MAC layer. The system evaluates the expected achievable highest number of 

transmission before the message deadline elapses. The scheme used the existing channel 

condition, an estimate of the maximum number of transmissions and message type as an index 

into the code lookup ensemble to get an optimum code (optCode) for current transmission. 

Furthermore, the system also set the transmission timeout delay RTT, encode the message with 

the optCode and transmit. However, if the transmission timeout delay elapses before receiving 

an ACK/NAK, the scheme will go back to the initial stage for feasible retransmission of the 

message. Hence, in this solution each transmission is self-decodable. Modification on the MAC 

layer and feedback frames, as well as error control model, are presented. The proposed protocol 

was evaluated and compared it with the static FEC for reliable and timely safety message 

transmission; the proposed system shows remarkable performance compared to the Static FEC 

scheme. 
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1.9.2 Proposed a Novel Adaptive FEC Reliable Multihop Broadcast Scheme in 

vehicular networks (Adaptive FEC-based TEMB)   

Hybrid application of error control at the MAC layer for reliable safety message communication 

and revised modifications on the proposed IEEE 802.11p MAC layer and acknowledgement 

(feedback) frames has been proposed in chapter 5, and a proposed revised Adaptive application 

of error control is presented. Adaptive application of error control and the utilisation of dynamic 

transmission range to reduce the amount of hops between an abnormal vehicle to the endangered 

vehicles in a region on the motorway. The proposed solution introduced a request to transmit 

(RTT) and clear to transmit (CTT) mechanisms to mitigate the hidden and exposed node 

problems, which minimised the rate of collision in the network. Also, the preemptive queuing 

mechanism is used to give the highest priority to the safety critical messages. These cause fast 

transmission of the safety message across the network. Huang, Lee, and Lai (2016) proposed an 

Adaptive FEC-based Power-Efficient Traffic Offloading (Adaptive FEC-based PETO) Scheme for 

efficient provision of a dynamic group management protocol that can allow users to dynamically 

form a 1-hop mobile converged network. This mobile converged network consists of Wi-Fi and 

cellular networks, which is generally based on the relationship of a mobile social network. The 

Adaptive FEC-based PETO is said to be adaptable to the changing channel condition during the 

transmission of messages over the 1-hop mobile converged network which is made up of Wi-Fi 

and cellular networks and is able to minimise the retransmission overhead. The system was 

evaluated for reliable and timely vehicular communication, and the results of the experiments 

were compared with that of the relevant broadcast scheme (Adaptive FEC-based PETO scheme) 

(Huang, Lee, and Lai, 2016). The Adaptive FEC-based Timely And Efficient Multihop Broadcast 

(Adaptive FEC-based TEMB) Scheme has outperformed the Adaptive FEC-based Power-Efficient 

Traffic Offloading (Adaptive FEC-based PETO) Scheme. Consequently, the proposed Adaptive FEC 

scheme was compared with the novel Adaptive FEC-based TEMB scheme regarding the probability 

of transmission failure and signal to noise ratio (SNR) using varying traffic densities. Finally, both 
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the Adaptive FEC Scheme and Adaptive FEC-based TEMB Scheme were compared regarding 

collision rate and SNR using varying traffic densities as mentioned earlier in both cases; the 

proposed novel Adaptive FEC-based TEMB scheme demonstrated superior performance than the 

adaptive FEC scheme. Furthermore, Wu, Cheng and Wang (2018) proposed a novel Adaptive 

Source-Forward Error Correction (Adaptive S-FEC) scheme which can efficiently integrate the bit 

rate control and FEC parameter adaptation. Basically, Adaptive S-FEC is designed to improve 

video streaming quality in terms of peak signal-to-noise ratio (PSNR) with FEC. According to the 

authors (Wu, Cheng and Wang, 2018), is capable of adapting to changes in channel condition 

during the transmission of messages.  

1.9.3 Analysis of scalability issues facing IEEE 802.11p MAC layer and STDMA 

Further more, an investigation into scalability challenges of 802.11p MAC layer and Self-organized 

Time Division Multiple Access (STDMA) as a Function of reliable vehicular communication reveals 

that 802.11p does not provide bounded access to the channel as indicated in the literature using 

time-triggered messages, but it does not require synchronisation. On the other hand, STDMA 

offers predictable access to the channel, as all channel access request resulted in channel access 

that is scheduled separated by a distance in space. However, STDMA requires slot synchronization 

and vehicles location information. The vehicles location information is present, but there is a need 

for slot synchronization in STDMA.  

1.10 Thesis Organization 
 
The remainder of the segments of the study are structured as follows: chapter 2 (background of 

the study) it describes basic vehicular architecture, overview of the IEEE 802.11p standard 

physical and MAC layers. Furthermore, the Dedicated Short-Range Communication (DSRC) 

spectrum has been explained, an overview of the WAVE (wireless access in vehicular 

environment) architecture in the United State and ITS-G5 (Intelligent Transport System) 

reference architecture in the Europe have been presented. Chapter 3 (Research Methodology) 
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described the research methodology of the study. Chapter four (literature review) consist of a 

literature review on automatic repeat request, forward error correction, network coding, and 

network coding application in vehiclar adhoc networks, hybrid error correction and vehicular ad-

hoc networks. Chapter 5 presents main research contributions starting with the proposal of  

Adaptive Application of forward Error Correction Code (Adaptive FEC scheme) for reliable 

transmission of messages among moving vehicles on the roads. Furthermore, the proposed 

Adaptive FEC scheme was extented using additional techniques that mitigates its limitations; 

consquently,  an Adaptive FEC-based Timely and Efficient Multihop Broadcast (Adaptive FEC-

based TEMB) scheme for reliable inter-vehicular communication is proposed. The system 

minimises the number of hops through an adaptive application of transmission range, during 

exchange of messages among moving vehicles and reliably transmits a message from a sender 

vehicle to an intended recipient. Theoretical analysis of the schemes and simulation experiments’ 

results are presented. Also, an investigation into the scalability challenges of the 802.11p CSMA 

against the Self-Organisation Time Division Multiple Access (STDMA) as a potential alternative 

MAC protocol that could provide bounded access to the channel and lesser collision rate for 

speedy and reliable transmission of safety messages to endangered vehicles on the motorways 

was conducted. Chapter 6 (conclusion and further works) conclusions are drawn from the thesis 

and further research directions of the work are presented. 
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Chapter 2: Background of the Study 

2.1 Basic Vehicular Architecture 
 
 
Vehicular ad hoc architecture development varies region wise with slight differences (Liang et al., 

2015), for instance, in the reference architecture in the car-2-x communication scheme, 

supported by the car2car communication consortium. The C2C is a leading, inspiring force for 

vehicular communication in Europe. According to the C2C communication group, C2C 

communication network architecture comprises of 3 different areas that include infrastructure, 

ad-hoc and in-vehicle domains (CAR 2 CAR Communication Consortium, 2007). The in-vehicle 

domain includes an on-board unit (OBU) and several application units (AUs). An application unit 

is usually a devoted device that implements one or a group of systems, as well as makes use of 

the On-Board Units’ transmissions capacities. Further, an AU could be embedded or be a 

detachable part of the OBU, such as a portable device (laptop, PDA, and so on). Notwithstanding, 

they can also be in one physical unit; therefore, they are only logically different. Usually, the 

communication connection between an AU and OBU can either be wired or wireless.  The ad-hoc 

domain referred to as VANET, includes moving cars equipped with On-BoardUnits, as well as the 

static infrastructure or Roadside Units along the road (RSUs). Conversely, OBUs are provided with 

wireless communication devices, mainly for road safety applications, as well as other optional 

communication systems for non-safety applications (CAR 2 CAR Communication Consortium, 

2007).  

Furthermore, vehicles create a mobile ad-hoc network using OBUs that allow distributed 

communication between them, independent of any centralised control or structure. Additionally, 

the On-Board Units communicate via a wireless link, otherwise dedicated network routing 

schemes permit multi-hop transmissions through the message forwarding mechanism from one 

vehicle’s On-Board Unit to the other up to the intended destination. The key function of Roadside 
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Units is the enhancement to road safety, by implementing specialised systems and by the 

reception or transmission of messages in an ad-hoc mode, primarily to expand the network span. 

Furthermore, an RSU can be connected to a wired network that may be linked to the internet 

through a gateway, thereby allowing On-Board Units access to the wired network. Likewise, 

Roadside Units can exchange messages with each other using direct or multihop communication. 

Equally, an OBU might contain other wireless technologies for non-safety and safety applications. 

However, the infrastructure domain comprises of RSUs and hot spots (HSs) corresponding to 

distinct application categories. Vehicles could be linked to the internet either through the RSUs 

or HSs, alternatively, via cellular radio networks, for example, GSM, GPRS, UTMS HSDPA, WiMAX 

and 4G communication capabilities can be used, if the units are embedded in the vehicle’s On-

Board Units and precisely for non-safety applications (CAR 2 CAR Communication Consortium, 

2007). See Figure 2.1 for an illustration of inter-vehicular communication architecture. 
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Figure 2.1: Inter-vehicular Communication Architecture 
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2.2 Overview of the 802.11p Physical Layer 
 

At the centre of the WAVE communication stack, DSRC utilises a set of protocols described by 

the IEEE1609 working group. This collection of standards ranges from 1609.1 to 1609.4. This 

standard contains seven standards; some have been published, while others are undergoing 

development. The WAVE standard PHY emanated from 802.11 standard, but due to the 

requirements of vehicular communication environments, modifications were necessary. The 

amendment produced a modified version of the 802.11 referred to as IEEE802.11p (Ahmed, 

Ariffin and Fisal, 2013). In WAVE and TCP protocol stacks PHY and data link layers are the same, 

but network and transport layers are different. TCP protocol stack does not have a security layer, 

whereas it is offered in the WAVE protocol stack. Furthermore, it is worth noting that 802.11p 

and 1690.4 jointly defined PHY and MAC layers of the 802.11p standard, respectively (Ahmed, 

Ariffin and Fisal, 2013). 

The PHY layer and MAC layer of DSRC use the 802.11p standard of the WAVE, which is an 

amended version of the legacy IEEE802.11 standard (Kenney, 2011). The PHY is divided into a 

physical medium dependent. This subdivision serves as an interface with the wireless channel 

and uses the OFDM mechanism, which was initially added to the IEEE802.11 in IEEE802.11a 

modification. Moreover, the physical layer convergence procedure sublayer describes the 

mapping between the PHY data unit and OFDM symbols as well as the medium access control 

(MAC) frame. Furthermore, the OFDM technique employed in IEEE802.11 provides 5MHz, 10MHz 

and 20MHz channel bandwidths, respectively. Mostly, IEEE802.11 applications adopt the 20MHz 

channel bandwidth. On the other hand, DSRC implementations generally uses a 10MHz channel 

bandwidth. Consequently, OFDM offers 4 modulation methods for usage on a sub-carrier with 

each corresponding to a distinct number of bits coded for each sub-carrier symbol, in addition to, 

8 different blends of modulation rates and the forward error correction (FEC) coding rate remain 

as described in the IEEE802.11 standard. The FEC coding is implemented on the user binary digits 
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to enhance the probability of successful decoding, but this system decreases the actual user bit 

rate (Kenney, 2011).  

The PHY layer of 802.11p comprises of 7 separate channels in the 5.9GHz band. The 802.11p is 

an amended version of 802.11a. However, they differ in the usage of channel bandwidth. The 

802.11p uses 10MHz for each of its seven channels, while 802.11a uses 20MHz, but both use 

Orthogonal Frequency Division Multiplexing (OFDM) modulation for improving the message 

communication’s rate, which is dependent on the coding rate and the form of modulation used 

(Teixeira et al., 2014). OFDM also helps in minimising the fading signal problem during message 

transmissions over the wireless medium. 

The physical layer of the 802.11p fundamental concept depends on the division of the frequency 

band into smaller frequencies. The high rate message stream segmented into some lower rate 

message streams are transmitted concurrently over some subchannels and each subchannel is 

narrowband. The system provides 52 subcarriers, 48 are for transmission of the message, while 

4 are pilot carriers. The OFDM physical layer supports 8 separate data transfer rates, through the 

implementation of different modulation systems, as well as corresponding coding rates. 

Consequently, The OFDM physical layer provides support for 3 separate channel bandwidths, 

which is 20 MHz usually used for wireless LAN communication; 10MHz and 5MHz, applied in 

vehicular communications at 5.9 GHz spectrum (Teixeira et al., 2014). Table 2.1 illustrates the 

802.11p modulation mechanisms, message transfer rates, and coding rates for10MHZ frequency 

channel (IEEE Standards Association, 2010; Kenney, 2011). 
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Table 2.1: 802.11p Modulation Mechanisms, Message Transfer Rates and Coding 

  
Source: IEEE Standard, Part 11: Wireless Access in Vehicular Environment (IEEE Standards 

Association, 2010)  

Additionally, in 802.11p standard, it is specified that the management services be linked with the 

PHY through the Physical layer management entity and a medium access layer through the Mac 

layer management entity  (Jiang and Delgrossi, 2008).  Accordingly, both 802.11a and 802.11p 

uses CSMA/CA to decrease the amount of collisions among communicating nodes, as well as to 

offer acceptable access to the communication medium (Jafari, Al-Khayatt and Dogman, 2012). A 

summary of the similarities and the differences between IEEE802.11a and IEEE802.11p is given 

in Table 2.2. 

Table 2.2: Similarities and the Differences between IEEE802.11a and IEEE802.11p 

 

Source: (Song and Choi, 2017). 

Modulation 
Mechanism 

Coding 
Rate 

Message Transfer 
Rate (Mbit/s) 

Data Bits/ 
OFDM Symbol 

Coded Bits/ 
OFDM Symbol 

64-QAM 3/4 27 216 288 
64-QAM 1/2 24 192 288 
16-QAM 3/4 18 144 192 
16-QAM 1/2 12 96 192 
QPSK 3/4 9 72 96 
QPSK 1/2 6 48 96 
BPSK 3/4 4.5 36 48 
BPSK 1/2 3 24 48 

Parameter IEEE802.11p IEEE802.11a 
Date Rate 27, 24, 18, 12, 9, 6, 4.5, 3 54, 48, 36, 24, 18, 12, 9, 6 

Data subcarriers 48 48 
Modulation Methods 16QAM, BPSK, 64QAM, QPSK 16QAM, QPSK, 64QAM, BPSK  

Slot Time 13 μs 9 μs 
Number of subcarriers 52 52 

CWmin 15 15 
Preamble duration 32 μs 16 μs 
Pilot subcarriers 4 4 
Symbol interval 8 μs 4 μs 

Bandwidth 10MHz 20MHz 
SIFS 32 μs 16 μs 

CWmax 1023 1023 
Guard interval 1.6 μs 0.8 μs 



 

27 
 

Furthermore, the complete physical layer packet consists of the Physical Layer Convergence 

Protocol Data Unit (PPDU). The Physical Layer Convergence Protocol Service Data Unit (PSDU) 

includes the message from the MAC layer, the MAC header, as well as the trailer (together 

referred to as a medium access control protocol data unit, MPDU). The preamble is for receiver 

synchronisation, possessing a duration of 32μs and the signal at all times communicated with the 

binary shift keying modulation and 1/2 coding rate. In 802.11p an OFDM symbol has a duration 

of 8μs, but the coding rate and modulation mechanism remain the determining factor on the 

amount of bits that could be supported in an OFDM symbol, respectively. Moreover, the signal 

field contains 24 bits, which are communicated using the smallest transfer rate (8μs) (IEEE 

Standards Association, 2010; Khairnar and Kotecha, 2013). Figure 2.2 illustrates the complete 

802.11p packet structure. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Physical Layer Convergence Protocol Data Unit 

Source: IEEE Standard, Part 11: Wireless Access in Vehicular Environment (IEEE Standards 

Association, 2010) 

 
Further specifics of the Physical Layer Convergence Protocol Data Unit (PPDU) include the 

preamble field, the signal field, the data field and respective sub-fields. The preamble field 
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Figure 2.2: Physical Layer Convergence Protocol Data Unit 
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comprises of the short and long training sequence. The signal field contains rate sub-field, 

reserved sub-field, length sub-field, parity sub-field and the tail sub-field. The rate sub-field is for 

specifying a message transfer rate. The reserved sub-field is for future usage. The length sub-

field is meant to stipulate the length of a packet. The parity sub-field is for the parity bit. The tail 

sub-field is for decoding and computation of the rate sub-field. The data field consisted of the 

service sub-field and utilised for synchronisation of the descrambler at the receiver.  The PSDU 

sub-field is the message from the medium access control layer, including header and trailer, that 

is, MPDU. The tail sub-field is for setting the convolutional encoder to nil. The pad bits sub-field 

provide a space for the addition of extra bits to attain multiple of encoded bits per OFDM symbol 

(IEEE Standards Association,2010; Khairnar and Kotecha, 2013). Table 2.3 gives further 

descriptions of some parameters depicted in the PPDU structure in Figure 2.2. These include 

parameter name, description and the corresponding length in bytes. 

Table 2.3: Frames Parameters Descriptions and Values 

Parameter Description Length in bytes 
HeaderMAC MAC header octet 32 bytes 
Ldata Length of the data frame (0 - 2304) bytes 
LFCS Frequency checksum 4 bytes 
LACK Acknowledgment MAC header 10 bytes 

2.3 Overview of the 802.11p MAC layer 
 
The MAC layer system of the 802.11p decides the time a car can communicate a message using 

existing communication medium, status and medium access control schedules broadcast to 

reduce meddling in the system, so as to enhance message delivery probability. The medium 

access control algorithm implemented in 802.11p refers to an enhanced distributed coordination 

function (EDCA) (European Telecommunication Standard Institute, 2009). 

EDCA refers to the formal name given to one of the MAC layer procedures offered by 802.11 and 

implemented in 802.11p. The algorithm is the distributed coordination function (DCF) system with 

the addition of quality of service that is the carrier sense multiple access with collision avoidance 



 

29 
 

(CSMA/CA) mechanism that gives the opportunity to offer a different level of priorities to 

messages. In the enhanced distributed coordination access, each communication entity retains 

queues with different arbitration interframe space (AIFS) values and contention window sizes 

purposely to give a message with high urgency more prospect to access a transmission medium 

faster than the messages with lesser urgency (IEEE Standards Association, 2012). 

In a CSMA/CA, a node must listen to the communication channel’s prior transmission and when 

the channel is detected in an inactive state for a fixed period of time; the station can begin 

transmission at once. On the contrary, if the communication medium is found engaged during 

the pre-determined waiting time, the node will follow the backoff process, in which the station 

(STA) (i.e. a node) must defer its access based on a random period. In the 802.11 system, when 

the listening time implemented in the MAC system has support for the quality of service, it is 

termed arbitration interframe space (AIFS), otherwise distributed coordination function (DCF) 

(IEEE Standards Association, 2012). 

2.4 Dedicated Short Range Communication Spectrum  
 
The Federal Communication Commission (FCC) of the United States assigned a dedicated 

frequency band at 5.9GHz for DSRC operations of WAVE. Exclusively, seven channels of 10MHz 

are for the vehicle-to-infrastructure and vehicle-to-vehicle networks, as well as one 5MHz 

dedicated as a guard band. Alternatively, two channels of 10MHz each could be merged to form 

20MHz, such as Ch174 and Ch176 could be joined to form a 20MHz bandwidth channel (Ch175). 

Equally,  Ch180 and Ch182 could be merged to form a 20MHz bandwidth, the channel (Ch181). 

The 5.9GHz channel band is named as the Dedicated Short Range Communication (DSRC). 

Furthermore, five of these channels (Ch174 to Ch182) are for applications. Also, the Ch178 

frequency was allocated as the Control Channel (CCH) by the U.S FCC, and constrained for 

channel coordination and safety message transmissions. However, two channels have also been 

reserved at the boundaries (Ch172 and Ch184)  of the spectrum band for forthcoming, more 

innovative catastrophe prevention schemes and higher powered communal safety utilisation. The 
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remainder of the SCHs  (Ch174, Ch176, Ch180, and CH182) are for use during transmission of 

services. Channel allocation for the U.S and the Institute of Electrical and  Electronic Engineering 

(IEEE),  is presented in Figure 2.3 

 

 

 

 

 

 

 

 

Figure 2.3: United State Dedicated Short-Range Communication, Channel Distribution 

Source:  (Kenney, 2011). 

 
However, the European Telecommunications Standards Institute (ETSI) reserved five channels of 

10MHZ for vehicular communication (Kenney, 2011), these consist of one CCH and four service 

channels,  that is Ch172 to Ch178  are service channels, while Ch180 is the control channel. 

Specifically, the agency allocated 30MHz bandwidth for intelligent transport system road safety 

applications; they also allocated 20MHz for intelligent transport system non-safety applications 

and reserved bandwidth of 20MHz for the future development of intelligent transport applications.  

See Figure 2.4 for channels allocation for Europe and the Institute of Electrical and Electronic 

Engineering (IEEE) (European Telecommunication Standard Institute, 2009; European 

Telecommunications Standards Institute, 2013). 
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Figure 2.4: ETSI Dedicated Short Range Communication, Channel Distribution  

(European Telecommunication Standard Institute, 2009; European Telecommunications 
Standards Institute, 2013) 
 
The PHY of the ITS-G5 must be acquiescent with the 802.11 OFDM physical layer details of the 

5GHz frequency spectrum. In Europe, DSRC is regulated by the European communication 

commission, while the ETSI ITS has done the harmonisation of the DSRC and ITS-G5  (European 

Telecommunication Standard Institute, 2009). Furthermore,  the DSRC is a free and licensed 

spectrum that will serve as a central facilitating technology for imminent inter-vehicular safety 

applications. Fundamentally, allowing cooperative safety related schemes that could help improve 

traffic efficiency, minimise the prohibitive cost of traffic collisions and save lives is the motive for 

the DSRC. Moreover, private services are allowed to lessen costs and inspire rapid development 

and deployment of DSRC technologies and applications. The DSRC technology is an IEEE 802.11a 

modified for reduced overhead functions in the DSRC spectrum. The DSRC is developed by the 

IEEE into an IEEE 802.11p set of standards (Jiang and Delgrossi, 2008; Feukeu and Snyman, 

2018). 

2.5 Overview of the WAVE Architecture 
 
The WAVE standard is intended to empower the design, development and deployment of the 

interoperable, small degree of latency reduced overhead WAVE devices that could offer message 

transmissions in favour of transportation safety, effectiveness and sustainability to ensure the 

enhancement of commuter’s comfort and expediency ( IEEE Vehicular Technology Society, 2016). 
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This standard described the operations of both the medium access control and physical layers 

(see Figure 2.1) which illustrated the major reference archetype relevant to the standard. Indeed, 

WAVE encapsulates the core of 802.11e EDCA standard and enhances it to have two channel 

access procedures. The reference archetype consists of data and management services. The 

earlier gives information operations, for instance, incoming and outgoing messages from the 

upper layers. 

On the other hand, the latter (management service) executes management instructions, for 

instance, channel access and synchronisation. The PHY Layer Management Entity (PLME) offers 

management task to the PHY. The 1609.4 describes the enhancement to the 802.11 MAC sublayer 

Management Entity (MLME) to offer multichannel coordination, needed in a situation where there 

are one or more alternating radios with the simultaneous changing process on a control channel, 

as well as a service channel, such that messages are exchanged over the appropriate channel 

and correct period. The management entity of the MAC layer offers data and management 

services operations, respectively. Examples of the services offered by MLME include channel 

routing, message priority and channel management. Additionally, MLME is responsible for the 

following management services: channel access, multi-channel synchronisation,vendor-based 

action frames and management information base (MIB) upkeep and redirecting ( IEEE Vehicular 

Technology Society, 2016).  

Furthermore, WAVE allows three categories of frames; these include control frames, comparable 

to 802.11 standards; secondly, management frames which comprise of time advertisement 

frames that are employed during time synchronisation message advertisement and Vendor-based 

task frames. Either CCH or SCH could communicate management services. Thirdly, the data 

frames which could either be WAVE short message protocol messages or Internet Protocol 

datagrams. Communication of the WAVE short message protocol that contained WAVE Service 

Messages (WSM) occurs on either a control channel or service channel. On the other hand, 

Internet Protocol datagram dissemination could only happen through the service channel. Figure 
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2.5 illustrates the architecture of the internal mechanisms (that is, consisting of CCH and SCH 

operations) of medium access control for multichannel operations. Moreover, the structure 

offered a queue system which provides access prioritisation between competing messages (IEEE 

Vehicular Technology Society, 2016). See Figure 2.5 for pictural illustration of the Multi-Channel 

Operation in Vehicular Communication. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5: Multi-Channel Operation in Vehicular Communication 

(Ahmed, Ariffin and Fisal, 2013; IEEE Vehicular Technology Society, 2016) 
Consequently, upon receiving a message from the upper layers via logical link control (LLC), the 

channel router examines the ethertype field contained in the message header. If the message is 

a wireless access in vehicular enviroment short massage protocol message, it will be passed to 

the appropriate queue using channel access category and message priority. However,  if the 

message is IP-based, message transmission is registered with sender profiles in MIB, which 

consists of the data rate, power level, adaptable status of the power level and service channel, 

SCH number; while the IP datagram is transmitted to the channel router, where the message is 

Multi-Channel Operation in WAVE MAC 

 

Message Transmission 
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channelled to the associated service channel message buffer. These mechanisms permit the 

upper layers to coordinate the communication variables of PHY. Lastly, the channel selector is 

responsible for dropping messages in a situation where the channel is no more effective (Kenney, 

2011; Ahmed, Ariffin and Fisal, 2013). The design permits single and multi-receiver devices. 

However, concurrent channel utilisation cannot occur, but, channels can alternate from control 

channel to service channel and vice vasa. Owing to stringent delay constraints of some 

applications, such as the collision avoidance application, a transmission time consisting of contro 

channel duration and service channel duration must not be greater than 100 ms.  

2.6 IEEE 1609.4 Standard 
 
Vehicular communication depends on the multichannel functional technique to provide support 

for vehicle-to-anything (V2X) communications. Furthermore, in the 5GHz band multiple service 

channels are allocated for non-safety messages transmissions, while a single control channel is 

dedicated for transmission of basic safety data as well as service advertisement at steady intervals 

(Eze et al., 2016c). Furthermore, in IEEE. 1609.4 standard (IEEE Vehicular Technology Society, 

2014), switching operations that allow single radio device to function efficiently on multiple 

channels that provide support for safety and non-safety applications in VANET are defined. Thus, 

IEEE. 1609.4 is an operational extension of the IEEE 802.11e MAC layer (Yu et al., 2015; Eze et 

al., 2016c). It implies that, data queues, channel coordination, message prioritisation and channel 

routing activities are managed in IEEE 1609.4 (Eze et al., 2016c). 

Moreover, the 1609.4 specifications are designed to manage channel coordination and provide 

support for media control access service data unit delivery. In this standard, 75MHz bandwidth 

in the 5.9GHz band is allocated, which is also subdivided into seven different channels with diverse 

features as well as applications. Consequently, each channel is allocated 10 MHz bandwidth, 

respectively. The organisation assigned 5MHz bandwidth for the guard interval. These channels 

comprise of one control channel and six service channel. Additionally, the communication medium 

has different transmission powers and frequencies, i.e. between 5.850GHz and 5.9250GHz that 
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is the 5.9GHz band (Kenney, 2011) (see Figures 2.3 and Figures 2.4 for the distribution of 

frequencies). Moreover, each node switches between CCH and any of the service channels 

recurrently, if a single PHY layer device is used (Jafari, Al-Khayatt and Dogman, 2012). However, 

when a multi-PHY layer device is used, the device will function on the control channel, as well as 

on any one of the service channels, see Figure 2.7. The CCH role is coordinating the system, 

further, to communicating the safety messages (such as hazard warning message and collision 

avoidance alert) among vehicles. Accordingly, the service channels are for the transmissions of 

the non-time critical messages, also referred to as non-safety messages, such as the emailing 

service, and internet access (Amadeo, Campolo and Molinaro, 2012). Furthermore, 

synchronisation is needed to guarantee that communicating devices monitor the control channel 

simultaneously. This simultaneous synchronisation of the WAVE devices can make devices 

monitor and use the CCH instantly. Moreover, the devices that are compliant with the existing 

WAVE standard can align their respective radio resources to a universal precision timing system 

at any moment (Ahmed, Ariffin and Fisal, 2013).  

2.6.1 Single Radio Device Operation 
 
Single channel radio in wireless access in vehicular environment (WAVE) devices stay tuned on 

one radio channel at a time and interchangeably switch between channels to access data and 

entertainment services as well as to monitor safety information (Eze et al., 2016c). The blue 

colour in Figure 2.6 demonstrate when a single radio device tuned to the control channel (CCH) 

while the other colours shows when the radio switch to a given service channel, which could be 

any of the 6 service channels. Figure 2.6 illustrates the single radio device operation.  
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Figure 2.5: Single Radio Device Operation 

Furthermore, the MAC layer of the 802.11p incorporates multichannel procedure of the WAVE 

framework, and the enhanced distributed coordination access offered in 802.11e. This system 

describes four separate access categorisations (ACs) for every one of the channels. Each of the 

categories, represented by an access category, are assigned distinct queues and a number 

between 0  to 3 (i.e. AC0 to AC3).  The enhanced distributed coordination access offers 

prioritisation through the allocation of separate values to the contention variables of the access 

categories. The channel access prioritisation ranges from the highest to the lowest, that is from 

AC3 to AC0. Recalled, there is one CCH, and four SCH channels and each has four separate access 

categorisations.  

2.6.2 Multi-radio Device Operation 
 
Dual channel radio in wireless access in vehicular environment devices concurrently stay tuned 

on both service and control channels (Eze et al., 2016c). In Figure 2.7 it is shows that the dual 

channel used one channel for the control channel (CCH) constantly, while the other channel is 

being allocated to the service channels (SCHs), which are 6 in number and alternatively switch 

between them (Eze et al., 2016c). The multi-radio device operation is demostrated in Figure 2.7. 
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Figure 2.6: Multi-radio Device Operation 
 
Moreover, there exist two contending mechanisms for accessing the channel before message 

transmission. These mechanisms include an internal contending mechanism and a contending 

mechanism between the channels for accessing the transmission medium.  

• The internal contention mechanism uses separate values for the contention variables, that 

is, arbitration interframe space and the contention window. The internal contending 

mechanism is used within every one of the channels and among their respective access 

categories. 

• The contending mechanism used among the channels competes for access to the 

communication channel. This stage is supported through separate timers’ settings 

depending on the internal contending approach. 

Therefore, each message frame is assigned an access class depending on the time sensitivity of 

the message. If a message is selected for transmission, its frames will compete for channel access 

using relevant contending variables (Kenney, 2011). Furthermore, the wireless access in vehicular 

environments’ structure also encompasses a logical link control which is equivalent to the higher 

MAC sublayer of the Open System Interconnect (OSI). This sublayer offers communication 

between the upper layer, as well as the lower layers. 

2.7 IEEE 1609.3 Standard 
  
The IEEE 1609.3 standard describes the network and transport layers service procedures. 

Furthermore, it offers a wireless link amongst vehicles and connecting vehicles with Roadside 
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Units. Moreover, WAVE network services functions include data and management services. Data 

service is responsible for transmitting network traffic and provides support for IPV6, in addition 

to Wireless Access in the Vehicular Environment Short Message Protocols (WSMP).  The WSMP 

offers the capability that allows applications to transmit a short message to raise the probability 

of timely message reception. Management service, further termed to as Wireless Access in 

Vehicular Environment Management Entity (WME), is responsible for system configuration and 

maintenance, such as the IPV6 configuration, application registration and monitoring of 

communication medium utilisation. Consequently, the entities that use wireless access in the 

vehicular environment architecture are expected to effectuate UDP, as defined in the RFC768 and 

TCP, as specified in RCF793 (Kenney, 2011). 

2.8 IEEE 1609.1 Standard 
 
The IEEE 1609.1 describes a resource manager as a WAVE application, which permits 

communication between the applications running on the On-Board Units (OBUs) in vehicles and 

the applications running in Roadside Units (RSUs). The resource manager can either be on the 

On-Board Units or in Roadside Units (Kenney, 2011). Furthermore, there are two types of wireless 

medium access in vehicular communication; these include access using OBUs that are mounted 

on moving cars and access through RSUs, which are stationary along motorways (Kenney, 2011). 

2.9 IEEE 1609.2 Standard 
 

The IEEE 1609.2 describes WAVE framework security services and the associated 

implementations that are running over the framework, such as secure message processing and 

the main security operations (Kenney, 2011). 

Consequently, the IEEE 802.11e EDCA QoS addition is identical to the medium access layer 

offered in WAVE. Applications data are classified into different Access Categories (ACs), ranging 

from AC0 to AC3 (AC0 = 4, AC1 = 3, AC2 = 1, AC3 =0 are assign values from the standard), 

which is in decreasing order of priority. Packets followed an arrangement into queues within each 
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access category.  The selection of a packet for external channel contention depends on the ability 

of a packet to win an internal contention between other packets from four access categories. The 

packet selected will compete for the external channel access with the help of corresponding 

contention parameter values. Table 2.4 lists values for the contention parameters utilised for the 

CCH to compute the figures for the minimum contetion window (CWmin), as well as the miaximum 

contetion window (CWmax), while IEEE assigned minimum contention window IEEE assigned 

maximum contention window (aCWmin) is equal to 15 and aCWmax is equal to 1023. For 

description on the values calculated see Figure 5.2. 

Table 2.4: Values of the Variables for different Access Category Service 

 

 

 

 

Source: Final draft ETSI ES 202 663 v1.1.0 (2009-11)(European Telecommunication Standard 

Institute, 2009) 

2.10 Wave Control Channel and Link Layer Behaviour 
 

The primary one-hop transmission described safety message transmission operation within the 

CCH, which lacks coordination, broadcasting messages in an uncontrolled system involving all the 

adjacent vehicles that are furnished with enabling technology within a dedicated channel (Feukeu 

and Snyman, 2018). 

 VANET safety message transmission is exclusively distributive and no controller to enable 

ordered communication medium access. 

 Mostly, the target of safety message transmission in VANET is the vehicles’ location, rather 

than their nature. 

AC[j] CWmin CWmax AIFSN Channel Access delay in μs 
4 3 7 2 56 
3 3 7 2 56 
2 7 7 3 72 
1 15 15 6 152 
0 15 1023 9 264 
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 Safety message communication encompasses self-sufficient messages, which are small 

and typically conveyed in a frame. 

 Despite being a single hop, safety message communication in VANET can be extended to 

a more considerable distance using multihop communication as the link layer might not 

be analysed as a  restricted scheme. 

 All the adjacent vehicles have DSRC compliant devices and can exchange messages 

frequently among those within communication range. Therefore, scalability of 

communication protocol is central to the design of a safety communication scheme. 

 The CCH is responsible for the transmission of all public safety messages. However, CCH 

could transmit limited non-safety messages, such as sporadic private services and 

advertisements, which is negligible compared to the total channel load. 

2.11 Overview of ITS G5 reference Architecture 
 
The Europe communication architecture (European Telecommunications Standards Institute, 

2013) comprises of the Access, Facility, Network, Transport and Application layers. The facility 

layer, positioned between the lower network, transport layer and applications layer, has three 

subcomponents that include, communication, information and application support. Using its 

subcomponents, the facility layer offers support to the applications. The communication provides 

various kinds of communications needed by the applications, like unicast, multicast and 

broadcast. The information support controls a remote message reception from other cars, RSUs 

and a message internally generated by a car. Logical Dynamic Map (LDM) is a database that 

stores all the messages. The communication support sublayer is comparable to the session layer, 

while information support is comparable to the presentation layer of the OSI standard. 

Furthermore, ITS-G5 reference architecture stipulated a single accessing system for the sharing 

of ITS and is based on the IEEE802.11. The access layer comprises the data link and PHY layers, 

as contained in the open system interconnection standard. Likewise, the architecture provides a 
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management entity, which contains a security entity  (European Telecommunications Standards 

Institute, 2013). See Figure 2.8: ITS-G5 reference architecture. 
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Figure 2.7: ITS-G5 Reference Architecture 

(European Telecommunications Standards Institute, 2013) 
 

A  node shall conform with some of the provisions of IEEE standards (European 

Telecommunications Standards Institute, 2013), which include:  

• The LLC shall conform to IEEE/ISO/IEC 8808-2-2-1998, and the method of operation 

enabled to 1 non-acknowledgement infrastructure-less mode. 

• PHY shall be orthogonal frequency division multiplexing (OFDM) as contained in 

IEEE802.11 revised 2012 (IEEE Standards Association, 2012). 

• The subnet access protocol shall be as in IEEE802-2001 

• MAC layer operations shall be compliant with 802.11 revised 2012 (IEEE Standards 

Association, 2012) by allowing communication outside the Basic Service Set (BSS) context 

through the setting of MIB parameter to true 

A vehicle shall also conform to the operation defined in the ITS-G5 access layer in Figure 2.9. 
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Figure 2.8: ITS-G5 Access Layer  

(European Telecommunications Standards Institute, 2013) 
Furthermore, the European Telecommunication Standard Institute (ETSI) proffered two types of 

message standardisation for a safety class of VANET applications; these include the Cooperative 

Awareness Message (CAM) and the Decentralised Environmental Notification Messages (DENM) 

(European Telecommunications Standards Institute, 2013). CAMs consists of information on the 

vehicle’s speed, direction, position and so forth. Each vehicle broadcasts these messages at 

regular intervals (100 ms) and at a constant data rate of 6mbps with a frequency of between 1Hz 

and 10Hz. The status of each vehicle is updated periodically. Furthermore, it is necessary for each 

vehicle to generate, share and receive CAMs during their participation in communication (V2V, 

V2I and V2X networks) on the road, this requirement is compulsory in Europe. The CAM is called 

a time-triggered message, and through the reception of CAMs, the car knows about other cars in 

its vicinity and their location, the direction of travel, velocity, primary characteristics, as well as 

the basic sensor’s data. CAMs allow cars to be aware of their circumstances and act appropriately. 

The DENMs are event-triggered messages that contain information on the type of event 

happening in a region (these could be messages about an accident that has happened in a place, 

a motorway hazard or traffic congestion alert), the location of the event, duration and the 

detection time. The messages are broadcasted by a car or by an RSU (Alonso et al., 2011; 



 

43 
 

Khairnar and Kotecha, 2013) continuously until the threat no longer exists or has been avoided. 

DENM could be used by traffic management units using RSUs to control the flow of traffic by 

rerouting vehicles to alternative routes to avoid serious traffic congestion.  
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Chapter 3: Research Methodology 

3.1 Introduction 

This chapter describes error correction approach used in this research, explain the system model 

for the research, queueing model, error recovery model, overview of Reed-Solomon codes and 

justification for selecting Reed-Solomon codes. It also described the simulation platform used for 

the research. 

3.2 Error correction approach 
 
In this work a varation of type II hybrid ARQ (i.e. combining an ARQ with Forward error correction 

code) is used. The forward correction codes applied are the Reed-Solomon code. Contrary with 

other type II HARQ that used either packet combining or incremental redundancy. The approach 

used in this research allow a transmitter to apply diiferent code derived from a high rate code in 

each transmission depending on the channel condition. This implies that transmission are made 

adaptable to the changing channel conditions and each transmission is made self decodable (i.e. 

without the need for incremental redundancy or message combining when decoding attempt is 

not successfull). 

3.3 System Model 
 
This work considers vehicle to vehicle (V2V) communication consisting of a number of vehicles 

travelling on the motorway. Also, it is supposed that vehicles are equipped with IEEE 802.11p 

and their corresponding antennas. These vehicles are supposed to be at the optimal condition to 

have the highest transmission range of 1000 ms, and when vehicles are travelling at high speed 

(200 Km per hour), the highest attainable transmission range is 300 ms. Additionally, it is assumed 

that each vehicle has GPS, which enables them to offer the correct time and location on the road. 

Consequently, the processing capability of the vehicles and power are regarded as sufficient for 

the requirements of the intended applications. 
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Moreover, solutions approach in this work relies on the vehicles’ direction of travel. Moreover, 

consequent to time restrictions, each message is constrained by a deadline within which it is 

predicted to be transmitted to the intended destination. If a message did not arrive at its 

destination within the required time limit, it is considered that there is deterioration in the 

supposed QoS of the scheme. The extent of the deterioration in the QoS and the corresponding 

consequences depends on the kind of message. Furthermore, in this study messages are 

classified into emergency messages and non-emergency messages. Emergency messages are 

safety-related messages, such as the warning alerts which have a constrained deadline. On the 

other hand, non-emergency messages are less time constrained messages, such as email 

messages and infotainment messages. Correspondingly, each class of message is assigned a 

recompense. The recompense signifies a positive effect on the supposed QoS of the system owing 

to the message being transmitted to the destination on time. 

3.4 Queuing Model 
 
The system is modelled using a simple queuing approach consisting of a single server, and 

message arrival (⋋) rate distribution follows a Poisson distribution with mean 1 ⋋� ; in addition to 

exponential service rate (μ) distribution with mean 1 μ�  , but there is no Reneging nor Balking in 

the model. A first-come, first-serve queue discipline is assumed. To ensure an efficient queuing 

system, the following equation must be satisfied. 𝜌𝜌 = ⋋
𝜇𝜇 < 1, where 𝜌𝜌 denotes the proportion of 

time the server is active. 

The information communication delay could be defined as the average delay a packet witness 

between the message generation period and the time the packet is successfully delivered to the 

intended recipient.  

Therefore, in a steady state condition the transition of a safety message in the queue, consisting 

of 𝑥𝑥 messages, could move from 𝑥𝑥 − 1 to x when the additional message arrived in the system 
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with an arrival rate ⋋, at the rate of (𝑃𝑃𝑥𝑥−1)(⋋) or the state could move from state x to 𝑥𝑥 – 1 when 

a message is transmitted with service rate μ, in which the state changes to x, at the rate of 

(𝑃𝑃𝑥𝑥)(𝜇𝜇). Where the probabilities of being in state 𝑥𝑥 –  1 and 𝑥𝑥 are represented by  (𝑃𝑃𝑥𝑥−1)(⋋) 

and  (𝑃𝑃𝑥𝑥)(𝜇𝜇) =  1, 2, .. . The summation of all probabilities in the system is 1, therefore, the 

probability of no message in the system is given as 𝑃𝑃𝑜𝑜 = 1 −  𝜌𝜌. If the probability of having one 

message in the service system is  𝑃𝑃1 =  𝜌𝜌𝑃𝑃𝑜𝑜, then if (𝑃𝑃𝑥𝑥−1)(⋋) = (𝑃𝑃𝑥𝑥)(𝜇𝜇), (using global balance 

principle), recursively applying the relation, the probability of having 𝑥𝑥 messages in the service 

system is given as 𝑃𝑃𝑥𝑥 =  𝜌𝜌𝑥𝑥𝑃𝑃𝑜𝑜 . The average amount of packets (𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠) in the system is given as  

𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 = ⋋
𝜇𝜇− ⋋

. Thus, Little’s Law (Chhajed and Lowe, 2008) states that the mean quantity of 

messages in the service scheme is the product of the average duration a message takes in the 

scheme and the arrival ratio. The mean time a message takes in the system can be expressed as 

 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠
⋋ , substituting the value for 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠, we have 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠 =  1

𝜇𝜇− ⋋
. 

3.5 Error Recovery Model 
 
The classical mechanism usually implemented for error recovery comprises of either ARQ or FEC 

(Singh and Kumar, 2012). ARQ schemes allow a transmitter to send a message and pause for an 

acknowledgement (ACK) to be sent by the receiver. If a predetermined time elapses and an ACK 

is not received, or a negative acknowledgement (NAK) is received, the transmitter will retransmit 

the message to the receiver. However, in FEC systems redundancy generated by means of error 

correction codes are added to the message to allow a receiver to instantly detect and correct 

errors the solution combines both an ARQ mechanism and FEC technique at the transmitter and 

receiver ends respectively. However, the proposed system is time constrained, therefore 

transmitting a message after its deadline is futile, and so retransmission of messages beyond 

their deadline is not allowed. 
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Contrary to the classical application of error correcting codes, where the same code is used in 

coding a message in each attempt a transmitter wishes to send a message to a receiver on time, 

the proposed approach assumes that a transmitter could select and apply any code from a set of 

error correcting codes C in every transmission. Let C = �c0,𝑐𝑐1 … , 𝑥𝑥} be the set of codes, such that 

the code cj+1  has more error correction capability than 𝑐𝑐𝑗𝑗  ⩝  j ∈ {0,1,2,3, … ,𝑥𝑥}, 0 ≤ 𝑗𝑗 ≤ 𝑥𝑥 − 1. 

Congruently, for a certain amount of information bits, the number of redundant bits needed for 

code cj+1  are greater than that required for code 𝑐𝑐𝑗𝑗. Furthermore, let Ʈ�𝑐𝑐𝑗𝑗� represent the entire 

bits waiting for transmission when a message of 𝐾𝐾 bits is encoded with code 𝑐𝑐𝑗𝑗. Hence, Ʈ𝐾𝐾�cj+1� ≥

Ʈ𝐾𝐾�𝑐𝑐𝑗𝑗� ⩝    0 ≤ j ≤  𝑥𝑥. 

In this research, we define a correctable transmission as a transmission where the related error 

correcting code can correct the errors that happened during transmission. Furthermore, the 

probability of correctable transmission when the wireless link is in the state 𝑎𝑎 and 𝑐𝑐 ∈ 𝐶𝐶 error 

correction code is defined as   P𝑎𝑎,c.  Further assumption is that the quality of state 𝑎𝑎 is better than 

that of state 𝑎𝑎 + 1, and 0 ≤ 𝑎𝑎 ≤ X − 2, equally,    ⩝ 𝑐𝑐 ∈ 𝐶𝐶, 𝑃𝑃𝑎𝑎,c  ≥ 𝑃𝑃𝑎𝑎+1,c. 

Consequently, the utilisation of multiple errors correcting codes, to code a message multiple times 

by a transmitter with the intent of correct message delivery to the receiver, could introduce 

additional computational overhead capable of increasing power consumption. However, power 

consumption is not be an issue in vehicular ad-hoc networks. Figure 3.1 illustrates the error 

recovery model and Figure 3.2 illustrates the revised error recovery model. 
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Figure 3.1: Error Recovery Model 
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Figure 3.2: Revised Error Correction model 
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3.6 Overview of Reed Solomon (RS) Codes  

3.6.1 Reed Solomon (RS) Codes 
 
RS codes (Carrasco and Johnston, 2008; Vinck, 2013) are linear block codes that form a subset 

of BCH codes. The codes are referred to as  𝑛𝑛, 𝑘𝑘 codes with 𝑠𝑠 bit symbols. This implies that  𝑘𝑘 

information symbols of 𝑠𝑠 bits symbols are combined with redundancy symbols to form a 

codeword. Thus, 𝑛𝑛 − 𝑘𝑘 redundancy symbols of s bits are present in every codeword, respectively. 

Furthermore, an RS code in a worst case scenario is capable of correcting up to 𝑡𝑡 symbols that 

have errors in a codeword and up to 2𝑡𝑡 erasures, where 𝑛𝑛 − 𝑘𝑘 = 2𝑡𝑡. It follows, an RS codes 

decoder output could be any of the three likely results, if 2𝑥𝑥 + 𝑠𝑠 < 2𝑡𝑡 , and implies that the initial 

codeword transmitted will be recovered. Otherwise, the decoder will be able to detect all of the 

errors or erasures, but could not correct them all or the decoder will misdecode the initial code 

word and produce inappropriate output without a further suggestion on what had occurred. 

However, the probability of any of the potential outcomes rely on a given RS code and on the 

amount and spread of errors. 

The length of a code word in RS code with 𝑠𝑠 bit symbols is set to be  𝑞𝑞 − 1  or 2𝑠𝑠 − 1. However, 

a shorter code word could be achieved by code shortening technique. For instance, a 𝑛𝑛, 𝑘𝑘, 𝑞𝑞 code 

each has k information symbols segmented into s-bits and additional parity bits (symbols) to form 

a code word. This infers that there exist 𝑛𝑛 − 𝑘𝑘 parity symbols consisting of 𝑠𝑠 bits respectively. 

Therefore, 𝑘𝑘 − 𝑠𝑠 data symbols are added to 𝑠𝑠 zero symbols. The data symbols (𝑘𝑘) are encoded 

into a code word (𝑛𝑛).  A shorter code (𝑛𝑛 − 𝑠𝑠, 𝑘𝑘 − 𝑠𝑠) is attained by deletion of the 𝑠𝑠 zero symbols. 

Note that the 𝑛𝑛, 𝑘𝑘 decoder could be used to decode a shortened RS code with the addition of zero 

symbols within 𝑘𝑘 − 𝑠𝑠 data symbols and 𝑛𝑛 − 𝑘𝑘 redundancy symbols. Furthermore, the shortened 

code have the MDS property of original RS codes (Carrasco and Johnston, 2008). 

3.6.2 Justification for Selecting Reed Solomon Codes  
 
Reed Solomon codes are among the widely implemented forward error correction codes (Nafaa, 

Taleb, and Murphy,2008) in various applications in data communication technologies such as DSL 
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and WiMax, transmission systems like ATSC, storage devices like DVDs, Blu ray Discs, CDs as well 

as in deep-space and satellite communications. RS codes has excellent burst errors correction 

capability compared to other codes (convolutional codes which are effective in correcting random 

bit errors); they are also capable of correcting random bits errors. RS codes are maximum 

distance separable codes (MDS codes). MDS codes are codes that attain equality in the singleton 

bound and the they optimal codes (because the minimum hamming distance between the codes 

has reach the maximum value possible for a give linear block code). “An RS code can achieve 

ideal error protection against packet lost, which means that no other coding scheme can recover 

lost source data from fewer received symbols” (Nafaa, Taleb, and Murphy,2008). RS codes are 

capable of detecting all the errors in transmitted message if the errors are beyond correction 

capability of the code a retransmission request can be sent to the transmitter. Therefore, RS 

codes are suitable in applications that allow transmission of data as well as feedback between a 

transmitter and a receiver (Tanenbaum and Wetherall, 2011; Kumar and Gupta, 2011). 

3.7 Simulation Platform 

 
The proposed solutions (algorithms) offered in this research were designed, developed and 

evaluated using various MATrix LABoratory software (MATLAB) simulations experiments. The 

software provides an exceptional interactive development environment for development and 

testing of analytical solutions. 

In this work, the selection of simulation software was guided by the quest for immediate 

implementation of proposed solutions in the form of written statements to test their practicability 

on when mobile. Other aspects taken into consideration include the availability of technical 

support, knowledge sharing, as well as a development environment that can allow intractability 

with data to keep track with files, variables and simplifying of routine programming (writing and 

debugging of codes) tasks. In view of these, MATrix LABoratory, commonly known as MATLAB, 

is utilised in conducting experiments because, in addition to the earlier mentioned criteria, error 
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correction coding involves matrices computations. Error correction is central in this research work, 

and MATLAB allows efficient matrix operations, algorithms implementation and plotting of 

function and data. 

In a MATLAB development environment, analytical calculations are done with high performance, 

due to the availability of relevant development and data analysis tools, as well as visual 

capabilities. Moreover, MATLAB allows the writing and execution of codes instantaneously, as 

such functions can be developed, debugged and tested immediately. There are a plethora of 

research communities working in varied areas of expertise using MATLAB. Therefore, access to 

one’s primary and relevant functions offered by experts upon which a researcher can further 

develop to suit his area of research is always provided. Furthermore, the graphical user interface 

and graphing tools offered by MATLAB allow customization of data, and models, in order to 

interpret data for fast decision making.  

VANET simulation experiments basically differ from traditional mobile ad-hoc networks (MANETs) 

simulation experiments due to special characteristics that are inherent in vehicular communication 

networks. These special features associated with vehicular communication networks cause 

vehicular networks environment to impose special requirements and new issues like traffic flow 

models, varying vehicular speed and mobility, constrained road traffic topology, varying drivers’ 

behavior, traffic congestion, multi-path fading and roadside obstacles, trip models, traffic lights, 

etc. Conventional network and other VANETs specific software, such as Network simulator 2 

(NS2), Network simulator 3 (NS3), OPNET Modeller, Vissim, GrooveNet, OpenXC vehicle 

simulator, TraNs, VanetMobiSim, FreeSim, NCTUns, GloMoSim, JiST/SWANS, SNS, SUMO, MOVE, 

Netstream, CityMob, GTNetS, GrooveNet, and MobiReal fundamentally lack the prerequisite 

embedded tools and functionality to accommodate the afore-mentioned special characteristics, 

issues and requirements of vehicular communication networks. Generally, all these simulators 

with the exception of MATLAB are fundamentally poor in scalability.  
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In other words, most existing communication networks simulators are basically developed for 

MANETs. So, for them to become suitable for simulation of vehicular communication networks, 

they require special extensions like the use of vehicular/road traffic mobility generators. This is 

because conventional network simulators only perform detailed packet-level simulation of source, 

data traffic transmission, destinations, links, background load, reception, channels and route. On 

the other hand, vehicular communication networks simulators do not only provide and cover 

network simulator functions like detailed packet-level simulation of source, data traffic 

transmission, destinations, links, background load, reception, channels and route, but also 

provide, perform and support realistic motor-way traffic flow simulation.  

In Table 2.6, this study compares the features and capabilities of the simulators using their 

provision and support for network traffic simulation (such as their ability to perform detailed 

packet-level simulation of source, data traffic transmission, destinations, links, background load, 

reception, channels and route), vehicular traffic flow model, IEEE 802.11p compliant, obstacles, 

and GUI. As can be seen in Table 2.6, out of the compared simulators, only MATLAB provides 

and supports all the required features for realistic VANETs simulation experiments, whereas other 

simulators may have some of the required functionality and lack others.  Finally, while each of 

the studied simulators (see Table 2.6 below) provides a good simulation environment for VANETs, 

refinements and further contributions are needed before they can be widely used by the research 

community. These are the reasons that MATLAB was selected for this research in place of the 

many others that were considered. 
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Table 3.1: A comparison of the studied network and VANETs simulators 

 
Software/Simulator 

Network 
Traffic 

Simulation 

Vehicular 
Traffic 
Flow 

Model 

IEEE 
802.11p 

Compliant 

 
Obstacles 

 
GUI 

Opnet Modeler Yes No No No Yes 
NS2 Yes No No No Yes 
NS3 Yes No No No Yes 
Matlab Yes Yes Yes Yes Yes 
NCTUns Yes No No No Yes 
GloMoSim Yes No No No Yes 
JiST/SWANS Yes No No No Yes 
SNS Yes No No No Yes 
FreeSim Yes No No No Yes 
STRAW Yes No No No Yes 
VanetMobiSim Yes No Yes No Yes 
SUMO No Yes No Yes Yes 
MOVE No Yes No Yes Yes 
Netstream Yes No No Yes Yes 
CityMob No Yes No Yes Yes 
GTNetS Yes No No Yes Yes 
GrooveNet Yes No No Yes Yes 
MobiReal No Yes No Yes Yes 

 

 

 

 

 

 

 

 

 



 

54 
 

Chapter 4: Literature Review 

4.1 Error Control in Data Communication 
 
Recently, there is a growing demand for speed and accuracy in message transmission, storage 

and retrieval. However, the communication channels on which data is communicated is error-

prone and therefore imperfect. Error control coding is a form of safety net or analytical insurance 

against the inconsistency of the error-prone communication channels. Error correction codes are 

utilised for correction of errors when messages transmitted over a noisy communication channel 

are received with errors. Sources of errors over the channel are multifold and depend on the kind 

of channels used. The channel noise could be as a result of interference due to adjacent 

concurrent transmissions or obstacles, hardware malfunction, lightning, voltage surge and/or 

fading. As error correction codes are applied to combat transmission errors over a communication 

channel, they are referred to as channel coding. Furthermore, in data communications systems 

one of the main concerns is how the transmission error generated by the noisy communication 

channel could be controlled, such that an error-free message might be conveyed to the user 

(Carrasco and Johnston, 2008). The next subheading disscussed Shannon channel coding 

theorem. 

4.1.1 Shannon Channel Coding Theorem 
 
Shannon expressed the primary problem of reliable transmission of messages over the 

communication channel in his ground-breaking work with the help of probabilistic prototypes for 

message sources and transmission channels. Relying on analytical expression, he used a 

logarithmic measure of the message content of a source and established that the consequence 

of a transmitter power restriction, a bandwidth limitation and additive noise could be related to 

the channel, as well as be integrated into the channel capacity. The Shannon channel coding 

theorem (Moreira and Farrell, 2007; Borda, 2011) states that: 
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“If the message rate of an information source does not surpass the capacity of a communication 

channel, there will be a coding mechanism that makes message transmission feasible via the 

error-prone (unreliable) communication channel with an arbitrary minimal error rate”. 

Shannon’s definition of the channel capacity (Ryan and Lin, 2009; Borda, 2011) of additive 

Gaussian noise is given below: 

                                𝐶𝐶 = Ѡ log �1 + 𝑃𝑃
ѠN0

�  𝑏𝑏𝑏𝑏𝑡𝑡𝑠𝑠/𝑠𝑠𝑠𝑠𝑐𝑐                                                 (1) 

Where Ѡ is the bandwidth, P is the signal power and ɴ0 represents the additive noise. 

The implication of the channel capacity to the reliable communication is that if the message rate 

from a given source is less than the capacity, then theoretically, it is likely to attain a reliable 

communication over the channel by using a suitable coding mechanism. Conversely, if the rate is 

greater compared to the channel capacity, then the reliable communication is not achievable, 

irrespective of the extent of the computation made at the sender and receiver. Thus, there exists 

a trade-off between signal power and bandwidth, since an increase in the signal power affects 

the channel capacity positively. The channel capacity increment consequent to the increasing 

power is logarithmic and therefore slow. On the other hand, increasing bandwidth results in an 

instant impact; it radically increases channel capacity, but increases noise and subsequently, 

decreases performance (Moreira and Farrell, 2007; Zeadally et al., 2012). Therefore, it is 

necessary to overcome the stated constraints to ensure reliable transmission over the error-prone 

channel, which is achievable through the application of a suitable error control coding mechanism 

(Moreira and Farrell, 2007). 

Furthermore, the time-varying nature of wireless networks could lead to different kind of errors 

(busty or randomly distributed), as such solutions are required that provide reliable transmission 

of messages. A feasible solution could be provided through the use of error control coding,  which 

implies the use of error detection or error correction codes to ensure reliable communication. 

There are two kinds of error control systems for message transmission; these include automatic 
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repeat request systems (ARQ)  as well as forward error correction systems (FEC) (Liu et al., 2008; 

Fathi and Xu, 2014) 

• In error control coding, a code is applied for error detection, and the system does not 

control an error independently. Instead, when an error is detected, the system repeatedly 

requests for retransmission of the errored message, until a receiver obtains an error-free 

version of the message. This system is termed as ‘automatic repeat request’ (ARQ). 

Regarding error correction execution, automatic repeat request outperforms forward error 

correction (FEC), the reason being that users always received an error-free message (on 

condition that the error detecting code does not fail). The ARQ advantage over FEC comes 

at the cost of reduced throughput efficiency as a result of retransmissions request. 

However, ARQ has an advantage of using uncomplicated decoding hardware for error 

detection, compared to the hardware requirement of forward error correction codes. ARQ 

also has the advantage of being adaptive because the system only retransmits messages 

when an error occurs. Albeit, ARQ is susceptible to eavesdropping by an intruder, that is 

ARQ has a security problem that could be exploited by an eavesdropper (He and Ren, 

2018). For example, a jammer could perfect its act to increase its probabilities of rendering 

a message codeword useless by causing an error in every codeword (“on the transmission 

end, each k-bits block of data is mapped into an n-bits block (n > k) termed a codeword”) 

(Stallings, 2014). Consequently engaging the transmitter to incessant retransmissions and 

eventually rendering the communication link useless. 

• Forward error correction is suitable for systems where the message transmission 

requirement is that it must be right at the first instance of transmission where 

retransmissions are potentially not possible or not available, such as in the broadcast 

channel. Broadly, error correction codes are categorised into binary and non-binary codes. 

Forward error correction (FEC) techniques require a half-duplex communication channel, 

while ARQ needs full duplex transmission channel (Tsai et al., 2011a). 
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Traditionally, error control coding was to enhance an error-prone channel to an acceptable level 

by reducing the rate of occurrence of error events; these events could be undetected errors, bit 

errors or message errors (Moreira and Farrell, 2007). However, with the advancement of 

computing technologies, error control coding can do the following: reduce the occurrence of 

undetected errors, remove interference, overcome jamming and reduce the cost of transmission 

systems.  

Despite the enormous advantages that error control coding brought, there are limits to what error 

control systems can do. For example, Shannon’s capacity formula, derived from the Gaussian 

noise channel (Ryan and Lin, 2009; Borda, 2011; Stallings, 2014), proffered requirements 

regarding the signal-to-noise ratio that must be reached to sustain a reliable transmission. The 

Shannon’s lower constraint hinges on whether the communication channel is bandwidth-

constrained or power-constrained. For the power-constrained (unlimited bandwidth) 

communications channel, the constrained is 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  ranging from 0.69 to -1.6 dB. In other words, 

to ensure reliable transmission, a system must maintain  𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  of at least -1.6 dB, regardless of 

how robust an error control code might be. For the bandwidth-constrained communication 

channel using Gaussian noise, Shannon’s formula (Ryan and Lin, 2009; Borda, 2011) can be 

expressed as:  

𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  ≥ (2𝑥𝑥 − 1) 𝑥𝑥⁄        (2) 

where x stands for the spectral bit rate in bps/Hz. Moreover,  𝑥𝑥 can be expressed as:   

                                   x= log �1 + 𝑥𝑥 ℰb
N0
�                            (3) 

Consequently, the performance of an error control code can be affected by the modulation 

technique offered by the communication scheme. Therefore, coding must take into consideration 

the selection of an appropriate modulation mode of the channel, because even the most robust 

codes cannot cope with the penalties of a poor modulation method (Castiñeira and Farrell, 2007). 



 

58 
 

4.1.2 Automatic Repeat Request 
 
ARQ schemes are an efficient data link layer technology for combating the channel fading effect 

on the transmitted message. The system uses a cyclic redundancy check (CRC) technique for 

verifying the presence, or otherwise, of message errors in a received message at the receiver. If 

errors are discovered in the information, the erroneous message is discarded and retransmissions 

are requested from the transmitter (Stallings, 2007; Tanenbaum, 2011; Zhang, Zhang,Wei, and 

Ren, 2012). 

In an automatic repeat request communication mechanism a message is first encoded with some 

redundant bits (parity check bits) using a high rate error detecting code,  that possesses an 

excellent error detecting capacity.  An example of a linear block code (n,k) combined with a given 

retransmission scheme is when a data frame consisting of k message bits is to be transmitted, n-

k redundancy bits are computed and added to the original data bits to form a codeword. The 

redundancy bits calculation is dependent on the code implemented by the system. Moreover, 

after coding the message, it is referred to as a codeword, which is then transmitted to the 

intended destination over a communication channel. The transmitted message might be 

contaminated on transit by the communication channel noise and transmissions errors may inflict 

the received message. At the destination, parity check (syndrome calculation) is done on the 

received codeword. If the parity check result is successful (that is the syndrome calculation result 

of the received codeword is equal to zero),  the received message is assumed to be error-free 

and is forwarded to the upper layer of the communication stack. 

Similarly, the receiver informs the transmitter, through a feedback channel, that the message has 

been successfully received. On the contrary, if the parity checking result is not zero (the syndrome 

calculation of the received message results to a value greater than zero), errors are found in the 

received message (Huffman and Pless, 2010). Therefore, in this scenario the receiver drops the 

corrupted message and requests the transmitter, through a feedback channel, to retransmit the 

same message (that is, to retransmit the same codeword). The retransmission operation will 
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continue until when the information is successfully received or, in some implementations, when 

a retransmission limit is reached. Therefore, in an ARQ system, the erroneous message is only 

transmitted to the upper layer if the receiver is unable to detect the existence of errors in the 

received codeword. Moreover, application of a suitable error detecting code could make the 

probability of an undiscovered error very small. On this basis, message transmission could be 

made almost error free. 

Furthermore, because of the simplicity in implementing this technique of error control in data 

communication and as it offers high system reliability, ARQ is a widely implemented data 

transmission system (He and Ren, 2018). However, the ARQ mechanism has a severe drawback: 

rapidly declining throughput efficiency. The efficiency of the system quickly decreases with 

increasing error rate in a communication channel. The throughput efficiency of ARQ systems is 

not constant, as it is affected by a varying traffic volume network. It implies that in high traffic 

volume ARQ has a drawback of excessive retransmission request due to adverse channel 

conditions, a situation that could lead to a collision and an increased end to end delay of message 

transmission (Ryan and Lin, 2009; Shafique et al., 2018). However, even though ARQ system is 

considered to be efficient, straightforward in data communication and requires minimal hardware, 

this mechanism may not be suitable for communication of time-critical messages, such as the 

one in vehicular communication due to its characteristics and retransmission delays. Yet, the 

throughput efficiency of an ARQ scheme mostly depends on the type of ARQ system used. There 

are three main types of ARQ systems: stop-and-wait, go-back-N and the selective repeat 

(Stallings, 2014a).  

• Firstly, in a stop-and-wait ARQ transmission mechanism, when a transmitter transmits the 

information to a receiver, it pauses for an acknowledgement. A positive acknowledgement 

(ACK) is returned to the sender if the message is received successfully. Conversely, a 

negative acknowledgement (NAK) is returned to the sender, if the message has some 

errors. Stop-and-wait is considered to be simple, and it is used in several communication 
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systems (Stallings, 2014a). This error detection system has the advantage of using only 

half of a duplex transmission channel. However, stop-and-wait is not effective owing to 

the time lag in waiting for an acknowledgement for every transmitted message. Except 

the code length is very long, the time lag could be significant. Using a longer block code 

length could not offer a solution, as the probability of errors in code increases with an 

increase in the block length. Equally, the long code might not be acceptable in various 

applications due to the limitations imposed by the data (Huffman and Pless, 2010).  

• Secondly, the Go-back-N ARQ transmission scheme allows messages to be transmitted 

continuously without waiting for an acknowledgement. As the transmission of the 

message ends, the next one will commence, and an acknowledgement arrives after a 

round-trip delay, during which  N-1 messages have correspondingly been transmitted. 

When a transmitter receives a NAK, the message that was negatively acknowledged is 

backed up and that message and N-1 succeeding messages, sent earlier through the 

round-trip delay, are dropped; irrespective of whether they are error-free or not and the 

sender will retransmit the same back to the receiver. Therefore, the receiver stores only 

one message at a time (Tanenbaum, 2011). However, the transmitter must have a 

sufficiently large buffer to store the messages for responding to the transmission and 

retransmission request. The Go-back-N ARQ system is more efficient compared to the 

stop-and-wait scheme due to the continuous transmission and retransmissions; thus it 

could be applied to moderate complexity. However, this system changes to an inefficient 

state when the round trip delay is significant, and the data communication rate is high. 

The ineffectiveness of this system is due to the retransmission of numerous error-free 

messages that follow a corrupted message (Tanenbaum, 2011).  

• Thirdly, the selective-repeat ARQ system overcomes the inefficiency of the Go-back-N 

ARQ scheme. In selective-repeat  ARQ  messages are continuously transmitted, but the 

transmitter retransmits only messages that are negatively acknowledged. For messages 
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to be passed to the user application in the correct sequence, a sufficiently large buffer 

should be provided at the receiver to store correct messages. Otherwise, a buffer overflow 

could occur when a message that was negatively acknowledged is retransmitted and 

successfully received by the receiver. Messages must be rearranged in the correct order 

before passing them to the user application. Selective-repeat  ARQ  is the most efficient 

ARQ system and the most complex to implement among the three basic ARQ transmission 

systems (Tanenbaum, 2011). 

Furthermore, ARQ is widely applied in message transmission to attain high reliability through the 

use of error detection code, alongside retransmission. 

4.1.3 Forward Error Correction 
 

In contrast to the use of ARQ in error control during message transmissions, message reception 

status is used to ensure reliable data communication through mitigation of error or message loss 

that occurs during transmission using retransmission technique (Tanenbaum, 2011). FEC systems 

offer a receiver the capability to detect and correct errors incurred during message transmission 

over the unreliable communication channel (noisy and error-prone communication medium) 

without the need for a feedback channel or retransmission (Ho and Lun, 2008). FEC systems 

ensure message transmission reliability through the addition of extra bits (redundancy) to the 

message before transmission, which provides the receiver with the mechanism for detection and 

correction of errors. Furthermore, the redundant message bits composed with the actual 

information are transmitted to the receiver.  FEC has the advantage of decreasing the number of 

transmission errors, minimising the power requiremet of the transmission system (in systems that 

did not implement FEC, transmission errors are handle through retransmission requests. Every 

retransmission require transmit power, therefore, if the channel condition is bad there will be 

many retransmission requests. Meaning, there will be more power requirement  for retransmission 

of messages. But, with application of FEC, the number retransmission request are usually reduce 

significantly, hence, the power required retransmissions is saved. However, in VANET vehicles do 
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not have power problem like other mobile devices used in mobile adhoc net works and mobile 

sensor networks) and increasing effective system thoroughput, despite the appended parity bits, 

by removing the need for  retransmission of messages corrupted by error prone channel.  

In an FEC error control approach, an error correcting code (convolutional or block) combat 

message transmission errors. Before each message transmission, parity check bits (redundancy) 

are appended to the message to form a codeword (or a sequence of codes) (Moreira and Farrell, 

2007). However, the computation of the redundancy bits is dependent on the kind of code system 

implemented at the sender. At the receiver side, when the existence of errors in the received 

message is found, the receiver will attempt to find and correct the errors. Upon finishing the 

correction, the decoded message is passed to the user or the upper layer of the communication 

stack. Yet, erroneous decoding occurs if the receiver is unable to find the existence of errors or 

the precise position of the errors. Any of these scenarios could lead to the passing of an erroneous 

message to the user. In an FEC system, there is no need for retransmission or a feedback channel. 

However, the throughput efficiency of FEC systems is constant as the code rate remains static 

throughout the utilisation period of the system and irrespective of the communication medium 

error rate (Stallings, 2014a). 

 FEC error control mechanisms do have some disadvantages. Notably, in a situation where a 

received message is discovered in error, the codeword must be decoded and the message 

transmission to the user must occur, irrespective of the message being correct or not(Petroni et 

al., 2018). However, implementation of a long, robust, error correcting code using FEC system 

could lead to achieving high system reliability in message transmissions because a large number 

of errors could be corrected. This situation causes decoding to be challenging to implement and 

computationally expensive; consequently, FEC systems are more difficult to implement compared 

to ARQ systems. Therefore, ARQ systems tend to be the preferred error control scheme, over 

FEC systems in message transmissions systems. However, FEC systems implementation is mostly 

found in schemes where a return or feedback channel is not available, or retransmission is not 
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appropriate (Kenchannavar, Thomas and Kulkarni, 2010). For instance, FEC remains the only 

option in real-time traffic transmission, where retransmission techniques might not be suitable 

due to high packet loss and excessive delay (Kenchannavar, Thomas and Kulkarni, 2010). 

Furthermore, applications of FEC that formed part of the foundation of applicability of FEC system 

in data communication can be found in (Altman and De Pellegrini, 2011). In FEC systems parity 

bits are added to the original message for functionality. However, wireless networks are time-

varying by nature, so the parity bits added to the message during coding are based on the worst-

case scenario. Therefore, there is a lack of flexibility and potential wastage of the constrained 

bandwidth. 

Consequently, an investigation into the applicability of packet-level FEC systems in solving packet 

losses is conducted (Yu et al., 2008; Kenchannavar, Thomas and Kulkarni, 2010). The results 

revealed that careful choice of suitable coding rate and coding parameters, as well as 

consideration of the resultant coding and decoding complexity,  indicates a major performance 

improvement can be attained. The implication of this is that the choice of excessively low coding 

rate (high redundancy) could lead to excessive packet losses consequent to the added overhead 

which could devastate the FEC code correction capabilities; while the choice of excessively high 

coding rate (low redundancy) could not be enough to recover efficiently from packet losses. 

Therefore, there has to be some tradeoff between the two factors to achieve optimum channel 

coding (Yu et al., 2008; Kenchannavar, Thomas and Kulkarni, 2010).  

Mostly, TCP is used to ensure reliable message transmission over the internet (Abdelsalam et al., 

2017). Nonetheless, the transmission control protocol is susceptible to packet loss because 

primarily, it was designed to be applied in a wired network. In wired networks where TCP is used 

for reliable transmission of messages, packet loss is always attributed to congestion. On the other 

hand, packet loss in wireless mobile settings is attributed to the channel error, as opposed to the 

TCP congestion (Roseti, Luglio and Zampognaro, 2010; Abdelsalam et al., 2017). For instance, in 
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the land mobile satellite system, the problem of packet loss is due to nodes mobility, prolong 

propagation delay and bandwidth on demand. One of the remedies to this problem is the 

application of the application layer FEC (European Telecommunications Standards Institute, 2010; 

European Telecommunications Standards Institute, 2011; Lee, Kim and Kim, 2015; Lee and Kim, 

2016; Lee et al., 2017). 

Although, in wireless transmission, channel coding is significant because it guarantees reliable 

message transmission, as well as protection of the message from corruption due to interference 

and noise. Notwithstanding, the application layer FEC in the mobile satellite is used to mitigate 

the problem of channel blockage because of sporadic shadowing and resultant packet loss, 

despite the application of channel coding. Many studies, such as in (Stockhammer et al., 2009; 

European Telecommunications Standards Institute, 2010; European Telecommunications 

Standards Institute, 2011; Lee, Kim and Kim, 2015; Sgardoni, Bull and Nix, 2015; Lee and Kim, 

2016; Lee et al., 2017), have been conducted on the use of application FEC (Stockhammer et al., 

2009; Gozálvez et al., 2009; Lee and Kim, 2016). The application layer FEC is a novel procedure 

for providing reliable broadcasting systems. In systems that use application layer FEC, multimedia 

streams and multimedia files are extended with patch-up messages that could be applied to 

recuperate lost information at the destination. This system is applied to content delivery to ensure 

reliable message transmission and a number of standardisation groups, like IETF,  DVB and 3GPP,  

have acknowledged the significance of application layer FEC (Sgardoni, Bull and Nix, 2015). For 

instance, a rate-based reliable message transfer scheme with application layer FEC in the land 

mobile satellite system is proposed in (Lee et al., 2017). The system is a cross layer-based 

approach that has a target BER election procedure to choose the allowed flexibly marked bit error 

rate. Theoretically, the authors derived goodput spectral effectiveness by a specified bit error rate 

of the land mobile satellite channel to demonstrate the effectiveness of the proposed system. The 

performance analysis of the scheme shows that the needed SNR of the system could be decreased 
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with satisfactory goodput specifications of the scheme, comparable with the transmission control 

protocol system. 

Sgardoni, Bull and Nix (2015)  the authors investigated the connection between channel errors 

at application, MAC and PHY layers using rateless code application layer FEC, in a spectral 

effective manner for real-time video multicast across the wireless broadband network. The 

performance evaluation shows that the optimised rateless application layer removed packet loss 

and enhanced link budget by 6dB. However, application layer FEC must be combined with PHY 

and link layer FEC, which will potentially increase the computational complexity, overhead and 

increase demand for already constrained bandwidth by up to 10 per cent. Additionally, small 

packets are not applicable as most of its application are for content delivery (Hongfei, Xiaopeng 

and Feng, 2010). Yet notably, safety messages are made of small packet sizes and require 

minimum processing delay. These make application layer FEC unsuitable for safety message 

transmission in VANETs. 

In packet-level FEC, parity check packets (repair packets) are produced at the sender side and 

the coding process begins with the message packets (source packets) flowing from the higher 

layers. The parity checks are meant for recovering of message packets erasures, as well as bit 

errors correction at the destination (Basalamah and Sato, 2007a; Hongfei, Xiaopeng and Feng, 

2010). Generally, the encoder at the sender side updates the source messages with further parity 

check bits packets consisting of configuration details needed to decode the original message and 

send the result to the user without further delay. In packet-level FEC, as the symbol size increases 

the computational complexity also increases (packet size, which translates into thousands of bits). 

Even though parallel decoders can be used to mitigate this problem, most applications of packet-

level FEC available in the literature emphasised on the use of packet-level FEC to improve packet 

error rate performance, as opposed to reliable transmissions (Basalamah and Sato, 2007a). Most 

of the proposed systems using packet-level FEC are intended for multimedia, as well as streaming 

schemes, therefore, cannot be used for reliable communication.  
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Furthermore, FEC application above the medium access control layer could be understood as a 

flexible technique, since no changes are required on the existing WLAN MAC, however, certain 

performance loss is anticipated. For instance, medium access control will not notice if an 

erroneously received message is ultimately corrected using FEC decoder positioned on top of the 

MAC layer. Therefore, this will result in unnecessary retransmissions. Packet-level FEC has more 

problems (Argyriou, 2008; Nafaa, Taleb and Murphy, 2008; Moltchanov, Koucheryavy and Harju, 

2010; Tsai, et al., 2010a), such as excessive error correction overhead, since a complete packet 

form unit parity check bits (redundancy) and the length of the original message packet is 

equivalent to the length of the parity check packet. In packet-level FEC, when few errors occur 

in a packet, a complete parity check packet is applied to correct the errors (Tsai et al., 2008; 

Tsai, et al., 2010a). Also, the parity check packet is not spared from high PER, which is applicable 

to the source message in a high BER rate network. As a result of these problems, the effectiveness 

of packet level FEC error correction capability reduces remarkably (Tsai, Chilamkurti and Shieh, 

2008; Tsai, et al., 2010a). furthermore, packet-level FEC is affected by network overload because 

of the addition of redundancy packets, and this protocol can only recover uniform errors (i.e. 

error spreading independently in a sequence of packets with uniform distribution) and cannot 

correct burst error (packets loss that occurs consecutively) (Zaidi, Bitam and Mellouk,2017) 

Furthermore, some of the variations of packet-level FECs implementations in the literature 

proposed for video streaming over the wireless networks, these include, Adaptive and interleaving 

forward error correction (AIFEC) (Wu, Guizani, Lee, and Huang, 2013), Forward-looking forward 

error correction (FLFEC) (Tsai, Shieh, Huang, and Deng, 2011), Forward error correction with 

path interleaving (FECPI) (Tsai, Ke, Kuo and Shieh, 2009), Enhanced random early detection 

forward error correction (EREDFEC) (Lin, Shieh, and Hwang, 2012), Sub packet-level forward 

error correction (Sub Packet FEC) (Tsai, Shieh, Ke, and Deng, 2010).Furthermore in vehicular 

communication there also some variations of the packet level FEC implementation, such as in 

(Immich, Cerqueira, and Curado, 2015) an adaptive quality of experience-driven (AQoE) protocol 
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is proposed to overcome some challenges and offer better video streaming quality. Moreover, the 

challenges include, constrained network resources and rapid vehicle mobility, high error rate and 

time-varying nature of the channel. However, AQoE did not have mechanism to handle burst 

errors as they implemented an interleaving mechanism which makes all the error to be uniformly 

distributed among block of packets. Forward error correction and interleaving real-time 

optimisation (FIRO) is proposed in (Bucciol, Zechinelli-Martini, and Vargas-Solar, 2009) to correct 

video streams received with errors. FIRO used three approaches for recovering video streams, 

which include, interleaving to handle burst error, packet-level FEC to correct uniformly distributed 

error as a result of the application interleaving as well as reporting method to evaluate the loss 

ratio of the channel transmission. But, require generalisation to archive the same when there is 

high traffic volume. Consequently, (Zaidi, Bitam and Mellouk,2017) proposed an Enhanced 

adaptive subpacket FEC (EASP-FEC) technique for improved video streaming in vehicular 

communication by enhancing the computation of the number of redundant subpackets at the 

transmitter and relay nodes. However, EASP-FEC protocol cannot correct burst errors in the 

transmitted video streams. Zaidi, Bitam and Mellouk (2017) proposed Enhanced UDP protocol 

(EUDPP) for video transmission in vehicular communication. EUDPP used sub-packet-level FEC 

and unequal protection of data frames to enhance the quality of the transmitted video. Their 

simulation result demonstrated better performances in terms of rate error correction compared 

to sub-packet FEC. However, sub-packet-level FEC variation is also affected by high network 

overload as a result of the addition of redundancy subpackets to each subpacket.  

Consequently, byte level FEC is usually, used in unicast transmission or FEC-based transmission 

only ( Tsai, et al., 2010a). Byte-level is considered the MAC level FEC since it is applied to the 

MAC layer. The error correcting capacity of a code in a system using byte-level FEC is half of the 

parity check bits. The scheme can only handle a block of the message, as opposed to the packet-

level FEC that is applied to a group of packets. Byte level FEC is effective for correcting uniform 

bits errors due to the average error rate remained the same in the entire message blocks (Tsai, 
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et al., 2010a). Despite this advantage, byte level FEC cannot correct burst errors whenever the 

rate of errors is beyond the recovery capacity of the coding block. Consequently, the 802.11 and 

most of its extensions have no mechanism for implementing FEC at the MAC layer. Yet, there are 

some proposed MAC level FEC schemes in the literature, such as in (Basalamah and Sato, 2007b; 

Tsai, et al., 2010a; Ming Fong Tsai et al., 2011), but most of these are for content distribution or 

multimedia systems. Besides, these implementations were designed based on the worst-case 

scenario, and they did not take into consideration the characteristic of vehicular communication 

and safety critical message transmission requirements.   

Furthermore, an enhanced adaptive sub packet FEC system for video streaming in vehicular 

networks is proposed in (Zaidi, Bitam and Mellouk, 2016), within which the scheme was intended 

to enhance the video transmission quality in VANETs. Contrary to the existing FEC systems for 

video streaming in VANETs, in which parity checks packets are generated for each block of 

message packets, the proposed scheme divides a message packet into a set of sub-message 

packets and then generates parity subpackets for each message packet, so as to enhance the 

error correction rate as well as the quality of video streaming. The proposed scheme is 

implemented at the sender and the forwarder nodes. The performance evaluation of the scheme 

shows that the proposed approach offers an improved error correction rate compared to the 

packet level FEC. 

4.1.4  Hybrid Automatic Repeat Request 
 
The main task in information transmission is how to combat communication errors triggered by 

the error-prone communication channel as a result of noise, such that an error-free message can 

be conveyed to the user. A feasible solution is to combine an ARQ and FEC system. The 

shortcomings of the ARQ and  FEC could be surmounted if the basic error control systems are 

appropriately combined (Huffman and Pless, 2010). ARQ and FEC are combined to decrease the 

number of retransmissions; accordingly, such combination could overcome severe channel 

conditions and improve link reliability. The combination is called a hybrid ARQ (HARQ) (Huffman 
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and Pless, 2010; Rahmati and Pompili, 2015; Rehman et al., 2016). A hybrid ARQ consists of a 

forward error correction subsystem enclosed in an ARQ scheme. The role of the FEC is to minimise 

the rate of rebroadcasting through the correction of commonly occurring error patterns, which 

could improve the system throughput. However, when a less recurrent error pattern happens and 

is noticed, the receiver requests a rebroadcast rather than forwarding the incorrectly decoded 

information to the user. This approach could increase message transmission reliability. Therefore, 

a suitable mixture of ARQ and FEC could offer greater reliability compared to the use of an FEC 

scheme separately and better throughput relative to a system with just ARQ (Ryan and Lin, 2009; 

Tsai, et al., 2011a). The HARQ scheme can be categorised into type I and type II systems (Tsai, 

et al., 2011a). In a straightforward HARQ system, FEC that is designed to detect, and correct 

errors are integrated into the message. In the event that errors are detected in a received 

message (codeword), the receiver will attempt to rectify the errors. In a situation where the level 

of errors is in the range of the FEC’s error recovery threshold, the source message is recovered. 

Conversely, if the error is beyond the recovery threshold of the FEC or an error is detected that 

cannot be corrected, the receiver discards the message in error and requests for retransmission 

of the message from the transmitter using a return channel. This process continues until such a 

time when FEC is able to recover the message or the retransmission threshold is attained. This 

form of ARQ and FEC combination is termed as the hybrid ARQ type I approach (Karl and Willig, 

2007).  

There is a variant of type I hybrid ARQ, where a different code is applied for error detection and 

another code is used for error correction, but the coding rate of both the error detection and 

correction are fixed. The hybrid ARQ type I has the drawback of using a fixed coding rate and all 

the redundancy for error recovery is conveyed alongside with the original message bits, regardless 

of whether they are required or not, thus decreasing the communication channel effectiveness 

(Fathi and Xu, 2014). Therefore, the code is utilised for both detection and correction of errors 

in type I HARQ scheme; it needs more redundancy bits compared to a code used to the only 
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detection of errors, such as in a conventional ARQ system, which leads to an increase in the 

overhead of every transmission. Furthermore, in a low channel error rate, type I ARQ has lower 

throughput compared to the basic ARQ scheme. Yet, if the channel error rate is high, type I HARQ 

scheme offers higher throughput compared to the basic ARQ scheme due to the error correction 

mechanism, which decreases the number of retransmissions (Tsai, et al., 2011a).  

Moreover, type I hybrid ARQ systems are mostly applied to transmission systems where on 

average, a persistent level of interference and noise is expected. In this situation, sufficient error 

recovery capability can be designed into an error control scheme to recover the majority of errors 

in the received message at the receiver and thereby, reduce the number of retransmissions 

significantly and enhance the entire system performance. However, in a setting where the 

communicating entities are mobile and BER changes, type I hybrid ARQ has further drawbacks. 

For instance, in scenarios where the BER is low, the communication will be smooth with little or 

no requirement for error recovery. As a result, the added parity check bits appended to the 

message in every transmission become a waste. Equally, as soon as the channel condition 

becomes increasingly noisy, the error recovery capability of the FEC may become insufficient. In 

consequence, the number of retransmissions rises and subsequently, error detection and 

correction decrease. 

Consequently, a partial solution to the drawback of hybrid ARQ type I is proffered where parity 

check bits intended for error recovery are transmitted to the receiver on demand (when they are 

required) by the receiver. This form of ARQ and FEC combination is termed as hybrid ARQ type 

II. Furthermore, most of the variant of type II hybrid ARQ uses convolutional codes or ½ rate 

invertible block code. However, the two classes (type I and type II) of hybrid ARQ mechanisms 

at high error rate fail to offer a reasonable throughput. In a view to finding a solution to the 

problem of type, I and II HARQ, Chase in as (Fathi and Xu, 2014) has proposed the use of a code 

combining approach into an ARQ system. Code combining is an approach for merging the smallest 

number of the retransmitted message encoded, using the code of a given rate R to get a reduced 
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code rate, but more powerful error correcting code, with the potential of allowing transmissions 

when a communication medium error rate is lower than 50 per cent. Using this approach, 

messages in error that required retransmissions are saved and combined in an optimal way to 

provide more throughput, as opposed to the traditional ARQ approach which discards any 

message in error that is determined to contain errors beyond the recovery capability of an FEC 

or where uncorrectable errors are detected. 

Furthermore, the performance analysis of both hybrid ARQ systems, which applied convolutional 

coding, has revealed that reasonable throughput is achievable regardless of the channel error 

rates when code combining is implemented. However, as the channel condition deteriorates, the 

throughput of the hybrid ARQ type-II using code combining system declines severely to a half 

and one third, and the throughput continues to drop, correspondingly. Moreover, a variant of 

HARQ type II uses an incremental redundancy (IR) approach in which retransmissions are based 

on the addition of parity bits as complementary to the data in the earlier transmitted packet when 

the receiver failed to decode the received packets (Rahmati and Pompili, 2015). In each 

transmission, a different set of parity bits are forwarded until the message is successfully decoded 

(Fathi and Xu, 2014). In a variation of HARQ type II with incremental redundancy, a message 

and redundancy bits are included into a transmission and each transmission is decodable by itself, 

which implies that a receiver could recover original data by the last individual packet received or 

through combining of all the received packets (Fathi and Xu, 2014) to enhance the diversity gain. 

Furthermore, it has been affirmed that type II hybrid ARQ is suitable for both noisy and time 

varying channels, with the potential of increasing coding reliability; at the cost of additional 

memory (buffers) at both sender and receiver sides to save the packets for current transmission 

(Rahmati and Pompili, 2015).  

Moreover, high-rate punctured convolutional codes are exploited in the generalised HARQ type-

II as in (Rahmati and Pompili, 2015) the authors presented a method for the construction of rate-

compatible convolutional codes (RCC) from high-rate convolutional codes derived from ½ rate 
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codes. The method produces proper codes, as well as low rate codes, which could be obtained 

without any limit on the lowest achievable rate.   

In Casari, et al., (2008), HARQ policies based on Fountain Codes are explored for the 

communication of multicast information over underwater networks with the goal of reducing the 

amount of transmission required for full recovery at receivers. An adaptive coding using 

incremental redundancy hybrid ARQ is presented in (Diamant and Lampe, 2015) to improve PER 

in underwater acoustic networks. The authors used range information as the basis for adaptation 

of the code rate. Also, punctured and rateless coding approaches were employed. A novel solution 

based on HARQ has been presented in (Rahmati and Pompili, 2015), in which the system exploits 

the diversity gain provided by separate connections in an underwater acoustic multiple input 

multiple output (MIMO) scheme. The system is intended to minimise the retransmission 

probability and improve the connection reliability through water filling coding and packet level 

code election. 

Furthermore, authors in (Ma, JieXiong and Wei, 2017) proposed an incremental redundancy 

hybrid ARQ (IR HARQ) system, the system used rate-compatible Low Density Parity Codes (LDPC) 

that implement K soft node, as well as the soft output propagation rate. Using the rate-compatible 

LDPC codes, the author had defined communication precedence of codes bits and proposed 

subpacket formation rule. Consequently, in the proposed system throughput performance of IR 

HARQ several modulations, as well as coding and multi-antenna methods were presented. The 

proposed scheme offers enhancement of system throughput by detailed link adaptation with CQI 

data. Furthermore, an IR HARQ system for the polar code is proposed in (Kim and Lee, 2013) the 

system is a polar code extension technique which implements IR HARQ. The proposed scheme 

allowed the data bits to be copied to the suitable locations of the extended segment; the extended 

polar code can offer further protection to the bits that were loosely protected during initial 

transmission. Furthermore, the authors compared the proposed approach with LTE turbo code, 

directly generated polar code and some selected IR HARQ schemes. Still, performance analysis 
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using simulation indicates that the proposed scheme almost has an equal performance with the 

directly produced polar code, which was the baseline for the comparative analysis. 

In networking design, varying requirements are handled through the quality of service (QoS) 

negotiations. The QoS parameters commonly used include bandwidth, latency and error rate. 

However, these parameters mirror requirements on the average network behaviour. Thus, 

applications that have stringent requirements regarding time, such as the industrial systems 

applications and safety-critical applications in VANETs, are of the worst case by nature. 

Unfortunately, this is not considered by the wireless protocols used today, such as the IEEE802.11 

(Jonsson and Kunert, 2009). In the light of this, the author in (Jonsson and Kunert, 2009) 

proposed a mechanism for a real-time wireless system that focuses on combining retransmissions 

in the worst-case settings that provide support for hard real time and excellent reliability. To this 

end, the use of deadline decoding of transmission and probability of correct delivery of 

information to the recipient before the deadline (Jonsson and Kunert, 2009) was suggested.  

So far, there are few or no systems in VANET that used hybrid ARQ with either packet combining 

or incremental redundancy for reliable communication. Our approach seeks to use a variation of 

type II HARQ, which will allow transmission with a different code derived from a high rate code 

and each transmission being self-decodable. Additionally, the coding mechanism applied is Reed-

Solomon codes (Carrasco and Johnston, 2008; Moon and Kaplan, 2011; Vinck, 2013) to minimise 

further the inadequacy of using straightforward FEC. Furthermore, our approach will be adaptive 

to the changing channel conditions and the transmission range variations caused by obstacles 

and environmental conditions. 

4.1.5 Network coding applications in Networks 
 

Currently, information dissemination in the real-world of communication networks is achieved by 

routing. Network coding (NC) is said to be the hopeful generalisation of routing that has further 
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potential, such as bandwidth efficiency, power and computational efficiency, as well as robustness 

to network changing situations (Guang and Zhang, 2014).  

Network coding is the execution of coding operations on the content of messages received at the 

intermediary stations and the transmission of the computed functions of the packets to the 

intended recipient in a network, as opposed to the replication process in the store-and-forward 

network architectures (Ho and Lun, 2008; Guang and Zhang, 2014). Furthermore, Guang and 

Zhang (2014) demonstrated that the max-flow-min-cut theorem for information flow  and 

suggested that the functions of nodes should be extended beyond that of a switch, which either 

relays information from an input uplink to an output link or replicates the received information 

from an input link and disseminates it to some set of output links (that is the store-and-forward 

method). Instead, a node should be able to function as an encoder capable of encoding received 

information from the input links and send the encoded information to all the output links (Guang 

and Zhang, 2014). Thus, this further debunked the perception in data networking, which 

suggested the undesirability of data processing at the intermediate nodes, other than for data 

replication (Guang and Zhang, 2014). 

Furthermore, network coding advantage is realised regarding increasing communication 

throughput, through efficient usage of packet transmissions, which infers that more information 

could be transmitted across a network with fewer packet transmissions (Yang and Wu, 2010); 

this will further ensure efficient bandwidth utilisation (Panichpapiboon and Pattara-atikom, 2012). 

Correspondingly, NC can be used to minimise packet losses in a system using erasure coding. 

However, there is concern about the application of an erasure NC at the intermediate nodes due 

to the associated delay in encoding and decoding processes (Ho and Lun, 2008). Additionally, 

there is concern about the network coding complexity when considering possible scenarios where 

optimal routing might attain similar performance gains compared to that of network coding but 

achieving optimal routing solution could be difficult and might not be feasible in most settings. 

Furthermore, it has been demonstrated that network coding can substantially, improve 
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performance in scenarios where practical constraints require suboptimal solutions, such as the 

gossip-based data transmission and ad-hoc wireless networking based on the legacy IEEE802.11 

(Ho and Lun, 2008).  

The idea of network coding stirs up pervasive attention in many fields of human endeavour 

(Yeung, 2011), such as engineering: comprising of channel coding, wireless communications, 

computer networks, switching, cryptography, data storage and computer science. In 

mathematics: it involves graph theory, matroid theory, optimisation theory and game theory. In 

physics, quantum network coding is studied, and in natural sciences, such as in biology, linear 

network coding has been applied for modelling intracellular communication. Further, 

(Panichpapiboon and Pattara-atikom, 2012) suggested that NC has grabbed the interest of many 

researchers in the area of ad-hoc wireless communications. This innovative system of information 

transmission is expected to produce higher throughput substantially and conserved bandwidth 

significantly relative to the classical way of transmission (Guang and Zhang, 2014). 

4.1.6 Network coding application in VANETs 
 

Despite the existence of many studies on the applicability of network coding to broadcasting in 

mobile ad hoc networks, there is a little number of network coding broadcasting schemes 

intended primarily for vehicular communications.  For example, (Katti et al., 2008) proposed a 

COPE protocol that serves as an essential phase in understanding the prospect of wireless 

communications, which introduces a new orthogonal axis that could be exploited to obtain more 

throughput. This approach presents coding as a practical means that can be combined with 

forwarding, routing and reliable delivery of data packets (Li et al., 2007). Li et al. (2007) further 

demonstrated that network coding could be used for deterministic broadcasting and their result 

has revealed that there is a significant reduction in the amount of transmission in the network. 

Additionally, they have suggested that coding based deterministic technique performs better than 

the coding based probabilistic method. Equally, network coding broadcasting centred on 

decreasing the amount of transmissions each relay node does during message dissemination, 
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where each sending node mixes some of the received packets for transmission (Yang and Wu, 

2010). 

Furthermore, live multimedia streaming in VANETs using symbol-level network coding (SLNC) is 

presented in (Yang, Li and Lou, 2010) where the schemes are intended to maximise the 

downloading rate. Nevertheless, SLNC outperforms packet-level (PLNC) for content distribution 

using the multicast method in VANET because it leads to higher downloading rate gain and 

acquires fewer transmission (Li, Yang and Lou, 2011). Moreover, repetition-based MAC protocols 

are proposed in (Hassanabadi, Zhang and Valaee, 2009) for VANET using a packet coding 

algorithm that is based on index coding. The scheme reduced the amount of contentions among 

vehicles and transmissions. Further, erasure transmission channel (i.e. is a communication 

channel model in which errors are referred to as erasures) in which cars are segmented into 

clusters and each car tries to transmit safety messages to other cars is assumed. Also, a 

distributed feedback method is utilised to communicate the network communication and reception 

details all over the network. Such an application of feedbacks could lead to prohibitive contention 

and delay in transmission of the time-critical safety messages across the network. Consequently, 

having retransmission on a node by node basis and on the end-to-end basis could lead to 

complication in the interaction between the nodes in a network ( Ho, and Lun, 2008). The desired 

outcome is to reduce the amount of retransmission in order to minimise chances of collision and 

improve timely packets delivery of the emergency warning alerts (Chi et al., 2013; Stallings, 

2014b). 

Another system is proposed in (Wu, Ohzahata and Kato, 2013), which presented a design that 

applied network coding to improve packet broadcasting ratio without extra message overhead. 

Consequently, in sender-based schemes, excessive transmissions may be effectively decreased. 

Though, in a fading wireless network, certain messages may be lost owing to the weakening of 

the signal (Lee, Lee and Gerla, 2010). In (Wu and Ohzahata, 2014) a multi-hop broadcasting 

protocol that uses intra-flow and inter-flow network coding techniques is described. In the 
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proposed system the same backbone nodes are used to handle different directions of traffic flows. 

However, the usage of a single forwarder node for transmission of bidirectional packets may bring 

a further delay, which undoubtedly, can affect the urgent needs of some of the messages. 

Moreover, addition of a sublayer in the application layer of the WAVE stack is suggested in 

(Hassanabadi and Valaee, 2014) where the sublayer optimises the reliability of periodic 

broadcasting in VANETs using network coding. Central to this scheme is the random linear network 

coding which was used to offer reliability for small safety messages with low overhead. Even 

though random coding provides uncomplicated, more flexible code formation approach, a 

considerably broader base field is typically necessary. In certain uses, it is essential to validate that 

the code is genuinely randomly formed and has the required properties. A situation that could lead 

to prohibitive computation. Likewise, Random Linear Network Coding (RLNC) can provide an 

excellent throughput performance, but if a receiver gets an inadequate number of packets, 

recovery of any of the original packets could be a daunting task in (Wu, Ohzahata and Kato, 2012) 

a broadcast scheme that can offer a minimum overhead and superior message transmission rate, 

applying a fuzzy logic approach to select the next forwarder node and network coding to increase 

message communication rate, devoid of an increase in the transmission overhead, is presented. 

Utilising the broadcast nature of wireless channels, network coding is employed to increase the 

message reception rate. Even though each vehicle uses a retransmission timer to detect when a 

message is successfully delivered or not, taken into consideration the transmission overhead, the 

retransmission timeout could not be fixed using a small figure. In consequence, the incurred 

retransmission delay could be a significant addition to the overall transmission delay. 

Moreover, a network coding based MAC protocol for VANETs is presented in (Antonopoulos, 

Skianis and Verikoukis, 2013). The protocol used a cooperative automatic repeat request (ARQ) 

techniques. Even though ARQ may have the benefit of small amount delay and reliable 

transmission in the situation of good channel condition, it is practically impossible to always have 

a good channel condition in wireless settings. Consequently, when the channel condition is poor, 
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packets retransmission loss could be high, which would potentially cause a considerable delay in 

transmission. This situation could render the transmission of time-critical messages obsolete 

(Liang et al., 2015). Therefore, a transmission mechanism that could adapt to different channel 

conditions will be of vital importance. 

4.1.7 Repetitions 
 
Notably, there are some proposed schemes in the literature (Samara, Wafaa, Ali and Ramadass, 

2011; Yoo and Kim, 2011; Karnewar and Kalpande, 2015; Shafii, Bhandari and Ratnam, 2016) 

that allow some redundancy in safety-critical message transmissions, devoid of any application 

of error correction coding. These redundant transmissions are used for error recovery when a 

receiver receives a broadcasted safety message with errors. The motive of redundant 

transmissions of the same safety message that was transmitted earlier from a source car to 

considered destination cars is to create further chances for vehicles that could not either receive 

the initial message transmission or received the initial transmission with an error (Bharati and 

Zhuang, 2016). In order to recover the message received with errors or message missed during 

an initial transmission attempt of the message packets, the repeated transmission is usually done 

within a timeout period or retransmission limit (Eze et al., 2017). 

Even though wireless communication in VANETs is developed using the legacy IEEE802.11 

medium access control mechanisms, the straightforward transmission repetition technique is 

applied to the other members of 802.11 MAC schemes. Therefore, the legacy MAC protocols 

dependency has encouraged numerous research activities with a view to finding feasible 

mechanisms that could enhance the repetitions error recovery using different MAC schemes, like 

the time division multiple access (TDMA), frequency division multiple access (FDMA), code division 

multiple access (CDMA), as well as self-organised time division multiple access (STDMA) (Farnoud 

and Valaee, 2009; Eze et al., 2017). Although the usage of these MAC protocols for channel 

access is increasingly gaining prominence in other networks, like the use of TDMA in MANETs, it 

is an extremely challenging task to design corresponding architecture for a single carrier in which 
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message transmission and control is done using the same channel. Further challenging problems 

comprises of time synchronisation, slot allocation impediment, integrating dynamic range 

bandwidth reservation and provision of competition free operation (Benaidja, Moussaoui and Naït-

Abdesselam, 2017). Further repetition schemes proposed in the literature include (Farnoud and 

Valaee, 2008, 2009; Yang, Guo and Wu, 2009; Chuang and Chen, 2013; Eze, Zhang and Liu, 

2015; Sanguesa et al., 2015; Bharati and Zhuang, 2016; Benaidja, Moussaoui and Naït-

Abdesselam, 2017). 

Wireless communication medium suffers from fading consequent to interference with other 

transmission sources. The most common approach to recover from losses is the use of ARQ at 

the MAC layer. However, ARQ has disadvantage of excessive retransmission request due to 

adverse channel condition, a situation that could lead to an excessive collision in the high-density 

vehicular network and increase the average transmission delay (Benaidja, Moussaoui and Naït-

Abdesselam, 2017). In the time-critical communication of the safety packets, such would be 

detrimental,  a situation that is not required as the outcome could be a matter of life and death. 

Consequently, multihop broadcast mechanism function as a basis for safety and nonsafety 

vehicular applications. For instance, when a collision happen on a highway or traffic congestion 

occurs due to bad road condition as a result of heavy down pour of rain, snow or intense foggy 

atmosphere, the forthcoming cars on the road need to be inform instantly to avoid pile up 

collision. In these scenarios, warning messages are to be used with minimum delay to convey to 

vehicles that are at far distance (kilometres away) from the incident to prevent further accidents 

as well as to allow drivers to take possible alternative routes to avoid traffic jam on the road. To 

attain this goal, there is the need for the design of efficient broadcast schemes that can ensure 

low broadcast overhead, low latency and high dissemination of warning messages reliability. 

However, in reality achieving these goals concurrently is hard because of the high vehicle mobility, 

varying traffic densities and frequent network partitions.  Table 4.1 below present Summary of 

the closely related studies/solutions. 
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Table 4.1: Summary of the closely related studies/solutions 

 

References Proposed 
Scheme 

Transmission 
Mechanism 

Coding 
Technique 

Coding 
Benefit 

Diamant and Lampe, 
2015 

Incremental 
redundancy hybrid 
ARQ (IR–HARQ) 

IR–HARQ Packet-
Level FEC 

Increased 
reliability 

Tsai, hilamkurti, and 
Shieh,2008 

Multi-path FEC 
control scheme 

Multi-path FEC Packet-
Level FEC 

Minimize 
packet loss rate 

Rahmati, Mehdi, 
Pompili and Dario, 
2015 

MIMO-HARQ HARQ Packet-
Level FEC 

Increased 
link reliability 

Tsai, et al., 2008 Burst-aware 
adaptive FEC 
(BAFEC)scheme 

Adaptive FEC Packet-
Level FEC 

Better recovery 
of packet loss 

Tsai, et al., 2010a Sub-Packet level 
FEC 

HARQ Byte level  

Argyriou, 2008 Cross-Layer Error 
Control for 
Multimedia 
Streaming 

Cross layer 
HARQ 

Cross layer 
HARQ 

Minimised 
packet loss 

Antonopoulos. Skianis 
and Verikoukis,2013 

Network Coding-
based MAC protocol 

Network 
Coding-based 

ARQ 

Network 
Coding 

Improve quality 
of service 

Barukang,2010 RS codes for 
uncompressed IP 
header protection 

Broadcast Byte-level 
FEC 

Reduce channel 
utilization 

Sgardoni, Bull and 
Nix,2015 

AL-FEC based on 
Raptor codes 

Multicast Packet-
Level FEC 

Eliminate 
packet loss and 

enhance the 
link budget 

Basalamah and 
Sato,2007b 

Adaptive FEC 
Reliable Multicast 
MAC 

Multicast MAC layer 
HARQ 

Enhances 
WLAN reliability 

Elias, et al., 2016 Code Aided 
Retransmission-
based Error 
Recovery 
(CARER) 

Broadcast Network 
coding 

Improve lost 
packet recovery 

Gleeson and Weber, 
2008 

Fault Recovery and 
Redundancy 

Repetition 
Broadcast 

ARQ Improve 
message 

delivery time 
Gozálvez, et al., 2009 Network coding 

periodic safety 
message 

Broadcast Network 
Coding 

Tight loss 
probability 

upper bound 
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References Proposed 
Scheme 

Transmission 
Mechanism 

Coding 
Technique 

Coding 
Benefit 

He, and Ren, 2018 Network-coding 
assisted ARQ 
scheme 

Broadcast File level 
and packet 

level 

Improved pe 
packet security 
performance 

Hassanabadi, Zhang, 
and Valaee, 2009 

Repetition-based 
MAC 

Broadcast Network 
coding 

Improve 
average 

probability of 
successful 

transmission 
Kim and Lee,2013 Incremental 

Redundancy Hybrid 
ARQ (IR-HARQ) 
Scheme 

Broadcast Hybrid ARQ 
Incremental 
Redundancy 

improvement of 
system 

throughput 

 
Li, Yang and Lou, 
2011 

push-based popular 
content distribution 

Broadcast Symbol 
level 

Network 
coding 

Maximise 
download rate 

Li, Ramjee, Buddhikot 
and Miller,2007 

XOR-based coding 
algorithm 

Broadcast Packet-
Level FEC 

Improved 
delivery ratio 

Lee, Kim and Kim, 
2015 

AL-FEC mechanism 
for Satellite on the 
move 

Broadcast Packet-
Level FEC 

Enhance 
goodput 

Lee and Kim, 2016 AL-FEC mechanism 
for Satellite on the 
move 

Broadcast Packet-
Level FEC 

Enhance 
goodput 

Lee, Jang, Lee, and 
Cha, 2017 

A-FEC in the Land 
Mobile satellite 
network 

Broadcast Packet-
Level FEC 

Reduction of 
bandwidth 

Wu et al., 2015 Merged HARQ Broadcast ARQ Improved the 
packet 

reception ratio 
Huang et al., 2016 Adaptive FEC 

PETOS 
Broadcast FEC Reduction of 

message loss 
probability and 

power. 
 Park and Kim 2013 FEC-Collision 

Control 
Broadcast FEC Minimize 

collision of 
safety 

messages 
Wisitpongphan et al., 
2007 

Refined FEC Broadcast FEC broadcast 
storm 

mitigation 
(Suriyapaiboonwattana 
and Chotipat, 2008 

The Last One (TLO) Broadcast FEC Improved the 
packet 

reception ratio 
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References Proposed 
Scheme 

Transmission 
Mechanism 

Coding 
Technique 

Coding 
Benefit 

Martinez et al., 2010 ESBR Broadcast FEC Increased 
message 

dissemination 
Fogue et al., 2012 EMDR Broadcast FEC Minimise 

message 
retransmission 

Bi et al., 2010 
 

CLBP Broadcast FEC  

Daknou, Thaalbi and 
Tabbane, 2017 

EDWD Broadcast FEC Improved 
warning 
message 

dissemination 
     
Choi, Yoo, and Shin, 
2008 

MAC-level 
ARQ based FEC 

Broadcast HARQ Improve packet 
transmission 

efficiency 
Zaidi, Bitam and 
Mellouk, 2016 

Enhanced adaptive 
sub-packet forward 
error correction 
(EASP-FEC) 

Broadcast Packet-
Level FEC 

Improve quality 
of video 

streaming, 
enhance the 

video 
transmission 

quality 
Zaidi, Bitam and 
Mellouk, 2017 

Enhanced User 
Datagram Protocol 
(EUDP) 

Broadcast Packet-
Level FEC 

Improved 
disseminate of 
accurate video 

data 
Zaidi, Bitam and 
Mellouk, 2018 

Hybrid Error 
Recovery Protocol 
(HERP) 

Broadcast Packet-
Level FEC 

Minimize high 
packet loss 

rate, increase 
transmission 

delay 
Tsai et al, 2011 forward-looking 

forward error 
correction (FL-FEC) 

Broadcast Packet-
Level FEC 

Increased lost 
packets 

recovery for 
video streaming 

Nafaa, Taleb, and 
Murphy, 2008 

Adaptive FEC (A-
FEC) 

Broadcast Packet-
Level FEC 

Increased 
reception of 

packets 
Tsai, Ke, Kuo and 
Shieh, 2009 

FEC with Path 
Interleaving (FEC-
PI) 

Broadcast Packet-
Level FEC 

Improve the 
quality of video 

streaming 
Lin, Shieh, and 
Hwang, 2012 

Enhanced random 
early detection 
forward error 

Broadcast Packet-
Level FEC 

Improve the 
quality of video 
transmissions 
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References Proposed 
Scheme 

Transmission 
Mechanism 

Coding 
Technique 

Coding 
Benefit 

correction (ERED-
FEC) 

Wu et al, 2013 Enhanced adaptive 
FEC (EAFEC), & 
Enhanced structure, 
adaptive and 
interleaving FEC 
(AIFEC) 

Broadcast Packet-
Level FEC 

Improved 
recovery rate 

for consecutive 
packet loss 

Barukang, 2010 Header error 
recovery for 
uncompressed 
packet header 
(HER-PH) 

Broadcast Packet-
Level FEC 

Minimize 
number packet 
retransmissions 

Soldo et al., 2011 Streaming Urban 
Video (SUV) 

Broadcast Packet-
Level FEC 

Minimize 
transmission 

delay 
Bucciol, Zechinelli-
Martini, and Vargas-
Solar, 2009 

FEC and 
Interleaving Real 
Time Optimization 
(FIRO) 

Broadcast Packet-
Level FEC 

Improved 
quality of 

communication 
via minimize 
transmission 

delay 
Immich, Cerqueira, 
and Curado, 2015 

Adaptive QoE-
driven and FEC-
based mechanism 
(AQ-FEC) 

Broadcast Packet-
Level FEC 

Improve 
transmissions 
delivery and 

reception 
Tsai,Chilamkurti, 
Shiehb and Vinel, 
2011b 

MAC-level Forward 
Error Correction 
(MFEC), & Adaptive 
MAC-level FEC 
(AMFEC) 

Broadcast Packet-
Level FEC 

Minimize bit 
error rate 
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4.2 Message Dissemination in VANETs 
 

More than ever before cars are being transformed into computing platforms that allow access to 

different kinds of data on the move, thus evolving from being just a means transportation to a 

mobile information provider, an entertainment hub and a workplace. However, this has come 

with many challenges which include a lack of assurance that all roads will be equipped with the 

enabling communication infrastructures that could allow connection among cars and cars with 

the broader communication networks, such as the internet. Therefore, to circumvent this 

problem, among others, many research efforts have been made in VANETs to devise intelligent 

location-based broadcast schemes that could propagate a time-critical message from a 

transmitting vehicle to the endangered recipients with minimum delay (Palazzi et al., 2007). 

Additionally, vehicular communication networks consist of different characteristics comparable to 

other classes MANETs.  The characteristics include organised networks, sharing of processing 

activities, a large number of vehicles travelling at excessive speeds and constrained network 

topology that has high variability. Further characteristics are variable communication settings and 

unique mobility patterns, as well as wireless signal obstruction, due to the existence of some 

obstructions (like buildings and further objects) along the communication setting and network 

segmentation because of the vehicle's rapid mobility (Dias et al., 2013; Isento et al., 2013). 

Furthermore, the traditional broadcast mechanism (simple flooding) could be the immediate 

means to disseminate messages across a network, however, it can potentially lead a broadcast 

storm problem in a situation of excessive contention for the wireless medium and collision at the 

link layer, consequent to the redundant broadcast of messages. Although, this is a familiar 

phenomenon in the MANETs and many solutions have been proposed to solve it, there are few 

studies offered to mitigate this problem in VANETs which consider the different characteristics of 

the vehicular environment (Wisitpongphan et al., 2007; Wu et al., 2015). However, to ensure a 

high message dissemination rate and minimal transmission delay, the redundant transmission 

must be reduced (Wu et al., 2015). 
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Moreover, the majority of applications in VANETs (Wisitpongphan et al., 2007) largely depend on 

a broadcast mechanism to disseminate messages to neighbouring vehicles within a given 

geographical region. Yet a short transmission range, such as that of VANETs, has been considered 

as a significant challenge in wireless communication, which requires transmission to extend 

beyond the coverage of a communication range. Therefore, to circumvent this problem, a multi-

hop broadcast mechanism could be used (Wu et al., 2015). Consequently, various applications in 

VANETs, such as a collision alert system, require a low overhead and reliable multi-hop 

dissemination scheme. However, varying vehicle densities, limited bandwidth and rapid vehicle 

changing velocity constitute constraints that could hinder a high message broadcasting rate and 

low average transmission delay.  

Accordingly, three issues were identified as the most critical aspects to consider during protocol 

design for VANETs. These issues include a lack of acknowledgement at the MAC layer for the 

broadcasted data frame, channel fading and packet collision that could cause significantly low 

packet dissemination ratio (Wu et al., 2015). Lack of low overhead transmission and 

retransmission could cause network congestion. The possibility of having a high number of sender 

vehicles contending to access the channel concurrently may result in a prolonged waiting interval 

at the medium access control layer and hence, increases the average transmission delay capable 

of rendering the message obsolete (Wu et al., 2015). Therefore, a mechanism to minimise the 

average transmission delay must be created during the protocol design. 

In consideration of the kind of vehicular settings, characteristics and challenges, coupled with the 

objectives of enhancing transmission reliability, some broadcasting schemes have been presented 

for vehicular communication environments. Some of the existing dissemination schemes used 

delay tolerant mechanisms to VANETs (Dias et al., 2013; Isento et al., 2013). The objective of 

these systems is to allow transmission between different groups (clusters) of cars (Pereira et al., 

2012). However, usually, in this setting more resources are needed, and the corresponding utility 

is significantly constrained in warning alerts transmission situations, where warning time is a 
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critical factor. The more the delay allowed in these schemes, with a view to enhancing the ratio 

of the informed cars, the more the systems become inappropriate for the dissemination of safety 

messages. 

Consequently, in designing message dissemination systems, it should be taken into consideration 

that these schemes are terribly influenced by the attenuation of the radio signal, therefore, the 

distance separating the sender node from the receiver nodes, particularly in road segments with 

low traffic densities and by the instantaneous increase density of cars. Consequently, map 

topology is opined to be very important for vehicular communications, as it directly influences the 

average distance between the entities involved in the exchange of messages and the existence 

of obstacles. Apparently, vehicle density affects the safety of critical transmission systems. For 

instance, in situations where there are lower cars densities, the probability of packet losses is 

high because of poor connectivity among the moving cars. Also, in the condition of higher traffic 

densities, the probability of a broadcasting storm could be high which could lead to a reduction 

in the effectiveness of message delivery, as a result of immense contention, repetitions of packets 

transmissions, as well as collisions (Sanguesa et al., 2016).  

Also, VANETs message dissemination systems can be categorised into one-hop and multihop 

protocols; this classification is dependent on whether a scheme allows safety critical message 

forwarding or not. However, the majority of the vehicular communication schemes (Nzouonta, 

Nakayama and Borcea, 2011; Zhang et al., 2012; Aravindhan, Kavitha and Dhas, 2014; Zelikman 

and Segal, 2015; Li and Boukerche, 2015; Ucar, Ergen and Ozkasap, 2016; Wu et al., 2017; Li 

and Huang, 2018; Zeng, Yu and Wang, 2018; Suthaputchakun and Sun, 2018; Jia et al., 2019) 

allow relaying of messages beyond a single hop, as such, these schemes implemented multihop 

dissemination mechanisms. Moreover, this class can further be classified into restrictive systems 

and promiscuous systems. The restrictive systems are (Sanguesa et al., 2016) designed in an 

attempt to determine solutions to overcome the broadcast storm problem that is usually inherent 

in multihop networks. Several studies were conducted, and a number of systems have been 
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presented, mainly as a means to overcome this issue. The promiscuous dissemination systems 

(Sanguesa et al., 2016) are designed to offer solutions to the problem of network disconnection 

in VANETs due to high vehicles mobility and lack of communication infrastructure along the roads. 

The problem of disconnected vehicular networks is tackled through the application of store and 

forward strategy to guarantee that messages are correctly transmitted (Sanguesa et al., 2016). 

Find to follow headings discussed single-hop and multihop transmission systems in vehicular 

adhoc networks. 

4.2.1 Single-hop Transmission Schemes in VANETs 
 

In the IEEE802.11 standards and its extensions, such as 802.11p, there exist no medium access 

control-level recovery mechanism for transmitted message frames when a broadcast or a 

multicast transmission mode is used. Consequently, the corresponding frames of traffic reliability 

is decreased. Existing vehicular networks transmissions schemes attempt, first, to provide 

solutions on how to communicate messages to the vehicles in a single transmission range with 

the maximum feasible reliability; second, provide solutions on how to communicate messages to 

the entire network. 

Single-hop messages refer to the heartbeat messages, consisting of vehicles locations, speeds, 

velocity, acceleration and direction of vehicles travelling, which are intermittently exchanged 

among cars within one-hop distance and are not relayed further to other vehicles beyond a hop. 

Furthermore, the IEEE1609.4 standard of the WAVE standard handles multichannel procedures 

at the 5.9GHz spectrum. Specifically, the spectrum is subdivided into seven smaller channels of 

10MHz bandwidth each. Moreover, four of these channels are assigned as service channels, one 

is dedicated as the control channel, while the remaining two are situated at two extreme ends of 

the spectrum and reserved for exclusive usage. The service channel could be utilised for safety 

and nonsafety communications among vehicles (Chen, Jiang and Delgrossi, 2009)., Vehicular 

communication safety messages are broadcasted periodically, at the common rate of 10Hz to 

ensure up to date information about the road traffic situations. 
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Several works concerning single-hop safety message communication in VANETs can be obtained 

in the literature. Some of the most applicable works found in the literature include a proposed 

scheme based on an IEEE802.11p mechanism (Xu et al., 2007), which defined QoS for safety 

critical messages. The system supports a high safety-critical message delivery probability based 

on vehicles direct transmission range. The reception time of a packet is utilised as a time slot, 

and many slots are employed to designate a time frame. But, in order to improve the probability 

of successful delivery, packets are retransmitted multiple times during retransmission timeout 

because the corresponding transmission range is restricted to a single hop adjacent node. 

Furthermore, a study of different designs of single-hop safety critical messages rebroadcasting is 

conducted in (Farnoud and Valaee, 2008), these designs include optical orthogonal codes, 

synchronous p-persistence rebroadcast and synchronous fixed rebroadcasting. Specifically, the 

authors show that synchronous fixed rebroadcasts increase the success probability and minimise 

the delay. The performance evaluation using simulation was implemented on a three-lane line-

of-sight motorway. This means the network setting is not entirely applicable to urban settings 

where wireless signals are usually obstructed by obstacles, such as buildings and other objects 

along the roads.  

 Park and Kim (2013) proposed a scheme that focus on collision control for safety messages 

communication in vehicular networks which require a data rate of more than 10Hz. The  Park and 

Kim (2013) scheme is an application level control approach intended to amend the communication 

period of single hop messages to improve safety information delivery probability. Moreover, as 

the frequency adaptations are not permitted because of the application requirements, the 

communication phase is amended to enhance the performance of the scheme. Furthermore, a 

scheme that modified the application layer to provide support for safety critical messages 

transmissions by employing a one-hop communication technique is proposed in (Hassanabadi 

and Valaee, 2014). In the Hassanabadi and Valaee (2014) system it is required that the same 

messages must be retransmitted a number of times to enhance the overall reliability. This 
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necessitates the inclusion of further techniques to mitigate the problems of channel loss, network 

congestion and synchronised collision. However, line-of-sight (i.e. a straight-line road setting in 

which vehicles has unobstructed vision) road setting was used to evaluate the efficiency of the 

system.  

Generally, safety messages broadcasting systems in VANETs using one hop transmission mode 

disseminate local messages only. Therefore, further aggregation mechanisms are required to 

make them applicable in safety messages transmission schemes, as these schemes require 

messages to be extended to broad areas of the motorways, which restricts their functions in 

many related situations. Additionally, most of these applications are usually evaluated using 

unrealistic and straightforward vehicular scenarios devoid of any presence of obstacles on the 

roads, which is disposed to the generation of exceedingly positive outcomes. 

4.2.2 Multihop Transmission Schemes in VANETs 
 
The major performance requirements of emergency message communication include message 

transmission reliability, least acceptable transmission delay and scalability. However, single hop 

transmission disseminates local messages only, while emergency information is needed to be 

communicated to a broader area of the road. Achieving extended coverage using single hop 

transmission needs extra aggregation techniques to make the systems suitable for safety 

message dissemination. Yet, single hop aggregation restricts the functionality of these types of 

schemes in many safety applications. To solve these problems multihop transmission mechanisms 

are used. 

In vehicular communication, vehicles using multihop broadcasting mechanisms operate using two 

types of approaches: the warning technique and the normal technique. In the warning technique, 

the vehicles involved are directly the detectors of dangerous circumstances (dangerous events 

triggered); as such, they function as the safety messages sources. However, in the normal 

approach, vehicles serve as messages forwarders (relays), enabling the widespread of 
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transmission of event triggered messages in areas of consideration on the roads.  Furthermore, 

in VANETs once a vehicle observed a possibly hazardous condition, it will instantly generate a 

warning message and transmit to its nearby vehicles. The warning message will be retransmitted 

by the receiving vehicles using the multihop operation to inform the neighbouring vehicles of the 

situation to avoid the cascading effects of the condition on the neighbours. Several studies 

regarding the multihop broadcasting mechanism in VANETs can be found in the literature 

(Nzouonta, Nakayama and Borcea, 2011; Zhang et al., 2012; Aravindhan, Kavitha and Dhas, 

2014; Zelikman and Segal, 2015; Li and Boukerche, 2015; Ucar, Ergen and Ozkasap, 2016; Wu 

et al., 2017; Li and Huang, 2018; Zeng, Yu and Wang, 2018; Suthaputchakun and Sun, 2018; Jia 

et al., 2019) and lots of systems are proposed. The objectives of these schemes are to 

communicate warning messages, such as warning alerts, due to the occurrence of an accident; 

advertisement of a critical condition on the motorway or similar scenarios with related 

requirements which could benefit from this form of a solution.  

Among the most relevant works found in the literature include a scheme primarily proposed in 

the mobile ad hoc networks that were adapted for VANETs. The system implemented a counter 

based approach, in which the number of receipts of a transmitted message is monitored using a 

counter x and a threshold D, such that if x ≥ D   for a received packet, retransmission would not 

be allowed. The authors further propose a distance-based algorithm in which the retransmission 

of a packet is dependent on the distance between transmitting and receiving cars. In this system, 

a car is recommended to retransmit a message if it is not nearby the latest transmitter of the 

message because the further coverage of such retransmission is minimal since the maximum 

advantage of the retransmission is reached when the further coverage is maximised. Authors in  

(Wisitpongphan et al., 2007) proposed two broadcast mitigation approach: weighted p 

persistence (Weighted p-persistence is a broadcast method in which immediately a node x 

receives a message from node y it checks the message ID and retransmit with probability pxy if it 

receives the message for the first instance, otherwise, it discards the message) and slotted p 



 

91 
 

persistence (On the other hand, in slotted p-persistence broadcast method immediately a node x 

receive a message from node y it checks the message ID and retransmit with probability 1 within 

the allocated time slot Txy if it receives the message for the first time, and has not receive any 

duplicate prior to the given time slot, otherwise, it drops the message.)using probabilities. In 

these systems, cars that have higher priority messages waiting for transmission are given a 

chance to use the communication channel in the minimum feasible time 

The (Wisitpongphan et al., 2007) schemes are amongst the few repetitions schemes designed 

specifically for broadcast storm mitigation in vehicular networks. However, the design of these 

schemes makes them more appropriate to the highway settings as they are prone to some 

performance problems when implemented in urban settings. A scheme (The Last One, TLO) is 

proposed in (Suriyapaiboonwattana and Chotipat, 2008), in this system, subsequent safety 

message transmissions depend on the selection of the farthest car among the cars travelling in 

the opposite direction of safety message propagation; direction is selected as the unique vehicle 

that will relay the safety message forward. 

Moreover, the distance separating the transmitter and the remaining receiving cars are calculated 

using location information obtained from the vehicles inbuilt global positioning systems. This 

approach is straightforward and improves performance compared to the traditional 

rebroadcasting mechanism. Nevertheless, the scheme might not be appropriate in urban settings 

as the presence of obstacles (such as buildings) along the roads are not taken into account, 

therefore, considering the challenges in wireless communication, coupled with the lack of 

consideration of the potential presence of obstacles on the roads, this system could only be 

applicable in highways settings. Also, there are no explicit mechanisms for estimation of the 

location of the adjacent vehicles when the location information is required. Consequently, an 

extension to “The Last One” scheme is presented in (Suriyapaiboonwattana, Pornavalai and 

Chakraborty, 2009). In this article, adaptive wait windows and various broadcasts probabilities 

into the adaptive probability alert protocol are introduced. Despite the performance assessment 
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of the presented scheme producing better results comparable to the TLO system, the scheme 

faced the same issues with the TLO concerning applicability in the urban roads scenarios. 

Subsequently, a stochastic broadcast system was proposed in (Slavik and Mahgoub, 2010) with 

the objective of providing scalable and anonymous message transmissions. In this system, 

vehicles used rebroadcast probability function to determine their suitability in forwarding the 

message. However, the performance of this scheme is affected by changes in nodes density; 

therefore, the rebroadcast probability function is required to be modified to make it applicable to 

a given setting. Similarly, the stochastic broadcast system was only implemented in scenarios 

where obstacles are not considered; hence, the effect of potential obstacles on the wireless 

channel has not been taken into consideration.  

Moreover, an enhanced street broadcast reduction (ESBR) system was proposed in (Martinez et 

al., 2010), the scheme improved alert packet dissemination in vehicular networks using vehicles 

positions information accessed from GPS and maps. In ESBR a car is allowed to relay a packet if 

it meets any of the given requirements. A vehicle is at a position far away from the transmitter 

that is if the distance separating a potential forwarder vehicle is strictly greater than the minimum 

distance separating any two cars in the network. The receiving vehicle is positioned at a distinct 

road, having access to the other segments of the map;  buildings and other obstacles on the 

streets obstruct the propagation of wireless signals and inhibit the exchange of messages among 

vehicles  or  the enhanced street broadcast reduction protocol has applied roadmap data to 

mitigate the occurrence of blind regions of the road. Furthermore, an extension to the ESBR 

protocol (Fogue et al., 2012), called enhanced message dissemination for roadmaps (EMDR), 

tries to minimise the number of packets produced through circumvention of retransmission of the 

same warning alert, repeatedly. The intersection information present on the roadmap is utilised, 

thereby making message forwarding by a unique vehicle in an intersection feasible (precisely, the 

car closest to the centre of the junction in the map). Performance evaluation of this scheme 
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shows that it can decrease the number of retransmissions needed, devoid of decreasing the rate 

of cars getting warning alerts. 

Consequently, a connected dominating set multihop algorithm is proposed in (Ros, Ruiz and 

Stojmenovic, 2009), in which the system uses periodic beacon information to calculate 

information about the vehicles immediate (local) locations with a view to improving messages 

transmission procedure. Notably, the beacons messages are employed to find out whether the 

cars belong to a connected dominating set with a view to advantage from reduced rebroadcast 

waiting times. Transmitted packets identifiers are added into the hello messages as piggybacked 

ACKs. Subsequent to the elapsing of the waiting timeout, the packets are rebroadcasted by cars 

in a situation that a neighbouring vehicle did not ACK their correct receipt. 

Furthermore, an adaptive traffic beacon (ATB) scheme is proposed in (Sommer, Tonguz and 

Dressler, 2011), where the aim is centred on frequent beacons transmission in order to 

disseminate data contained in knowledge bases and realise a congestion-free channel. Moreover, 

the ATB system uses channel quality, as well as packet utility to adapt to beaconing. The 

performance appraisal of the scheme indicates that adaptive beaconing transmission 

outperformed flooding-based techniques, but at a slow rate. A cross-layer broadcasting scheme 

(CLBP) is proposed in (Bi et al., 2010). In a CLBP scheme, suitable relay nodes are selected 

depending on the channel condition, geographical location of vehicles, as well as the speed of 

cars. Transmission reliability is realised through the transmission of a broadcast request to send 

and broadcast clear to send packets. The system is aimed at decreasing the message 

communication delay; however, it is specially intended for highways, one directional transmission 

and was not evaluated for urban settings. Further multihop broadcast schemes proposed in the 

literature include (Tonguz, Wisitpongphan and Bai, 2010; Viriyasitavat, Tonguz and Bai, 2011; 

Sou and Lee, 2012; Sanguesa et al., 2013, 2014a, 2014b, 2015).  
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Additionally, a multi behaviour, as well as reliable broadcast (MRB) schemes, are proposed in 

(Meriam and Tabbane, 2014). The authors considered message priorities and categorised the 

messages into safety and critical safety messages. MRB has also taken into consideration various 

applications’ sensitivity before message transmission. In this system, the reliability segment of 

the system focused on ensuring message delivery to the most endangered cars, whereas the 

message dissemination segment of the system focused on the message transmission beyond the 

danger region of the road to ensure that the farthest cars are informed of the occurrence of an 

incident. Consequently, the communication range is split into equal non-overlapping sections. 

Moreover, the potential relay vehicles are positioned at the farthest section of the sender vehicle. 

Only one of these vehicles is selected as forwarder vehicle.  

The road segmentation and the width of the segments are dependent on the traffic density 

(Meriam and Tabbane, 2014).  Density-aware emergency message dissemination extension 

(DEES) scheme vehicular communication is introduced in (Chuang and Chen, 2013); the system 

was intended to provide reliable message transmission on multilane highway settings. In DEES 

the road behind the accident car is divided into two segments, the relevant segment and the fast 

segment, such that the emergency alert arrives at the section ahead of the exit on time. The 

motive is to deliver traffic message to the drivers on time, so as to allow them time to select 

alternative routes and prevent them from getting trapped in heavy traffic. Similarly, in this 

scheme, the road segmentation approach and the forwarder vehicle selection method, as in MRB, 

is used. Simulation results show that DEES achieves lesser broadcasting delay and high reliability 

compared to similar schemes.  

Moreover, a fast and reliable warning message dissemination (FRWD) technique in urban 

expressway in vehicular communication was proposed in (Zhu et al., 2016). The scheme delivered 

a timely emergency message to the intersection of the urban expressway and kept the message 

valid for a period. As a result, drivers were informed about the looming accident in time and were 

able to make reasonable decisions to avoid being trapped in a traffic jam. In this approach, two 
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kinds of vehicles (forwarders) are selected, a relay vehicle and a backup vehicle, with a view to 

achieving balanced forward advancement, as well as messages reception probability. These 

vehicles are involved in retransmission of safety messages; although, the relay car is responsible 

for the selection of the subsequent relay car in the succeeding transmission round. The backup 

vehicles are meant to improve reliability by periodic broadcast at a specific region on the road. 

Using this approach, message transmission with less delay and high reliability can be attained. 

Performance evaluation of the scheme shows the efficiency of the system.  

Furthermore, an efficient density-aware warning message dissemination (EDWD) scheme for 

clustered VANETs is presented in (Daknou, Thaalbi and Tabbane, 2017). The system was 

intended to circumvent pile-up accidents and minimise traffic congestion by broadcasting the 

emergency alerts at high speed to relevant cars. EDWD was designed for timely safety message 

transmission to given regions of the roads (region of danger and region of relevance). Based on 

the vehicles density estimation, the cluster head choose one or more gateway vehicles to forward 

the safety message. Although in a sparse setting the existing forwarder vehicle might relay such 

emergency information to a vehicle travelling in the opposite direction, except where there is an 

adjacent vehicle heading in the same direction; this procedure continues pending when the 

message reaches the region of relevance. However, these systems lack mechanisms for adapting 

to variation in the channel conditions. Additionally, the scheme has no evident technique of 

handling real-time requirements of the time-critical messages. The schemes made an unrealistic 

assumption that the communication range is fixed. Hence they used a fixed transmission range. 

Furthermore, the systems used repetition techniques to ensure the reliability of the transmitted 

messages. A repetition approach is not suitable in VANETs bearing in mind the peculiar 

characteristics of vehicular communication (like speedy vehicles mobility); repetition can also lead 

to a broadcast storm when road traffic density increases, as there is no MAC level error recovery 

in broadcast transmissions. Further, slow message transmission delivery in VANETs has been 

ascribed to the non-optimal amount of hops required by a packet to transverse from the 
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transmitter to the intended destination and the concurrent transmission attempts by an excessive 

number of cars, which could also reduce the message delivery ratio (Farnoud and Valaee, 2008, 

2009; Yang, Guo and Wu, 2009; Zeadally et al., 2012; Chuang and Chen, 2013; Javadi, Habib 

and Hannan, 2013; Meriam and Tabbane, 2014; Liang et al., 2015; Zhu et al., 2016; Daknou, 

Thaalbi and Tabbane, 2017; Agarwal, 2018). Yet, a precise transmission range in VANETs has 

not been specified hitherto (United State Department of Transport, Research and Innovative 

Technology Administration (RITA), 2009). Conversely, the United States Department of Transport 

fact sheet shows that vehicular communication is feasible over LOS for distances of less than 

1000meters (United State Department of Transport: Research and Innovative Technology 

Administration (RITA), 2009). Additionally, in (Palazzi et al., 2007) it is purported that 

DSRC/802.11p can guarantee a maximum of 1km (1000 ms) or about 300 ms range at high speed 

under optimal conditions. Notably, in (Khairnar and Kotecha, 2013) the authors affirmed that to 

avoid severe performance loss of 802.11p due to the effect of frequency, long transmission range, 

short message sizes and a lower frequency range should be configured. Moreover, an assessment 

of the influence of transmission range on the performance of VANETs was done in (CAR 2 CAR 

Communication Consortium, 2007) which showed that reliable transmission at a communication 

range of less than 500 ms is feasible, but if the transmission range exceeds 500 ms the message 

delivery ratio started to decrease, and the average delay increased.  

Accordingly, VANETs could also be susceptible to a broadcast storm in high network density 

because of using a fixed transmission range, particularly in urban areas and frequent network 

disconnection in sparse network settings (highway) (Almohammedi, Noordin and Saeed, 2016). 

In trying to solve this problem a theoretically optimal broadcast system is presented using the 

concept of Minimum Connection Dominated Set, an approach considered to have practical 

implementation difficulties due to continuous update of the network topology (Palazzi et al., 

2007). In (Dorle et al., 2010) an investigation into the effect of transmission ranges on the lifetime 

improvement of the VANETs is presented. The study has taken into consideration unicast routing 
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and the number of vehicles travelling on the same lane at various speeds. Simulation results 

revealed that increasing the transmission range could improve the reliability of the routing path 

and the route setup probability could be increased as the transmission range increased.  

Transmission range adaptive broadcast scheme (TRAB) is derived from the position-based 

concepts for cars with varied communication ranges in VANETs is presented in (Wu et al., 2010).  

The proposed scheme chooses an optimum forwarder car by computing waiting time in additional 

coverage area as well as removes the connection breaks quickly using message relaying in the 

opposite lane. Also, the system used an adaptive implicit and explicit ACK mechanism as well as 

controlled messages using the location and time restriction. The results showed that it could 

significantly lower the dissemination redundancy and guarantee better real-time performance, as 

well as reliable transmission of messages.  

An efficient and practical approach that could allow vehicles to approximate their transmission 

range with a reduced information transmission is presented in (Palazzi et al., 2007). The proposed 

protocol exploits the same message to minimise the amount of communications and the hops 

required to be traversed; thereby reducing the duration needed by a transmitted packet to spread 

to the entire vehicles succeeding the transmitter in a certain distance. Reduction in the amount 

hops that a packet will traverse from a transmitter to the destination by increasing the 

transmission range could potentially minimise the end-to-end delay (Palazzi et al., 2007).  

In efforts to devise a practical, fast broadcasting mechanism, several 802.11 based schemes have 

been presented among which refrains a vehicle from forwarding a message received from the 

following vehicle along a cluster, confirming that the received packet has already been received 

by the succeeding vehicles. On the contrary, these systems did not take into account the amount 

of hops a packet navigates within the intended region of the transmission. Hence, they neglected 

a very significant aspect in deciding the ultimate propagation delay of a packet (Palazzi et al., 

2007).  
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A further attempt is made to determine the minimum number of hops needed to communicate a 

packet from the sender to a destination statistically. In their approach, the individual vehicle is 

allocated different contention windows, which represent the highest amount of time slots a car 

will wait prior to having the chance to forward a message. Each vehicle is allowed to select a 

waiting period randomly in its contention window. The vehicles’ corresponding contention 

windows are computed with an inverse of the percentage of the distance from the transmitter. 

Their system has an advantage in that no extra control traffic is generated that could lead to 

excessive overhead. Although the assumption of a fixed communication range for all vehicles, at 

all times is not realistic since it contradicts a real-life situation (Palazzi et al., 2007). The authors 

used a lightweight, distributed technique for the approximation of the transmission range of cars 

and then utilised it to decrease the number of hops required to propagate a message. Their 

scheme computes transmission ranges dynamically and adjusts to changes, which allow the 

protocol to handle realistic settings where vehicles’ actual communication ranges are susceptible 

to frequent variations in the network because of environmental conditions, physical obstacles, 

varying vehicle density, speed (Palazzi, Ferretti and Roccetti, 2009). However, there is no precise 

technique to handle reliability of messages transmissions, hidden and exposed node problems 

and priorities of the safety messages.  

So far most of the multihop broadcast mechanisms used in VANETs employ a fixed transmission 

range and lack a definite system of adapting to the variations in channel circumstances and the 

variations in the transmission ranges; which could be due to obstacles and environmental 

conditions and fulfilling the real-time requirements of the safety critical messages. Therefore, we 

seek to extend the fast multihop broadcast scheme proposed in (Palazzi et al., 2007) to allow it 

to handle realistic settings, where vehicles’ actual transmission ranges are susceptible to frequent 

variations in the network due to the environmental conditions, physical obstacles, varying road 

traffic volume and provide reliable transmissions of the safety critical messages for better VANETs 

performance. In the proposed framework interferences triggered by environmental conditions 
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and vehicles’ movement is considered through the dynamic computation of vehicles’ 

communication ranges, whose approximated values are used to reduce the number of hops to 

be navigated from a transmitter to the intended recipient of the warning alert, during the 

broadcasting phase. Notably, in the proposed scheme (timely and efficient multihop) a negative 

acknowledgement (NAK) is transmitted back to the sender when there is either packet loss or 

when a packet is not correctable within a transmission deadline.  

4.3 Summary 
 

Most of the applications in VANETs used multihop broadcast to disseminate information among 

vehicles. However, the majority of the schemes used fixed transmission ranges, but such an 

assumption is unrealistic. It is observed that most of the broadcast schemes proposed did not 

use radio propagation models providing enough accuracy for VANETs environment (Martinez et 

al., 2009). More precisely, the consequence of the availability of obstacles in signal propagation 

is typically excluded, which is unrealistic and will certainly influence the accuracy of the results 

achieved. Furthermore, some broadcast schemes used maximum transmission range in 

evaluating the efficacy of the proposed algorithms (Sanguesa et al., 2016). Equally, the systems 

lack any explicit mechanism for reducing the amount of hops that a message is required to 

navigate from a transmitter to endangered recipients. Moreover, the protocols lack capabilities of 

adapting to the diverse environmental conditions and fulfilling the real-time requirements of the 

safety critical messages like collision warning alerts, blind spot and hazardous location warnings. 

Furthermore, reliable transmission of safety messages to guarantee traffic safety is one of the 

most challenging problems in VANETs. Available safety messages dissemination schemes in the 

literature have problems in minimising safety message transmission delay and achieving reliability 

concurrently, because of the vehicles high mobility.  

Furthermore, the majority of applications of forward error correction in VANETs are proposed for 

content distribution and mostly uses static FEC. On the other hand, static FEC has a disadvantage 

of transmission of the unnecessary extra bit when the channel condition is good. The static FEC 
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approach also has the disadvantage of detecting all the errors that occurred during transmission, 

but only correcting some of the errors, if the error level is above the correction capability of the 

system. The static FEC will decode the message in error and pass the erroneous data to the user 

application since there is no mechanism for retransmission. Additionally, safety messages are 

made of small packet sizes and require minimum processing delay. Therefore, the application 

layer FEC is not suitable for safety message transmission in VANETs. Equally, most of the 

proposed systems using packet-level FEC are intended for multimedia, as well as video streaming 

schemes and therefore, cannot be used for reliable communication.  

 Moreover, an ARQ system has the advantage of excellent error detection and reliable 

transmission when the channel condition is good. However, ARQ has a drawback of excessive 

retransmission request, due to adverse channel condition a situation, that could lead to an 

excessive collision in the high-density vehicular network and increase the average delay. The 

drawbacks of both ARQ and FEC can be surmounted, if the systems are combined (that is using 

Hybrid ARQ) and also made adaptive to the channel condition. Therefore, when variable FEC and 

ARQ are combined, they can offer improved performance compared to the static application of 

FEC or using ARQ alone. However, there are few or no systems in VANETs that used hybrid ARQ 

with either packet combining or incremental redundancy for reliable communication. Our 

approach seeks to use a variation of type II HARQ and Reed-Solomon code, which will allow 

transmission with a different code derived from a high rate code and each transmission is made 

adaptive to the varying channel conditions, as well as also being, self-decodable.  
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Chapter 5: Major Research Contribution 

5.1 Adaptive Application of Error-Correcting Codes in VANETs 
 
5.1.1 Introduction 
 

Advances in various communication technologies make the development and deployment of 

different kinds of networks feasible using wireless mechanisms, an instance of such networks that 

have attracted significant efforts in research globally, at various levels of academia and the 

automotive industry, is the Intelligent Transportation System (ITS). Moreover, vehicular ad hoc 

networks are considered to be at the centre of ITS, owing to the recent demands to minimise the 

number of injuries leading to fatalities, loss of lives and finances as a result of an increase in the 

number of accidents on highways (Liu et al., 2017). However, VANETs have many challenges, 

among which is the need for timely and efficient, reliable message transmission. 

In traditional wired networks, mechanisms in the literature for real-time communication greatly 

depends on a blend of scheduling, resource reservation and admission control in order to 

guarantee the hard deadlines of messages. Contrary to the wired networks, where bit error rates 

are tremendously low, and there is an assumption that the entire packets transmitted in these 

systems arrive at their respective destinations flawlessly, wireless networks are characterised by 

high bit error rates impacted by signal strength attenuation proportionate to the square of the 

distance; interference either due to adjacent communication or electromagnetic noise and 

interference due to reflection caused by transmitted wave signal (multipath transmission) 

(Matsuzaki, 2012). Consequently, prevailing mechanisms used to minimise high bit error rates in 

wireless networks includes retransmission and error correcting codes (Singh and Kumar, 2012). 

In this study, challenges of high bit error rates in the real-time vehicular communication of 

deadline constrained safety messages are investigated. 

Recently, vehicular ad-hoc networks have developed to be promising, as well as innovative 

communication technology with the potential of collecting real-time traffic information, such as 
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road conditions, vehicles’ position on the road, vehicles’ speed and direction of travel, and any 

information regarding real or potential accidents on the roads. This information is required to be 

communicated to the destination before the expiration of a deadline for an intelligent 

transportation system to be useful. Primarily, VANETs are intended for safety critical schemes, 

like, collision avoidance, blind spot warning and so forth. However, these networks lack 

mechanisms for reliable communication of safety critical messages, which are prone to wireless 

channel errors as a result of collision and noise as a result of vehicles moving at high speed. 

Consequently, if a driver of a car is not informed in time that could not receive a message about 

a potential accident in time, the situation might lead to a critical condition or loss of lives. 

The dedicated communications range (Das et al., 2018) (DSRC) assigned for vehicular 

communication, provides the potential to efficiently support all forms of vehicular networks (V2V, 

V2I and V2X) and applications (safety and non-safety applications). Most of the message 

transmissions in VANETs are broadcast based. Typically, broadcasts are used for transmissions 

of emergency messages and the beacons (vehicles status messages) which are broadcasted 

periodically. The medium access control and physical layers of DSRC are variant of IEEE 802.11 

(IEEE Standards Association, 2012). However, IEEE 802.11 is characterised by being unable to 

manage the channel effectively, specifically, in broadcast transmissions. Therefore, ensuring 

reliable transmission of broadcast packets in vehicular communication presents various significant 

technical challenges. These include a lack of a retransmission mechanism for unsuccessful 

message transmissions; for instance, in unicast transmissions when a transmission is not 

successful, the situation is detected by the absence of an acknowledgement from the intended 

recipient of the message. On the other hand, acknowledgement is not implemented for broadcast 

transmissions. Figure 5.1 illustrates the basic broadcast mechanism in 802.11p. 
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CSMA/CA

Sensed the channel for AIFS

Is the channel idle?

 Select a random backoff 
value from [0, CWmin]

Sense the channel for AIFS after it 
has been engaged 

Is the channel idle?

Reduce the backoff timer by 
one slot time (13μs)

Is the backoff timer > 0?

Transmit the message

No

Yes

Yes

No

Yes

No

Message transmission 
completed

 

 
Figure 5.1: Basic Channel Access Mechanism for Message Broadcast in 802.11p 

 
Furthermore, the size of the contention window is static (this means it does not change regardless 

of the traffic settings) as a result of the lack of medium access control level recovery. Therefore, 

the absence of any mechanism to detect unsuccessful broadcast transmissions leads to the 
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contention window size being kept constant. Consequently, there are also the problems of hidden 

and exposed terminals due to the lack of a request to send and clear to send mechanisms. 

Additionally, vehicular communication must offer support for schemes to be able to prioritise 

messages, that is emergency messages should be given a higher priority over non-emergency 

messages and be able to adapt to different road traffic settings, as well as channel conditions. 

 
In this work, an adaptive application of a MAC level Forward Error Correction (FEC) with automatic 

repeat request is considered. The approach used the Reed Solomon code for enhancing timely 

and reliable communication of safety critical messages with a constrained deadline between 

moving vehicles (V2V). Safety applications based on the 802.11p enabled vehicles can reliably 

exchange messages within limited time requirements to avert accidents from occurring on the 

roads and hence could help in saving passengers’ lives and their property. 

 
5.1.2 Related works 
 
The legacy wireless LAN (IEEE 802.11) has become the de factor technology for fixed, portable 

and mobile devices to access broadband wirelessly within a local area. This led to the wide and 

rapid deployment of WLAN in many different settings, which includes, but are not limited to home, 

public access networks and enterprises. Alone medium access control (MAC) and more than one 

physical layer (PHY) are defined in the IEEE 802.11 standard. This implies that a given 802.11 

device comprises of one MAC layer and a single or more PHY layer (IEEE Computer Society, 

2016). IEEE 802.11b is the most commonly implemented wireless LAN (WLAN) standard in 

wireless devices. This standard functions in the industrial, scientific and medical (ISM) fields at 

the 2.5GHz unlicensed band and provides 1, 2, 5.5 and 11Mbps data rates; thus, utilising 

complementary code keying (CCK) and direct sequence spread spectrum (DSS) as a 

communication scheme. On the contrary, the IEEE 802.11a functions at 5 GHz unlicensed band 

and provides a high-speed physical layer supporting multiple message rates that comprise of 6, 

9, 12, 18, 24, 36, 48 and 54Mbps (IEEE Computer Society, 2016).  The standard utilises 

multicarrier system orthogonal frequency division multiplexing (OFDM) as its transmission system. 
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It is evident that the IEEE 802.11p standard is a result of the amendment made on the 802.11-

2007 to provide wireless communication in vehicular environments (vehicles to roadside units 

(RSUs) and vehicles-to-vehicles communication); Wireless Access in Vehicular Environment 

(WAVE)/Dedicated Short Range Communications (DSRC) at 5.9 GHz unlicensed band, with a MAC 

layer and PHY layer that support multiple data rates (3, 4.5, 6, 9, 12, 18, 24 and 27Mbps) and 

further different specifications (IEEE 2010, 2010). Furthermore, the IEEE 802.11 has been 

referred to as a wireless counterpart of the Ethernet in supporting the best effort services devoid 

of ensuring the further quality of service (QoS) to applications. However, efforts were made in 

expanding the applications’ extent of the IEEE 802.11 standard; these efforts included the 

definition of the supplement to the 802.11 that provide the 802.11e which has some QoS 

provisions that could enable some applications over wireless LAN, such as toll-quality voice and 

video services. 

Several efforts were made to improve the reliability of 802.11 using the FEC mechanism at various 

networking layers, the MAC layer inclusive. Earlier schemes can be classified into classes 

depending on the extent of amendments made on the classical 802.11 MAC layer. The proposed 

modifications include the introduction of a Selective Automatic Repeat reQuest (ARQ) which 

retransmit FEC blocks that were received in with errors beyond the correction capability of the 

FEC selectively. However, a selective repeat request is not supported in the 802.11 MAC scheme. 

Despite the flexibility of this technique, there could be certain performance loss since the MAC 

sublayer could not be able to trace a frame received with errors after perceived correction via the 

FEC decoder situated above the MAC, and as a consequence, redundant retransmissions will 

happen. 

An innovative scheme, which used a cross-layer error correction system for video communication 

in 802.11 based wireless LANs and an enhancement in Automatic Repeat reQuest performance 

was proposed in (Choi, Yoo, and Shin, 2008). The (Choi, Yoo, and Shin, 2008) further to the basic 

communication approach, cross-layer error protection methods consisting of error correcting 
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codes at the MAC layer, erasure codes at the application layer and an ARQ traversing the MAC 

layer, as well as the application, are combined. Additionally, the proposed scheme provides 

general rules for quality enhancement. However, the proposed frameworks cannot adapt to the 

changing channel condition. Hence, the FEC remained static and the approach lacks any 

mechanism for finding an optimum code. Further efforts were made in (Tsai,Chilamkurti, Shiehb 

and Vinel, 2011b) to provide a solution to the problems. These authors claimed that their 

proposed scheme is adaptable to the changing channel condition during the transmission of 

messages over the wireless networks and minimised the retransmission overhead. 

Consequently, an adaptive application of a MAC level Forward Error Correction (FEC) with 

automatic repeat request is considered in this study. The approach used the Reed Solomon code 

for enhancing timely and reliable communication of safety critical messages with a constrained 

deadline between moving vehicles (V2V). Safety applications based on the 802.11p enabled 

vehicles can reliably exchange messages within limited time requirements to avert accidents from 

occurring on the roads and hence, could help in saving lives and properties of passengers. 

5.1.3 Communication Model 
 
In this project, the emphasis is on the transmission of emergency messages to minimise the rate 

of accidents on the roads. Assuming the set of vehicles travelling on the road are represented by 

𝑉𝑉, excluding a vehicle involved in an emergency event, 𝑣𝑣𝑎𝑎 (𝑣𝑣𝑎𝑎 𝜀𝜀 𝑉𝑉) that is generating and 

transmitting an emergency warning message for the rest of the vehicles in the network. Vehicles 

obtained information about nearby vehicles, such as distance, velocity, position, the direction of 

travel and so forth, from the hello messages (beacons messages) that each vehicle broadcasts 

periodically. A vehicle 𝑥𝑥 might establish a link with a vehicle𝑠𝑠, if 𝑠𝑠 is in the communication range 

of 𝑥𝑥, for 𝑥𝑥,𝑠𝑠 𝜀𝜀 𝑉𝑉. The maximum communication range of a car 𝑘𝑘𝜀𝜀 𝑉𝑉 is constrained by the maximum 

transmission range, 𝑇𝑇𝑝𝑝𝑚𝑚 that can be attained through the application of maximum transmission 

power. Therefore, vehicular network canthe  be represented by the connected, undirected graph, 
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𝐺𝐺 = (𝑉𝑉,𝐸𝐸). A graph 𝐺𝐺 =  (𝑉𝑉,𝐸𝐸), where 𝑉𝑉 represent the set of vertices (vehicles) in the graph 

(network),  𝑉𝑉 = {1,2,3,4 …  𝑁𝑁} and 𝐸𝐸 denote the set of edges (links) in a graph, 𝐸𝐸 =

 {(1,2), (2,3), … }. The number of vertices is represented by |𝑉𝑉| and number of edges in a graph 

is denoted by |𝐸𝐸|. Moreover, for each pair of vehicles 𝑥𝑥,𝑠𝑠 𝜀𝜀 𝑉𝑉, if the distance between them 𝑑𝑑 ≤

 𝑇𝑇𝑝𝑝𝑚𝑚,  then a link can be established between them. The link 𝑠𝑠 𝜀𝜀 𝐸𝐸 is associated with the distance, 

transmission cost and reliability of the transmission. Furthermore, to ensure reliable transmission 

of safety messages forward error correction and automatic repeat request are combined. Also to 

safeguard fast transmission of the emergency messages from source vehicle to the endangered 

vehicles a spanning tree is used. A spanning tree is defined as a subgraph of a graph, S ⊆ G and 

it is also connected undirected, as well as an acyclic graph, 𝑆𝑆 =  (𝑉𝑉′, 𝐸𝐸′), but, 𝑉𝑉′ = 𝑉𝑉 and the 

number of edges in spanning tree is defined as �𝐸𝐸′� =  |𝑉𝑉| − 1. 

Furthermore, let a weighted, connected, undirected graph be defined as 𝐺𝐺 =  (𝑉𝑉,𝐸𝐸,𝑤𝑤). Let 𝑉𝑉 

represent the set of vehicles in the graph (network) and 𝐸𝐸, represent the set of edges (distance) 

connecting fair of vehicles in the network and 𝑤𝑤 denote the summation of weight the of all the 

edges in G. 

5.1.4 Cluster formation and Cluster head selection 
 
Information regarding the locations of cars on the roads is acquired from GPS, the direction of 

travel, speed, velocity and so forth are accessed via the periodic beacon broadcast. In VANET 

safety-critical messages are event triggered. Hence, their generation and transmission occur at 

random. In the study, Prim’s minimum cost spanning tree algorithm is utilised to guarantee that 

safety information is conveyed to the ‘at risk’ vehicles on the road, to avoid pile-up collision. Using 

this algorithm, the next vehicle (relay vehicle)  to be added to the network is selected. The 

selected vehicle serves as a cluster head and the vehicles around it with similar velocities, 

travelling in the same direction, form the cluster membership. The extent of a cluster depends 

on the cluster head communication range. In this approach, there is no minimum or maximum 
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cluster members since the transmission range can be affected by the presence of an obstacle 

along the road. Prim’s algorithm has been widely used to find a minimum cost spanning tree in 

the literature, such as in (Yang and Ren, 2010; Xiang and Li, 2012; Kponyo et al., 2013; Arslan 

and Koditschek, 2014; Muthamizh, Sathya and Chitra, 2014). The algorithm works as follows: 

 It commences the creation of a spanning tree say 𝑇𝑇 with a single root called vertex, 𝑘𝑘 

 It searches for the shortest edge emerging from 𝑘𝑘, linking it to the next succeeding vertex 

in 𝑇𝑇 and to the rest of the graph. 

 It appends the new vertex and edge to the tree 𝑇𝑇. 

 It further, selects the shortest edge from the revised tree, the process continues with 

reconstruction and MST, satisfying safety message transmissions requirements. 

Assuming that each vehicle 𝑣𝑣 𝜀𝜀 𝑉𝑉 contains a data structure denoting acyclic spanning tree 𝑆𝑆 =

(𝑉𝑉,𝐸𝐸𝑠𝑠,𝑤𝑤𝑠𝑠) of 𝐺𝐺 and the record of its nearby neighbours, as well as related edges weights in the 

network, then there is a need for a distributed recursive minimum spanning tree (MST) procedure, 

started at random by a vehicle involved in an accident, for example 𝑣𝑣0 𝜀𝜀 𝑉𝑉, where the next  𝑌𝑌 + 1 

hop, for 𝑌𝑌 𝜀𝜀 𝑁𝑁 satisfies the following properties: 

 At each hop, 𝑠𝑠, a vehicle 𝑣𝑣𝑠𝑠 calculates a locally optimum reformation of a spanning tree 

𝑆𝑆𝑠𝑠  to another spanning tree 𝑆𝑆𝑠𝑠+1 that has lesser edges weight sum.  

To determine the weight (transmission cost) between a cluster head vehicle and other cars within 

the communication range of the cluster head, a new metric transmission cost (T𝑐𝑐𝑜𝑜𝑠𝑠𝑐𝑐) is defined. 

Let the transmssion range of a cluster head be represented by 𝑇𝑇𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑟𝑟 and the distance amid the 

cluster head and any vehicle within the cluster head transmission range be denoted by distance, 

𝑑𝑑. Therefore, transmission cost can be expressed as follows: 

T𝑐𝑐𝑜𝑜𝑠𝑠𝑐𝑐 =  𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑

               (3) 

where 𝑑𝑑 is expressed as follows   
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  𝑑𝑑 = �(𝑝𝑝2 − 𝑝𝑝1)2 − (𝑞𝑞2 − 𝑞𝑞1)2     (4) 

𝑝𝑝1 ,𝑝𝑝2 and 𝑞𝑞1, 𝑞𝑞2 represent the coordinate points of a vehicle position at 𝑥𝑥 and 𝑠𝑠 location of a 

road. 

 At each hop, 𝑠𝑠, a vehicle 𝑣𝑣𝑠𝑠 broadcasts safety message to all vehicles within its 

transmission range, conduct local edge insertions and deletions that transform 𝑆𝑆𝑠𝑠  into 

𝑆𝑆𝑠𝑠+1 and activates neighbouring vehicle, 𝑣𝑣𝑠𝑠+1 𝜀𝜀 𝑉𝑉.  

An illustration of the spanning tree graph is presented in the Figure 5.2 below. 
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Figure 5.2: Spanning Tree Vehicular Network Scenario 

 
In Figure 5.2 car 𝐴𝐴 discovers an emergency situation (a hazardous road condition), it generates 

an emergency warning message and broadcasts the message backward to its direction of travel, 

so that the vehicles following it from behind within its transmission range can receive the message 

and uses a spanning tree algorithm to create a vehicular network that could span a large amount 

of cars on the road. A rebroadcast vehicle is selected using the spanning tree mechanism. Using 

the cost calculation equation, it determines the route with lesser cost. In the figure the next route 

is assigned 1 as the cost and the next relay vehicle is 𝐵𝐵. Vehicle A forwards the message to 

vehicle  𝐵𝐵 and verifies the freshness of the message, thereafter taking the function of the relay 

vehicle, checks the network for the lesser cost route and forwards the message, in this instance 

to vehicle 𝐶𝐶; vehicle 𝐵𝐵 then broadcasts the message to 𝐶𝐶. Vehicle 𝐶𝐶 will check the route link to it 
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and determine the route with lesser cost and rebroadcast the emergency message to it. The route 

with lower cost linked 𝐶𝐶 to 𝐸𝐸 is the suitable route, therefore, vehicle 𝐸𝐸 becomes the relay node 

and using the same procedure as explained earlier, vehicle E selects vehicle 𝐹𝐹 and rebroadcast 

the message to it; vehicle 𝐹𝐹 then selects vehicle 𝐺𝐺 and rebroadcasts the message to it. Using the 

same approach, vehicle 𝐺𝐺 selects vehicle 𝐻𝐻 and rebroadcasts the message to it. At this point 

Vehicle 𝐻𝐻 become the forwarder, vehicle and will check the links connecting it to the network and 

determine vehicle 𝐽𝐽 is the next relay vehicle. This procedure continues until all the endangered 

vehicles are informed. This approach minimises end to end delay and message flooding, since 

only relay vehicles are allowed to rebroadcast the message which enhances message delivery 

ratio. 

5.1.5 Path loss model  
 

In this work, signal-to-noise and interference ratio (SINR) requirements for reliable safety 

message exchange among vehicles are considered. Therefore, for a vehicle to receive a warning 

message, the strength of the received signal power is required to be higher than the minimum 

required sensitivity strength, 𝑃𝑃𝑚𝑚 . Path loss in the free space propogation approach, is usually 

signified as a function of the distance among communicating entities (Zhou and Benslimane, 

2013). The transmission power of a transmitter car is represented by 𝑃𝑃𝑐𝑐𝑥𝑥, the receipt power of a 

car at distance, 𝑑𝑑, be represented by 𝑃𝑃𝑟𝑟𝑥𝑥; the antenna gain of the receiver and the transmitter 

are represented by 𝐺𝐺𝑐𝑐𝑥𝑥   and  𝐺𝐺𝑟𝑟𝑥𝑥 , respectively. The wavelength used by the onboard systems of 

the vehicles is denoted ⋋. The power transmission equation (Friis equation) can be expressed as 

follows: 

Prx  
Ptx 

=  𝐺𝐺𝑐𝑐𝑥𝑥 𝐺𝐺𝑟𝑟𝑥𝑥 �
⋋
4𝜋𝜋𝑑𝑑

�
2
                            (5) 

From equation (5) we can derive the receipt power of car at a distance 𝑑𝑑 as 

𝑃𝑃𝑟𝑟𝑥𝑥 = 𝐺𝐺𝑐𝑐𝑥𝑥 𝐺𝐺𝑟𝑟𝑥𝑥 𝑃𝑃𝑐𝑐𝑥𝑥
⋋2

(4𝜋𝜋𝑑𝑑)2       (6) 
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Furthermore, the performance of a receiver is defined in IEEE80.211, based on the minimum 

sensitivity, as well as channel rejection. Minimum sensitivity refers to the minimum absolute signal 

power, such that at least 90 per cent of the time, 1000 bytes of the message must be correctly 

received. IEEE 802.11p stipulates minimum sensitivity strength as a function of the modulation 

method, forward error correction coding rate and the data rate of the message. However, 802.11p 

does not change the sensitivity requirement of the 802.11. The sensitivity level for the OFDM 

10MHz ranges from -85dBm at 3Mbps to -68dBm at 27Mbps (Kenney, 2011). Thus, the 

communication power derived from equation (5) can be expressed as. 

Ptx =  𝑃𝑃𝑚𝑚  
𝐺𝐺𝑡𝑡𝑡𝑡 𝐺𝐺𝑟𝑟𝑡𝑡  

�4𝜋𝜋𝑑𝑑
⋋
�
2
     (7) 

A remarkable outdoor channel measurement at 5.9GHz between vehicles travelling on the 

motorways was conducted in (Cheng et al., 2007). The empirical data gathered provided a basis 

to identify the appropriate statistical model and the associated parameter setting. Nakagami-m 

model is used for modelling small-scale fading and large-scale fading, as suggested in (Nakagami, 

1960). It is affirmed in (Cheng et al., 2007) that the Nakagami-m model is a suitable channel 

model for modelling vehicular settings. Moreover, using the Nakagami-m model, difference 

propagation settings can be attained by varying the figure of m in the probability density function 

(PDF) of the Nakagami-m distribution. For instance, Rayleigh fading settings (non-line-of-sight) 

is attained by making the value of m = 1. However, if m < 1, the channel conditions are in worst 

case condition, compared to Rayleigh fading. Likewise, using larger values of m is possible when 

an approximation of Racian channel conditions where line-of-sight occurs is required. 

Consequently, the PDF of Nakagami-m distribution is expressed in Equation (8). 

                                𝑓𝑓�𝑘𝑘,𝑚𝑚,𝑃𝑃𝑟𝑟𝑥𝑥 (𝑑𝑑)� =  𝑘𝑘2𝑚𝑚−12𝑚𝑚𝑚𝑚   

𝛤𝛤(𝑚𝑚)�𝑃𝑃𝑟𝑟𝑡𝑡 (𝑑𝑑)�𝑚𝑚
𝑠𝑠𝑥𝑥𝑝𝑝

𝑚𝑚 𝑘𝑘2

𝑃𝑃𝑟𝑟𝑡𝑡 (𝑑𝑑)                       (8) 

Where the fading intensity is represented by 𝑚𝑚, the average received energy at a distance is 

denoted by 𝑑𝑑, and the gamma function is represented by Γ(𝑚𝑚). Moreover, approximated figures 

of m derived from the channel measurements varied with the distance used (Cheng et al., 2007). 
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It is assumed that the average received energy,  𝑃𝑃𝑟𝑟𝑥𝑥 , to adhere to a twofold-slope model, as 

presented in  (Torrent-Moreno et al., 2009), is where twofold-slope γa= 2.1, twofold-slope γb= 

3.8, critical-distance dc = 100m and the considered distance do = 10m. The instantaneous 

received energy is obtained by selecting a value randomly from the distribution in Equation (8) 

and 𝑃𝑃𝑟𝑟𝑥𝑥 (𝑑𝑑) =  10
𝑃𝑃𝑟𝑟𝑡𝑡 (𝑑𝑑)

10   and is then calculated from equation (8).   

𝑃𝑃𝑟𝑟𝑥𝑥 (𝑑𝑑) = �
𝑃𝑃𝑟𝑟𝑥𝑥 (𝑑𝑑𝑜𝑜) − 10𝛾𝛾𝑎𝑎𝑙𝑙𝑙𝑙𝑙𝑙10

𝑑𝑑
𝑑𝑑𝑜𝑜

,     𝑑𝑑𝑜𝑜 ≤ 𝑑𝑑 ≤ 𝑑𝑑𝑐𝑐                    

𝑃𝑃𝑟𝑟𝑥𝑥 (𝑑𝑑𝑐𝑐) − 10𝛾𝛾𝑏𝑏𝑙𝑙𝑙𝑙𝑙𝑙10
𝑑𝑑
𝑑𝑑𝑐𝑐

,    𝑑𝑑𝑐𝑐  < 𝑑𝑑                         
                            (9) 

Consequently, 20dBm is the benchmark output energy, 𝑃𝑃𝑐𝑐𝑥𝑥 for all the cars and the reference 

energy 𝑃𝑃𝑟𝑟𝑥𝑥(𝑑𝑑𝑜𝑜), is computed using a free-space path equation as in (Stallings, 2014b). 

                                   𝑃𝑃𝑟𝑟𝑥𝑥(𝑑𝑑𝑜𝑜) = 𝑃𝑃𝑐𝑐𝑥𝑥 − 10𝑙𝑙𝑙𝑙𝑙𝑙 � 𝑐𝑐
4𝜋𝜋𝑑𝑑𝜋𝜋

�
𝛽𝛽
                             (10) 

Whereas the reference distance is 𝑑𝑑𝑜𝑜= 10m, the carrier frequency 𝑓𝑓 =  5.9𝐺𝐺𝐻𝐻𝐺𝐺 and 𝑐𝑐 represents 

the velocity of light, which is constant. The path loss exponent, 𝛽𝛽  is empirically derived from the 

field measurement and it can take the value 2 for free-space setting, 1.6 to 1.8 for the line-of-

sight setting, as well as 2.7 to 5 for obstructed setting or the shadowed municipal setting (Ma et 

al., 2013). Using -96dBm carrier sense threshold and equation (10), each car carrier sense range 

is estimated to be 500 metres. Therefore, at the receiver, the signal-to- interference and noise 

ratio (SINR) is computed using the expression below. 

                                        𝑆𝑆𝑆𝑆𝑁𝑁𝑆𝑆 =  𝑃𝑃𝑟𝑟𝑥𝑥
�∑ 𝑃𝑃𝐼𝐼,𝑗𝑗𝑗𝑗 �+ 𝑃𝑃𝑁𝑁

                                                 (11) 

Where the energy of the desired signal is represented by 𝑃𝑃𝑟𝑟𝑥𝑥 and the energy of the interfering 

signal is denoted by 𝑃𝑃𝐼𝐼,𝑗𝑗 and noise energy is represented by 𝑃𝑃𝑁𝑁 and is set at -99dBm. 
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5.1.6 Statement of the problem 
 
The scenario considered in this research involves a transmitter with a safety-related message, 

such as a warning alert intended to transmit the message to targeted recipients in order to avert 

potential accidents on the road. The message details, which include the direction of transmission, 

message length, the deadline and the accompanying recompense ℛ(ᶆ) for timely transmission 

of the message, are known to the transmitter. The objective function is to design a mechanism 

for communicating the message to the destination with a view to maximising the projected overall 

gain. Furthermore, let ᶆ denote the set of messages contained in messages 𝑀𝑀, and ℛ represent 

the reward such that for each kind of message ᶆ ∈ 𝑀𝑀, let ℛ(ᶆ) ≥ 0 represent the related 

recompense. 

Moreover, let the message bits transmitted from the transmitter vehicle to the destination vehicles 

be represented by ᶆB; this should include at least one transmission of the information bits and 

related redundancy bits which is feasible within a deadline. However, if more than one 

transmission happens, the number of redundancy bits in each transmission might vary depending 

on the code applied during message encoding. The overall gain can be expressed as below: 

γ = �ℛ(ᶆ) −ᶆB  
− ᶆB              

if the transmitted message arrived the target before  the deadline
if the message does not arrive the target before  the deadline                       (12) 

5.1.7 Solution Strategy 
 
Typically, networks utilise a connection-oriented mechanism to offer the quality of service (QoS) 

guaranteed through which connection is initially created between the transmitter and destination 

before the exchange of messages. The proposed solution dynamically applies Forward Error 

Correction codes adaptively based on the current channel condition. The system is divided into 

link creation stage and the runtime stage.  The initial stage is done at link creation and the other 

stage is used at runtime during message transmission.  
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5.1.8 Link Creation Stage 
 
In the link creation stage, the transmitter calculates an ensemble of codes, also referred to as 

the Code Lookup Ensemble(CLE). Furthermore, the CLE is indexed first, by an approximation of 

the number of transmissions of the message within the assigned deadline; second, the state of 

the wireless link and the nature of the message to be transmitted. The code ensemble is used 

during the runtime stage to select an optimal code for broadcasting. The computation of the 

entries in the code ensemble involved the following steps: 

Step I 
Suppose that there are k-bits of the message of type ᶆ ∈ ᶆ waiting for transmission at the 

transmitter side and that at most, one transmission of the message bits (information bits and 

related redundancy bits) is feasible within the assigned message time constraint. Equally, the 

channel state is X. The projected overall gain for applying code 𝑐𝑐 ∈ 𝐶𝐶 at the transmitter side can 

be expressed as:  

                                             ɼc(1, X,ᶆ) = ℛ(ᶆ)Pa c −  βk(c)Bc                              (13) 

Where Bc denote the cost associated with the transmission of a message bit over the wireless 

channel. 

The rationale of step I include the feasibility of having lone transmission (such that N = 1 

transmission), that successful message delivery is dependent on the transmission which is caused 

by correctable errors. Moreover, when the wireless channel condition is in X, code 𝑐𝑐 will lead to 

the correctable transmission with probability P𝑎𝑎,c. Therefore, the probability of having correctible 

transmission implies that a transmission can leads to getting a recompense ℛ(ᶆ). Since the 

associated cost of implementing code 𝑐𝑐 at the transmitter is βk(c)Bc the projected recompense 

is expressed in Equation (12). Consequently, the likely optimum code to apply for encoding a 

message and the projected overall recompense are correspondingly given below.  

                                  𝑙𝑙𝑝𝑝𝑡𝑡𝐶𝐶𝑙𝑙𝑑𝑑𝑠𝑠(1, X,ᶆ) = 𝑚𝑚𝑎𝑎𝑥𝑥𝑐𝑐∈𝐶𝐶  ɼc(1, X,ᶆ)                                            (14) 
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                        ɼ(1, X,ᶆ) = 𝑚𝑚𝑎𝑎𝑥𝑥𝑐𝑐∈𝐶𝐶  ɼc(1, X,ᶆ)                                                    (15) 

Where N represents the number of message transmission. 

Step II 
 
Let the number of message transmission be greater than one transmission (such that N ≥ 2  

transmissions). This is feasible within the message time constraint, and the wireless channel 

condition is  X. Moreover, if a transmitter uses code 𝑐𝑐 ∈ 𝐶𝐶 the projected overall recompense and 

the optimum code for transmitting a message of type ᶆ ∈ ᶆ  with Kbits size can be expressed 

as below 

ɼc(N, X,ᶆ) = ℛ(ᶆ)Pa c −  βk(c)Bc +  �∑ 𝑡𝑡X,i(N − 1, 𝑏𝑏,ᶆ)X−1
𝑖𝑖=0 �(1 − Pa c)        (16) 

𝑙𝑙𝑝𝑝𝑡𝑡𝐶𝐶𝑙𝑙𝑑𝑑𝑠𝑠(N, X,ᶆ) =  𝑚𝑚𝑎𝑎𝑥𝑥𝑐𝑐∈𝐶𝐶  ɼc(N, X,ᶆ)   (17) 

Accordingly, the optimum projected overall recompense can be attained by solving the following 

equation recursively 

ɼ(N, X,ᶆ) = 𝑚𝑚𝑎𝑎𝑥𝑥𝑐𝑐∈𝐶𝐶{ℛ(ᶆ)Pa c −  βk(c)Bc + �∑ 𝑡𝑡X,i(N − 1, 𝑏𝑏,ᶆ)X−1
𝑖𝑖=0 �(1 − Pa c)      (18) 

N ≥ 2, ɼ(1, X,ᶆ),  ⩝  X and  ᶆ 

5.1.9 Runtime Stage 
 
At this stage, the transmitter intermittently observes and checks the condition of the wireless 

channel, for instance in the case of a message of type ᶆ ∈ ᶆ with a deadline Ƭ, waiting for 

transmission at the time 𝑡𝑡. Thus, in order to transmit the message, the transmitter will perform 

the succeeding steps accordingly: 

 Evaluate the expected achievable highest number of transmissions before the message 

deadline elapses using the following equation: 

𝑚𝑚𝑎𝑎𝑥𝑥𝑇𝑇𝑥𝑥 =  �Ƭ − 𝑡𝑡
RTT� �     (19) 
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Where RTT represents retransmission time (retransmission timeout delay). However, if 

𝑚𝑚𝑎𝑎𝑥𝑥𝑇𝑇𝑥𝑥 ≤ 0, then discard the message.   

 Use the current channel condition, 𝑚𝑚𝑎𝑎𝑥𝑥𝑇𝑇𝑥𝑥 and  message type as an index into CLE, to 

get the optimum code (optCode) for existing transmission. 

 Set the transmission timeout delay RTT, encode the message with the optCode and 

transmit.  

 If the transmission timeout delay elapses before receiving an ACK/NAK, return to step I 

for feasible retransmission of the message. 

5.1.10 Medium Access Control Frame Structures 
 
5.1.11 Proposed Data Frame Structure 
 
In this study, the MAC protocol data unit (MPDU) format used a shortened (n, k) Reed Solomon 

code which is defined in the Galois field GF (256). The size of the warning message (k) in bytes 

for safety applications remains constant, while the code size (n) is subject to the number of 

redundancy bits applied during encoding and are up to a maximum symbol length of 255. 

However, the parameter value of the MAC data service unit (MSDU) in bytes for the non-safety-

related application is variable, and it is subdivided into a number of blocks of 𝑛𝑛 octets, as in (Tsai, 

et al., 2011b) each segment is coded with the RS code distinctly. If the final segment octets are 

not up to the block size, a further shortened RS code is applied. Equally, in non-safety and non-

time critical applications the code size is subject to a maximum symbol length of 255. 

Consequently, the focus of this research is on safety and time critical warning messages to 

minimize the occurrence of accidents on the roads. See Table 5.1 for a description of the proposed 

data frame structure. 
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Table 5.4: Proposed Data Frame Structure 

5.1.12 Proposed MAC Frame Header 
  
Protecting the user data alone could be futile without frame header protection because the 

header will be too vulnerable to errors during transmission and as the header also carries the 

user data. In this study, the frame header is coded with the shortened RS (48, 32) code. RS 

codes are good for correcting bursty errors and hence, their appropriateness in user data.  

5.1.13 Proposed Control Frame Structure 
 
A modified structure of the control frame acknowledgement (ACK) is presented. The new 

structure accommodates additional fields, such as ACK/NAK, to indicate whether the control frame 

is for ACK or NAK.  The code field which presents the code rate used during encoding the received 

data frame and FEC field is meant to hold the details of the forward error correction code 

implemented in the MAC header. However, the FEC implementation in the MAC header is static. 

See Table 5.2 for the description of the proposed control frame structure. 

Table 5.5: Proposed Control Frame Structure  

Control Frame 
Parameter 

Assigned Size 
in byte 

Frame control 2 
Duration ID 2 
Receiver Addr 6 
ACK/NAK 1 
Code rate 1 
FEC 16 

 

The proposed system depends on the channel condition, the transmission probability between 

the state, as well as the probability of correctable transmission of each code in the code ensemble 

for a message of a given length. Intermittently, the BER of the channel is checked, and the 

MAC Header Frame body (MSDU) FCS 

Header  Header 

FEC 

MSDU1 FEC MSDU2 FEC … MSDUN FEC  

4 

32 16 (255,k) (255,k) … (255,k) 
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transmission probability is projected. Concurrently, the roadside units and vehicles frequently 

monitor the channel condition to enable them to make vital decisions, such as the handover. 

Assuming that a state is categorised by a range of the bit error rate, the transmission probabilities 

can be projected through the measurement of the relative frequency changes between the states. 

Experimentally, the probability of correctable transmission of a message with size S encoded with 

a code 𝑐𝑐 ∈  𝐶𝐶 can be projected. At each state of the channel, the transmitter can keep the 

segment of correctable transmission. Analytically, the transmitter also can project the correctable 

transmission probabilities as given below:  

                         pse = 1 − (1 − avgBer)𝑙𝑙     (20) 
 

                                                     Pa c = ∑ �𝑚𝑚𝑙𝑙
𝑖𝑖 �

𝑐𝑐
𝑖𝑖=0 𝑝𝑝𝑠𝑠𝑟𝑟𝑖𝑖 (1 − 𝑝𝑝𝑠𝑠𝑟𝑟)𝑚𝑚𝑙𝑙−𝑖𝑖                          (21) 

 
Let 𝑥𝑥 present the state of the channel, and the average bit error rate in state 𝑥𝑥 be represented 

by avgBer. Let (n, k) be the Reed Solomon code used for coding the message and let 𝑙𝑙 represent 

the symbol length (the number of bits) in each symbol of the Reed Solomon code. Also, let 𝑚𝑚𝑙𝑙 

denote the number of symbols in the warning alert. Therefore, the probability of correctable 

transmission, P𝑎𝑎,c is approximated as in  equation (21) where pse denotes the probability of 

symbol error and Pa c  represents the probability less than 𝑡𝑡 =  (𝑛𝑛 − 𝑘𝑘)
2�  the symbol error in a 

message of 𝑚𝑚𝑙𝑙  symbols. 

5.1.14 Channel Access and Safety Message Priority  
 
 
The MAC layer of the 802.11p incorporates multichannel procedure of the WAVE framework, and 

the enhanced distributed coordination access offered in 802.11e. This system describes four 

separate access categorisation (AC) for every one of the channels (CCH and SCH channels). Each 

of the categories, represented by an access category, AC are assigned distinct queues and a 

number between 0  to 3 (i.e. AC0 to AC3).  The enhanced distributed coordination access offers 

prioritisation through the allocation of separate values to the contention variables of the access 
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categories. The channel access prioritisation ranges from the highest to the lowest, that is from 

AC3 to AC0, represented by j and j = {0,1,2,3}. Each transmission station competes with the 

other stations to access the transmission medium and individually initiate a backoff using its 

access category. Respectively, an access category comprises of a CWmin [j], a CWmax [j], and 

AIFS[j]),  in place of DIFS, as well as the contention minimum and contention maximum of the 

distributed coordination function. Each station intending to transmit a message has to listen to 

the transmission medium until when the medium is detected inactive for a duration of time 

(Arbitration Interframe Space AIFS[j]), thereafter initiate a backoff procedure using the contention 

window, CW[j]. Moreover, if the medium remains inactive, the backoff is decreased at every slot 

duration, and the message transmission is complete the moment the backoff timer reaches zero. 

Arbitration Interframe Space AIFS[ AC] can be expressed in equation (22). 

                       AIFS[j] = SIFS + (AIFSN[j] X Slot Time)    (22) 

Backoff time is given in the equation (23) 

                       BackoffTime = RandomInteger X Slot Time                (23) 

Primarily, the contention window of each access category is the same as the  CwMin[AC].  

Following a collision, the contention range is doubled up to the highest amount of the 

contention window, which can be expressed in the following equation:  

                                  CWMax[j] = 2p X (CWMin[j] + 1) – 1                          (24) 

Where p represents a maximum backoff point. Upon reaching the maximum contention window 

value, which is an integer that concurs with a few time slots, the value will remain static until a 

point when it is reset. However, the prioritisation provided in EDCA is for video, voice and best 

effort transmissions, as such it might not provide the requisite urgency required by the critical 

safety messages, therefore, refinements of the EDCA was proposed in the literature, as such, in 

an addition of the fifth access category into EDCA was suggested to cater for the safety critical 
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messages. Subsequently, in the proposed solution addition of access categorisation is used, and 

it is allocated the highest priority to minimise delay and ensure speedy communication of the 

safety critical messages.  

Moreover, there are two contending mechanisms for accessing the channel before message 

transmission. These mechanisms include an internal contending mechanism and contending 

between the channels for accessing the transmission medium. The internal contention 

mechanism, using separate values for the contention variables (that is, arbitration interframe 

space and the contention window), is used within every one of the channels and among their 

respective access categories. See Figure 5.3 for an illustration of the revised EDCA mechanism 

for channel access and safety message prioritisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Safety Messages Prioritisation 
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Therefore, each message frame is assigned an access class depending on the time sensitivity of 

the message. If a message is selected for transmission, its frames will compete for channel access 

using relevant contending variables. The table below shows values for the contention parameters 

utilised for the CCH to compute the figures for the minimum contention window (Cwmin), as well 

as the maximum contention window (CWmax), while IEEE 802.11p  standard minimum contention 

window (aCWmin) is equal to 15 and IEEE 802.11p standard maximum contention window 

(aCWmax) is equal to 1023. Table 5.3 provides the values of the variables for different access 

category Service. 

Table 5.6: Values of the Variables for different Access Category Service 

 

The contending mechanism used among the channels contends access to the communication 

channel. Figure 5.4 illustrates the revised channel access mechanism consisting of 

acknowledgement (ACK) for the successful transmission of a safety message and negative 

acknowledgement (NAK). 

AC[j] CWmin CWmax AIFSN Channel Access delay in μs 
4 3 7 2 56 
3 3 7 2 56 
2 7 7 3 72 
1 15 15 6 152 
0 15 1023 9 264 
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CSMA/CA

Is the channel idel?

No
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Sensed the channel 
for AIFS

Select a random backoff 
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idel?

Reduce the backoff  timer by 
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 Backoff timer >0?
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Figure 5.4: Revised channel Access Mechanism for Message Broadcast in 802.11p 
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5.1.15 Collision Probability 
 

Let 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙 be the probability that an emergency message transmission results in a collision and the 

successful collision probability, 1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙 . The number of transmissions per message is modelled 

and geometrically distributed with probability 1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙   as the probability of success. The average 

backoff window in a saturated network is derived in as (Sakurai and Vu, 2007).  

 𝜔𝜔𝐵𝐵𝑎𝑎𝑐𝑐𝑘𝑘𝑜𝑜𝜋𝜋𝜋𝜋 = 1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙
𝑊𝑊
2

+  𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙(1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙)
2𝑊𝑊
2

+ ⋯+ 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝜒𝜒(1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙  )
2𝜒𝜒𝑊𝑊
2

+

                                                         𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝜒𝜒+1(1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙  )
2𝜒𝜒𝑊𝑊
2

                                    (25) 

= (1−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙)−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙(2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝜒𝜒)
1−2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙

 𝑊𝑊
2
                               (26) 

Where 𝑤𝑤 represents the initial back off window size and 𝜒𝜒 denotes the number of retransmissions 

attempts before reaching the maximum size of backoff window, then the window size remains 

static until it is reset to 𝑤𝑤 for the subsequent message. 

A possible consideration is that when vehicle 𝑋𝑋 starts transmission, its transmission collides with 

vehicle 𝑌𝑌′𝑠𝑠 transmission. Subsequently, 𝑋𝑋’𝑠𝑠 backoff timer is halted whenever 𝑌𝑌 is transmitting and 

it appears to 𝑋𝑋 that Y’s transmission used only one slot. On the part of 𝑋𝑋,𝑌𝑌 thus appears to be 

idle except for every 𝜔𝜔𝐵𝐵𝑎𝑎𝑐𝑐𝑘𝑘𝑜𝑜𝜋𝜋𝜋𝜋th slot. 

Assuming that there are sufficiently many vehicles travelling on the road, so that vehicle A and 

vehicle 𝑌𝑌’𝑠𝑠 transmissions are not synchronised, then 𝑋𝑋 could start transmission anywhere along 

this timeline, so its probability of colliding with 𝑌𝑌 is 1
𝜔𝜔𝐵𝐵𝑟𝑟𝑐𝑐𝑘𝑘𝑜𝑜𝐵𝐵𝐵𝐵

 minimised.   Therefore, the 

probability that 𝑋𝑋 collides with any of the vehicles on the road can be expressed as 1 −

 �1 − 1
𝜔𝜔𝐵𝐵𝑎𝑎𝑐𝑐𝑘𝑘𝑙𝑙𝑓𝑓𝑓𝑓

  �
𝑁𝑁−1

 , that is:  

𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙 = 1 −  �1 −  1−2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙
1−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙(2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙)𝜒𝜒 

 2
𝑤𝑤
�
𝑁𝑁−1

    (27)
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Usually, a message is stored in the queue on arrival if a vehicle is unoccupied. Therefore, the 

probability that the vehicle is busy or vacant when a message arrives randomly is represented by 

𝑃𝑃𝑎𝑎𝑟𝑟𝑟𝑟,. Thus, for any random message, with probability 1 −  𝑃𝑃𝑎𝑎𝑟𝑟𝑟𝑟, the backoff window is zero with 

probability 𝑃𝑃𝑎𝑎𝑟𝑟𝑟𝑟, it is stored in the queue. Since, the average back-off window size is 𝜔𝜔𝐵𝐵𝑎𝑎𝑐𝑐𝑘𝑘𝑜𝑜𝜋𝜋𝜋𝜋, 

the probability that a vehicle attempts a transmission in a random slot can be expressed 

as 𝑃𝑃𝑎𝑎𝑟𝑟𝑟𝑟
𝜔𝜔𝐵𝐵𝑟𝑟𝑐𝑐𝑘𝑘𝑜𝑜𝐵𝐵𝐵𝐵

. Consequently, message transmissions collision can only occur between 

vehicles that are busy, hence, the conditional collision probability is expressed in (28).  

      𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙 = 1 −  �1 − 𝑃𝑃𝑎𝑎𝑟𝑟𝑟𝑟  1−2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙
1−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙(2𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙)𝜒𝜒 

 2
𝑤𝑤
�
𝑁𝑁−1

   (28) 

 
Therefore, successful message transmission, Τ𝑆𝑆𝑆𝑆𝑐𝑐 can be expressed as follows. 

     Τ𝑆𝑆𝑆𝑆𝑐𝑐 = 𝐴𝐴𝑆𝑆𝐹𝐹𝑆𝑆[𝐴𝐴𝐶𝐶] +𝑀𝑀𝐴𝐴𝐶𝐶ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑟𝑟 +  𝑃𝑃𝐻𝐻𝑌𝑌ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑟𝑟 + Payload + SIFS + ACK + 𝛿𝛿   (29) 

          Τ𝑐𝑐𝑜𝑜𝑙𝑙 =  𝐴𝐴𝑆𝑆𝐹𝐹𝑆𝑆[𝐴𝐴𝐶𝐶] + 𝑀𝑀𝐴𝐴𝐶𝐶ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑟𝑟 + 𝑃𝑃𝐻𝐻𝑌𝑌ℎ𝑟𝑟𝑎𝑎𝑑𝑑𝑟𝑟𝑟𝑟 + 𝛿𝛿  (30) 

 
5.1.16 MAC Access Delay 
 
The average MAC to MAC delay for a successfully transmitted message is referred as the time 

period from when the messages are positioned at the top of medium access control queue, 

waiting to be transmitted, until an ACK for the message is received. However, the messages 

dropped due to the expiration of the retransmission time/limit are not included in the computation 

of the average MAC2MAC delay. The average message MAC2MAC delay as derived in x can be 

expressed as follows: 

𝑀𝑀𝐴𝐴𝐶𝐶2𝑀𝑀𝐴𝐴𝐶𝐶 𝑑𝑑𝑠𝑠𝑙𝑙𝑎𝑎𝑠𝑠 =  Τ𝑆𝑆𝑆𝑆𝑐𝑐 +
∑ �𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑖𝑖− 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑡𝑡+1�𝑡𝑡
𝑖𝑖=0

𝑊𝑊𝑖𝑖
2

1−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑡𝑡+1
    (31) 
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Where Τ𝑆𝑆𝑆𝑆𝑐𝑐 represents successful transmission, 𝛿𝛿 propogation delay, 1 − 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑥𝑥+1 is the 

probability that the message is not discarded and  �𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙
𝑖𝑖− 𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑡𝑡+1�

1−𝑃𝑃𝑐𝑐𝑜𝑜𝑙𝑙𝑡𝑡+1
  is the probability that 

the message is not discarded and has arrived at stage 𝑏𝑏. 

5.1.17 System Evaluation 
 
A saturated vehicular network is assumed (saturated network refers to a standard in network 

performance analysis and evaluation that can offer a realistic assessment of the optimum 

attainable performance) (Eze et al., 2016a; Ye et al., 2011). The data packet contains a safety 

critical warning message with a constrained deadline. When a destination received a message, it 

must verify whether the errors in the message are correctable. During simulation and using the 

BER function, at the initial stage, the probability of a correctable (𝑃𝑃𝑎𝑎,c) transmission is calculated 

using Equation (4) above, then the message is declared correctable with the probability P𝑎𝑎,c. 

 
Assuming that the  𝑏𝑏𝑐𝑐ℎ information packet is considered during simulation, let ᶆB(𝑏𝑏) represent the 

total number of message bits communicated from the transmitter to the destination; this is 

inclusive of one or more transmissions of data, the accompanying redundancy bits and packet 

headers. Furthermore, the  number of redundancy bits in each transmission might be different in 

adaptive FEC, if more than one transmission occurred subject to the error correcting code 

implemented during message encoding. Let BitsC1(𝑏𝑏) be the coded message when the  𝑏𝑏𝑐𝑐ℎ 

information is encoded with code C1, where BitsC1(𝑏𝑏) is the least amount of bits that need to be 

communicated by the transmitter to convey the message to the destination. The bandwidth 

overhead for conveying   𝑏𝑏𝑐𝑐ℎ message can the be expressed as: 

 𝜂𝜂 = (ᶆB(𝑏𝑏) − BitsC1(𝑏𝑏)) BitsC1(𝑏𝑏)⁄     (32) 
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5.1.18 Bandwidth Overhead 
 
Throughput is referred to as the amount of message that has been successfully transmitted 

within a period from a source vehicle to an endangered vehicle. Therefore, the percentage of 

bandwidth overhead can be express as follows: 

 

   B = ∑ (η N⁄ )N
i=1 (100)     (33) 

The figure of 𝐵𝐵 indicates that extra bandwidth was used to transmit the same amount of message. 

Moreover, N denote the number of transmissions. It further implies that additional power is 

expended during communication of bits, respectively. Thus, the system with a lesser value of 𝐵𝐵 

performed better as regards to this metric.  

Consequently, the miss rate represented by 𝑀𝑀 can be defined as the proportion of packets that 

miss their corresponding deadlines. A system that has a lesser value of 𝑀𝑀 performed better with 

reference to this metric. Furthermore, therefore, the normalised net reconpense can be defined 

as follows. Assume relay of the ith packet by the transmitter during the simulation. Let the reward 

related to a packet be represented by 𝑆𝑆𝑖𝑖. The overall profit (P) to the transmitter due to 

transmitting the ith packet can be expressed as  

𝛾𝛾𝑖𝑖 = � ℛ𝑖𝑖 − ᶆB(i)  
− ᶆB(i)              

if the transmitted message arrived the target before  the deadline
if the message does not arrive the target before  the deadline     (34) 

Then the maximum overall profit the transmitter can obtain because of transmitting the ith 

message is given as 𝛾𝛾𝑖𝑖∗ = ℛ𝑖𝑖 − BitsC1(𝑏𝑏). Therefore, the normalised overall reward can 

be defined as      𝑆𝑆 ≝ ∑ 𝛾𝛾𝑖𝑖𝑁𝑁
𝑖𝑖=1

∑ 𝛾𝛾𝑖𝑖
∗𝑁𝑁

𝑖𝑖=1
           (35) 

Where P for a given forward error correction (FEC) scheme, is the percentage of the maximum 

overall reward gained due to using that system. Therefore, the higher values of R, the better the 

scheme.  
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5.1.19 Results and Discussion 
 
Comparison of Adaptive FEC scheme and Adaptive S-FEC scheme is conducted to investigate the 

efficacy of the proposed solutions.  

 

 

Figure 5.5: Bandwidth overhead and BER 

 

Firstly, Figure 5.5 shows the bit error rate (BER) and the corresponding bandwidth overhead for 

both Adaptive S-FEC and Adaptive FECs. Fifty vehicles are used for the simulation. Consequently, 

it can be seen that at the initial stage of transmissions (Adaptive S-FEC and Adaptive FEC 

transmissions) of the safety critical and deadline constrained message, the two coded 

transmissions’ performances are almost the same. This is because there is no previous channel 

condition data from which evaluation of an appropriate code will be selected. However, when the 

channel condition began to deteriorate, the situation led to multiple numbers of retransmissions 

request. Accordingly, the performance of the Adaptive FEC indicated a better result since 

subsequent retransmissions are handled based on the evaluation of the channel condition and 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40

BER

B
an

dw
id

th
 O

ve
rh

ea
d 

(%
)

 

 

Adaptive FEC
Adaptive S-FEC

Node density: 50 Vehicles



 

128 
 

appropriate codes usage for transmissionsn without delay as a result of waiting for subsequent 

packet to arrive, whereas the opposite is the case in Adaptive S-FEC scheme. The maximum 

bandwidth overhead percentage of the Adaptive FEC transmission stood at a bit less than 9%, 

contrary to expectations or assumptions. The Adaptive S-FEC transmission has a maximum of 

29% which further demonstrated that as the channel condition deteriorates the Adaptive S-FEC 

transmission performance with 38% overhead is worse than the Adaptive FEC transmission with 

29%. 

 

Figure 5.6: Bandwidth overhead and BER 

 

In Figure 5.6 above, the number of vehicles has been increased to 200 using the same 

performance metrics for Adaptive S-FEC and Adaptive FEC. Furthermore, bandwidth overhead as 

a function of BER is used in the investigation. Moreover, the performance of both schemes at the 

beginning of the transmissions is nearly the same but with minor or neglible variation, that is, 

0% overhead for our proposed Adaptive FEC and 0.05% for Adaptive S-FEC. This variation is due 
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to the lack of previous channel condition information that the adaptive mechanism will use to 

determine an appropriate code to apply or variation in the code selection of each scheme. 

However, as the channel condition information becomes available to the transmitter, selection of 

suitable code to apply in every transmission instance is feasible. Despite the rise in the number 

of vehicles from 50 to 200, the Adaptive FEC improved as a result of the application of suitable 

codes for transmissions and lack of delay resulting from packets buffering applied in Adaptive S-

FEC scheme. Consequently, our proposed Adaptive FEC performed better with minimal increase 

in the bandwidth overhead to a maximum of 28%, compared to the Adaptive S-FEC transmission 

that has further increase in bandwidth overhead to the maximum of 38%. This performance 

shows that our scheme has a lesser number of uncorrectable transmissions, as opposed to the 

Adaptive S-FEC that has more uncorrectable transmissions which increased the number of 

retransmission requests.  

 

Figure 5.7: Bandwidth overhead and BER 
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In Figure 5.7,  above, the number of vehicles has been increased to 500 using the same metrics 

as in Figure 5.5 and Figure 5.6  above. Equally, at the initial stage of transmissions, the 

performance gap is considerably close. However, as the channel becomes saturated, the channel 

condition further deteriorated, and the performance difference between the transmissions 

become obvious, showing that Adaptive FEC scheme outperformed the Adaptive S-FEC protocol.  

 

 

Figure 5.8: Normalised Net Reward and Miss Rate 
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Figure 5.9: Normalised Net Reward and Miss Rate 

 

 

Figure 5.10: Normalised Net Reward and Miss Rate 
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Reliability performance evaluation of the proposed systems (Adaptive FEC and Adaptive S-FEC) 

is presented in Figure 5.8  to Figure 5.10  above, using Normalised Net Reward metric as a 

function of miss rate metric. The performance of the two schemes indicates that at the low traffic 

density (that is when the number of vehicles is 50) the number of messages that miss their 

deadline is considerably low in both cases. However, the proposed Adaptive FEC demonstrated 

better performance compared to the Adaptive S-FEC, which means must of the safety messages 

transmitted using Adaptive FEC scheme are corrected within the allowed time frame. 

Furthermore, as the traffic density increases from 50 vehicles to 200 vehicles, the performance 

of both schemes is negatively affected, but the Adaptive S-FEC system performance declined 

drastically, whereas the effect of the traffic volume is minimal on the side of the Adaptive FEC 

scheme because although both of the schemes’ transmissions are adaptive to the varying channel 

conditions, our proposed does not incur additional delay due the application of packets buffering 

technique, which is the case in Adaptive S-FEC scheme. Consequently, when the traffic volume 

is further increased from 200 vehicles to 500 vehicles, the performance of the Adaptive FEC 

considerably improved against the worsening situation of the  Adaptive S-FEC system. This 

suggests that incurring unnecessary delay due to usage of beffering mechanism can have a 

negative consequence when using FEC coding system, more especially in settings such as 

vehicular communication that require real-time transmissions of the safety-critical message. 
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Figure 5.31:  Probability of Message Reception Ratio and SNR 

 

 

Figure 5.12: Probability of Message reception Ratio and SNR 
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Figure 5.43: Probability of Message reception Ratio and SNR 

 
Figure 5.11 to Figure 5.13 above present the performance comparison between the proposed 

Adaptive FEC and the Adaptive S-FEC schemes using Message Reception Ratio (MRR) as a 

function of the SNR increase or decrease in decibel (dB) and vehicular network density of 50, 200 

and 500 vehicles, respectively. As the channel quality improves, that is, as the SNR increases 

from 0 towards 7, the rate of successfully delivered messages increases for both schemes with 

the Adaptive FEC having better performance compared to the Adaptive S-FEC due to the excessive 

delay associated with retransmissions combining that is incurred by the Adaptive S-FEC scheme. 

However, as the number of vehicles increases, the rate of message delivery is negatively affected, 

because of the increase in the rate of collision between contending vehicles. This situation also 

indicates that when the BER increases as a result of the adverse channel conditions still, Adaptive 

FEC demonstrated superior performances compared to the that of Adaptive S-FEC scheme 

because Adaptive FEC transmissions are self-decodable, which minimised the number of 

retransmissions requests due to multiple unsuccessful transmission. 
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5.1.20 Summary 
 
An adaptive application of FEC for efficient message transmission in VANETs is proposed. The 

solution combined ARQ with FEC at the MAC layer. The system evaluates the expected achievable 

highest number of transmission before the message deadline elapses. The Adaptive FEC scheme 

used the existing channel condition, an estimate of the maximum number of transmissions and 

message type as an index into the CLE to get the optCode for current transmission. Furthermore, 

the system also set the transmission timeout delay RTT, encode the message with the optCode 

and transmit. However, if the transmission timeout delay elapses before receiving an ACK/NAK, 

the scheme will go back to the initial stage for feasible retransmission of the message. Hence, in 

this solution each transmission is self-decodable. Modification on the MAC layer and feedback 

frames, as well as error control model, are presented. The proposed protocol was evaluated and 

compared it with the Adaptive S-FEC scheme for reliable and timely safety message transmission; 

the system shows remarkable performance compared to the Adaptive S-FEC scheme. 
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5.2 Reliable Multihop Broadcast in VANETs  

5.1.21 Introduction 
 
There are further challenges in ensuring reliability in broadcasts communication in wireless 

networks. In VANETs most of the communicated messages are periodically transmitted, in which 

vehicles broadcast their status information to the neighbours. Potentially, there could be more 

broadcast transmissions of messages than unicast transmissions in VANETs. The exchange of 

RTS and CTS are not available in broadcast transmissions, the reason being the fear of the control 

frames exchanges could overflow the networks. However, the consequence of not using the 

control frames, resulting in an exhibition of hidden node difficulty. It is not feasible to receive 

ACKs from all the communication entities that receive a broadcasted packet. Without an ACK the 

transmitter of a message has no means of ascertaining whether the endangered recipients 

successfully received the transmission (Balon, 2006; Wisitpongphan et al., 2007). In ad hoc 

communications, broadcasting can be accomplished by means of flooding (Renault and Selma 

Boumerdassi, 2016; Mohd, Khan and Mohammed, 2016), a probabilistic approach (Wisitpongphan 

et al., 2007; Naja, Boulmalf and Essaaidi, 2017), counter-based technique (Eze et al., 2016b; 
Naja, Boulmalf and Essaaidi, 2017), position-based technique or a cluster-based technique 

(Syfullah, Lim and Siaw, 2019). Flooding is a straightforward broadcasting method, but it has 

some drawbacks. The flooding scheme is implemented in each node in a network, and whenever 

a transmission is received for the initial time, the flooding algorithm rebroadcasts the packet. 

Therefore, a packet that is transmitted to 𝑥𝑥 nodes will lead to the packet being rebroadcast 𝑥𝑥 

times (Balon, 2006; Wisitpongphan et al., 2007).  
Furthermore, the flooding broadcast approach leads to broadcast storm difficulty. A broadcast 

storm problem is characterised by redundant retransmissions, unbounded channel access delay 

(excessive contention delay) and collision.  In a situation where each vehicle retransmits a packet, 

it is highly possible that adjacent vehicles have previously received the transmission, which causes 

flooding mechanism, generating a substantial number of redundant packets. Therefore, since all 
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the vehicles within a region of the road are attempting to retransmit the packet almost 

concurrently, there could be a considerable number of vehicles competing for accessing the 

wireless channel. Accordingly, a lack of RTS and CTS exchange before the message broadcast 

will result in an occurrence of an excessive collision, consequent to the existence of a hidden 

node problem. Bandwidth in wireless communication is a limited resource. Therefore, effective 

utilisation of it must be taken into consideration during medium access control design. Further 

MAC schemes could be categorised as contention free and contention based. In contention based 

MAC system (Li et al., 2009), RTS and CTS are implemented to eradicate the hidden node 

problem, which allows improved utilisation of the available bandwidth. Whereas the use of RTS 

and CTS solves the hidden nodes problem for unicast message transmissions, the difficulty 

persists for broadcast message transmissions. Therefore, a more effective broadcast transmission 

mechanism is required.  
Consequently, in developing broad-scale vehicular networks modifications at the MAC layer have 

to be done. The goal of the MAC layer is the management of access to the shared wireless 

channel. Assuming a scenario where no technique is applied to manage packets transmission in 

a network, then a high traffic collision will happen and the packet transmitted will be lost.  The 

ideal settings are where a MAC inhibits communication entities within a communication range of 

each other from broadcasting messages at the same time. 

In IEEE802.11 standard two MAC schemes are defined, distributed coordination function (DCF) 

and point coordination function (PCF).  The DCF is a contention-based channel access system. 

The PCF is a contention free scheme, however, it is not suitable for ad hoc networks due to its 

dependence on a central communication entity to offer support to the real-time message 

transmissions. In contention-based systems, all stations that have packets to transmit compete 

for the medium access. Contention-based schemes are most straightforward to use, but they 

provide no quality of service (QoS) guarantee. Contention free schemes channel access is 

accomplished using scheduling; the time, a node, is allowed to transmit and provide real-time 
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services during message transmission (Ahizoune, Hafid and Ali, 2010; Kim, Lee and Lee, 2016; 

David, Ndih and Cherkaoui, 2017). Figure 5.14 illustrates the hidden node setting 

Vehicle 1
Vehicle 2

Vehicle3

 

Figure 5.14: Hidden nodes problem 

In Figure 5.14 vehicle 1 is out of communication range of vehicle 3 and vehicle 3 also is out of 

communication range of vehicle 1. It implies that they are hidden to each other. Therefore, if 

they access commmunication channel concurrently intending to communicate with vehicle 2, 

which is in the communication range of both vehicle 1 and vehicle 3. Vehicle 1 and vehicle 2  will 

experience message transmission collision leading to undecodable received message. This 

situation is called node problem. 

Furthermore, in schemes that implement DCF in addition to the other factors, which affect the 

hidden node problem negatively influences the reliability of message transmission. The hidden 

node issue is one of the main sources of the collision in wireless networks. The problem occurs 

when two communication entities that are out of the communication range of each other, transmit 

a packet to a station that is shared among them. Figure 5.15 illustrates the exposed node setting. 
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Vehicle 1

Vehicle 2

Vehicle3

vehicle5

vehicle4

 

Figure 5.15: Exposed node problem 

 
Figure 5.15 demostrate how exposed node problem can occur on a road. Vehicle 1 and vehicle 2 

are out of communication range of vehicle 4 and vehicle 5. But vehicle 3 is in the communication 

range of all the 4 vehicles (vehicle1, vehicle 2, vehicle 4 and vehicle 5). If vehicle 2 is transmitting 

a message to vehicle 1  vehicle 3 can not be able communicate with vehicle 4 and vehicle 5 

because it is over-hearing the transmission between vehicle 1 and vehicle 2. Llikewise, if vehicle 

3 is transmissing data to either vehicle 4 or vehicle 5, vehicle 2  and vehicle 1 will not be able to 

communicate. This situation is called exposed node (terminal) problem. 

Advances in wireless communication and sensing technologies and integration into vehicles are 

gradually transforming vehicles from means of transportation into computing (Ali and Dyo, 2017) 

and sensing platforms (Massaro et al., 2017), which can increase transportation safety through 

the avoidance of accidents, thus reducing the number of injuries, fatalities and economic losses. 

In view of this, a significant amount of research efforts in academia and the automotive industry 

have been dedicated to exploring solutions for the fast and timely transmission of information 

across a vehicular platoon moving on the roads (Zeadally et al., 2010; Cavalcanti et al., 2018). 

Majority of safety message communications systems, like, collision avoidance or hazard warning 

messages require limited time delay for information to be communicated from the source vehicle 

to targeted vehicles to avert an accident.   
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While transportation networks can span vast geographical areas, safety systems cannot always 

rely on communication infrastructures, such as roadside units (RSUs) (Velisavljevic et al., 2016) 

along all the roads to provide the needed connectivity among vehicles, and between vehicles and 

RSUs. Consequently, a number of efforts have been dedicated to minimising the latency of 

multihop broadcast mechanism schemes. Most proposed solutions assumed that the 

communication range is constant in all settings (Palazzi et al., 2007) which is unrealistic as the 

communication range varies due to many factors obtainable on the roads, such as physical 

objects, vehicle speed and the amount of vehicles on the road, to mention but a few. It should 

be noted that such solutions can be beneficial to non-safety related messages (such as online 

gaming and digital billboards) and also benefit from the fast and efficient mechanism for 

information transmission among vehicles (Palazzi et al., 2006).  

Palazzi et al. (2007) and (Palazzi, Roccetti and Ferretti, 2010) dynamically estimated the distance 

to nearby vehicles and reduced the multi-hop latency by forwarding the message to the farthest 

vehicle.  The approximated transmission ranges were found through communicating an O(1) 

amount of packets amongst 𝑥𝑥 vehicles within the targeted region and then used the information 

to decrease the amount of hops necessary to convey a packet.  However, forwarding of the 

message to the farthest vehicle may reduce transmission reliability due to obstacles and adverse 

channel conditions and require retransmission, which may prevent the message from being 

delivered on time. A mechanism based on a hybrid ARQ approach to ensure a timely and robust 

message broadcast to a platoon of vehicles is proposed. The approach dynamically evaluates the 

channel conditions between the vehicles and encodes the messages with an optimal Forward 

Error Correction code to decrease the amount of retransmissions.   

5.1.22 System Model  
 
The proposed solution in this segment involves a broadcasting system that could propagate 

safety-related messages triggered by an event from a source vehicle along with a linear ensemble 

of vehicles travelling on a highway, to the furthermost vehicle within a specified section of the 
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road with minimum delay. This is achieved by using a multihop approach and the vehicles internal 

mobility with respect to each other in the network. Furthermore, as in (Palazzi et al., 2007) a 

distributed technique that estimates the communication range of the moving vehicles is used. 

The approximated communication ranges are found through the transmission of an O(1) amount 

of packets amongst the 𝑥𝑥 vehicles within a targeted section of the road and are used to decrease 

the amount of hops required to convey a packet. The research contribution in segment is an 

extension of the Adaptive FEC scheme proposed above. The revised proposed data frame 

structure is illustrated in Table 5.4 below. 

Table 5.4: Revised Proposed Data Frame Structure 

 

 

 

 

 

 

Furthermore, Table 5.4 is an extension of the proposed data frame structure introduced in Table 

5.1 above. 

Consequently, the proposed approach combines automatic retransmission request and an 

adaptive application of forward error correction codes to ensure reliable message transmission 

among vehicles. Reed Solomon codes (RS) is applied as the FEC. The proposed solution 

dynamically adapts to the varying channel condition, uses transmission probability between the 

states, as well as the probability of correctable transmission of each code in the code ensemble 

for a message of a given length. Sporadically, the BER of the channel is examined, and the 

transmission probability is estimated.  

Parameter name Description Parameter Value in 
Byte 

MAC Header Header 32 
Header FEC 16 

Frame body (MSDU) MDSU1 (𝟐𝟐𝟐𝟐𝟐𝟐, k) 
FEC 
MDSU2 (𝟐𝟐𝟐𝟐𝟐𝟐, k) 
FEC 
MDSUN (𝟐𝟐𝟐𝟐𝟐𝟐,𝐤𝐤) 
FEC 
… … 

FCS 4 4 
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5.1.23 Hybrid error control 
 
 
Let  C = {c1,c2,…,cX } be a set of codes, such that the code rate of the code 𝑐𝑐𝑖𝑖 > ci−1 ⩝  i ∈

{2,3, … , X}, and X denotes the size of 𝐶𝐶. A sender vehicle can apply any code in the code ensemble 

in any given transmission. 

In the proposed system, Negative Acknowledgment (NAK) is transmitted back to the sender for 

each packet that could not be decoded by the receiver. The feedback packet provides information 

of the code applied to the data packet. Furthermore, the sender vehicle calculates the packet error 

rate (PER) regarding the NAKs received from the receiver nodes. The PER is recalculated 

periodically and when a predefined quantity 𝑇𝑇𝑚𝑚 have elapsed.  Let denote probability of correctible  

transmission as 𝑃𝑃𝑐𝑐𝑐𝑐𝑥𝑥 and probability of uncorrectable transmission 𝑃𝑃𝜋𝜋𝑐𝑐𝑥𝑥 , therefore the total 

probability can be expressed as  

𝑃𝑃𝑐𝑐𝑐𝑐𝑥𝑥 + 𝑃𝑃𝜋𝜋𝑐𝑐𝑥𝑥 = 1     (36) 

   

Therefore, the probability of uncorrectable transmission can be expressed as 

     𝑃𝑃𝜋𝜋𝑐𝑐𝑥𝑥 = 1 −  𝑃𝑃𝑐𝑐𝑐𝑐𝑥𝑥     (37) 

Probability of packet error rate can be expressed as  

     𝑃𝑃𝐸𝐸𝑆𝑆 = �1 − (1 − 𝐵𝐵𝐸𝐸𝑆𝑆)�   (37) 

where BER denote bit error rate. Therefore, periodic calculation of PER with a time 𝑇𝑇𝑚𝑚 can be 

expressed as  

∑ 𝑃𝑃𝐸𝐸𝑆𝑆 ≤  𝑇𝑇𝑚𝑚 𝑟𝑟
𝑖𝑖=1         (38) 

The efficiency of the code 𝑐𝑐𝑖𝑖 can be expressed as follows: 

                        𝜂𝜂𝑖𝑖 = (1 −  𝑃𝑃𝐸𝐸𝑆𝑆 ) 𝑘𝑘 𝑛𝑛𝑖𝑖⁄ , for all  𝑏𝑏 ∈ 𝐶𝐶              (39) 

 

Where 𝑃𝑃𝐸𝐸𝑆𝑆 represents the packet error rate, k denote original message, n represent a codeword 

and 𝑘𝑘 𝑛𝑛⁄  denote the code rate for code 𝑐𝑐𝑖𝑖 Equation (37) is used for the computation of the efficiency 

for each code to obtain a code 𝑐𝑐 with maximum efficiency, 𝜂𝜂𝑚𝑚 expressed by: 
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   𝜂𝜂𝑚𝑚 = 𝑚𝑚𝑎𝑎𝑥𝑥𝑖𝑖 ∈𝐶𝐶 {(1 −  𝑃𝑃𝐸𝐸𝑆𝑆 )𝑘𝑘 𝑛𝑛𝑖𝑖⁄ }                                   (40) 

 

5.1.24 Adaptive Application of Forward Error Correction 
 
The majority of error control systems are designed with invariable parameters, such as the code 

rate and error correcting capability, and they are usually designed based on the worst-case channel 

condition. These schemes might not conform to dynamically changing channel conditions. 

 
Typically, in real-time communication applications with deadline constraints retransmission of a 

packet is allowed, if the time limit has not expired, otherwise the packet is dropped because its 

retransmission is pointless. However, excessive packets dropping could lead to the weakening of 

the required QoS of a given application. Therefore, in the proposed scheme a sender node decides 

to retransmit or not to retransmit a packet using its deadline. 

Furthermore, a sender chooses a code with maximum efficiency computed, based on the channel 

condition as provided in Figure 5.18. Also, A sender vehicle can retransmit a message when the 

probability that it could be correctly transmitted (𝑃𝑃𝑐𝑐𝑐𝑐𝑥𝑥  ) within the transmission deadline 𝑇𝑇, is 

greater than the probability of failure in transmission 𝑃𝑃𝑐𝑐𝑐𝑐𝑥𝑥  >  𝑃𝑃𝜋𝜋𝑐𝑐𝑥𝑥. The probability of successful 

transmission can be expressed as follows: 

   𝑃𝑃ctx  =  𝑃𝑃(𝑇𝑇𝑟𝑟𝑐𝑐𝑥𝑥 <   Ƭ)                 (41) 
Where 𝑇𝑇𝑟𝑟𝑐𝑐𝑥𝑥 represents the retransmission time, 𝑡𝑡 represents the time at a given retransmission 

and the average round-trip delay is represented by RTT. Moreover, a receiver node can decide 

to either ask for retransmission of a packet or not, depending on the packet’s deadline; that is if   

⌊𝑇𝑇−𝑐𝑐 
𝑅𝑅𝑇𝑇𝑇𝑇 

⌋  ≥ 1. 
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Figure 5.16 Illustrates how the proposed adaptive error control is implemented at the receiver 

side depending on the kind of message (safety or nonsafety message) intended to be 

communicated. 
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Figure 5.16: Adaptive Error Controls Algorithm at a Sender Vehicle 
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5.1.25 Channel Estimation Stage 
 
At the estimation stage, each vehicle tries to approximate its backward and forward transmission 

range with the aid of hello messages which inform vehicles of the respective communication range, 

as well as utilise it at the broadcast stage. 

 Moreover, achieving a constant update of the approximation of the vehicle's communication 

ranges time is split into rotations (rotation here means a duration of time within which a hello 

message is useful) and the data gathered in each rotation is stored for the entire period of the 

succeeding rotation and then dropped. The values of the current rotation are kept in either the 

current-rotation highest forward range (CHFR) or the current-rotation highest backward range 

(CHBR) (Palazzi, Ferretti and Roccetti, 2009). The CHFR denotes the approximation of the highest 

forward distance from which a further car, over a selected region of the road, could be overheard 

by the vehicle under consideration. The CHBR represents the approximation of the highest 

backward distance from where the vehicle under consideration could be overheard. The quantities 

are always refreshed using the details in hello messages pending when the present rotation 

expires, and succeeding rotation, values are retained in the Previous-rotation Highest Forward 

Range (PHFR) and the Previous-rotation Highest Backward Range (PHBR), correspondingly. PHFR 

value guarantees to produce a value calculated using a sufficiently high amount of hello 

messages. On the other hand, PHBR reflects newer information. The message sending procedure 

is expressed in Figure 5.17. 
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Figure 5.17: Hello message sending mechanism 
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Upon receiving hello message (hello message contain, the direction of travelling, speed and 

location of the vehicles), the receiver vehicle declares its position, extracts the sender's position, 

estimates the highest transmission range and computes the interval between its position and the 

sender vehicle. The direction of the message propagation is also verified, if the message is arriving 

from the front of the receiver vehicle, the vehicle will compute the highest value of CHFR, the 

distance between the vehicle and the declared communication range. The values of the 

corresponding parameters are updated, respectively. However, if the message is coming from 

the back of the receiver vehicle, the vehicle will compute the CHBR highest value of the CHBR, 

the distance between the vehicles and the declared highest communication range. The values for 

the corresponding parameters are updated, respectively. 

5.1.26 Broadcasting Stage 
 
 
The estimation stage was mainly to let vehicles know their respective communication ranges using 

hello messages. Further, estimated transmission ranges are utilised to minimise redundant 

broadcasts and attain a speedy conveyance of the message. Individually, cars exploit their 

communication range data to allocate themselves a priority in sending forward the message 

transmitted, relative to their distance from the transmitter of the information; the further the 

distance, the greater the urgency. 

A transmission is started via an application under execution that produces a message that is 

broadcasted over a network to the intended destination of the sender. The message generated 

consists of the following senders’ position, the highest range, the direction of the transmitter, as 

well as information about the code used in coding the message. Furthermore, the highest range 

parameter represents the distance transmission can likely reach backwards before the signal 

begins deteriorating and become less graspable. It is used by vehicles following a given vehicle 

to determine which of the vehicles qualify to forward a packet to the subsequent hop. The farthest 

vehicle from the sender vehicle is selected for the forwarding task. Hence, the amount of hops 
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and the corresponding propagation delay could potentially be reduced. Thus, the more the 

comparative distance of a given vehicle from the transmitter, as regards to approximated 

communication range, the higher the preference of a given vehicle in relaying the packet. The 

relay car calculates the highest transmission range value in the message broadcasted as Highest 

(LHBR, CHBR).  

Accordingly, vehicles’ preferences to relay the message are found through the allocation of 

distinct delay periods from the receipt of the packet and the corresponding time it is relayed. The 

waiting interval is randomly calculated using a contention window mechanism, as motivated by 

the standard IEEE802.11 MAC protocol backoff system (Palazzi, Ferretti and Roccetti, 2009). If a 

vehicle is waiting for an opportunity to transmit a message and it overhears a portion of the 

vehicles has broadcasted the packet, the previous vehicles halt their countdown because the 

packet has been hitherto transmitted. Conversely, the bigger the contention window value, the 

most probable a vehicle with a smaller value of the contention window will be faster in forwarding 

the message. 

Moreover, each car has a distinct contention window value ranging from a minimum contention 

window (CWMin) to a maximum contention (CWMax), depending on the relative distance between 

a vehicle from a sender/relay node vehicle and the projected communication range (highest range) 

obtained from the disseminated packet.  

5.1.27 Support for IEEE 802.11p Broadcast Technique 
 

IEEE 802.11 support broadcast and unicast communication differently. Unicast communication 

using random access ad-hoc medium access control scheme uses control frames that include RT, 

CTS and ACK at the MAC layer, which are sent before the real data broadcast to ensure that the 

projected recipient reliably receives the transmitted message. The use of RTS, CTS and ACK are 

to help avoid hidden and exposed nodes, difficulties and excessive bit error rate.  However, in 

the broadcast mechanism of the IEEE 802.11 packets are transmitted blindly, lacking any 
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introduction of control frames to guarantee the availability of the intended recipients of the 

transmitted packets. This could result in an increase in contention among communicating nodes 

as the network performance deteriorates. This implies that there is not an iota of thought of 

transmission channel noise or hidden and exposed terminals’ difficulties. Furthermore, all the 

nodes adjacent to a sender node are projected to receive the transmitted messages from the 

sender node. 

An extension to the IEEE 8011p’s scheme is required to provide broadcast in a spontaneous (ad-

hoc) type of network that could solve the exposed and hidden nodes’ difficulties, as well as to 

alleviate the influence of channel noise and minimise the potential increase in the contention time 

due to network performance deterioration. The proposed solution has incorporated control 

frames, such as Request-To-Transmit (RTT), Clear-To-Transmit (CTT) and Feedback, FDB (i.e. 

an ACK or a NAK). The RTT is a small frame comparable to the IEEE 802.11p RTS frame. However, 

more fields are introduced, such as the encoded message_info, which consists of the position 

coordinates of the source car (i.e. the actual car that first transmitted a message) denoted by pS 

and qS. Also, added in the revised frame includes, a source address and message_seq, p and q 

coordinates of the transmitter car (i.e. the car that transmitted information in transit. 

Alternatively, it can be called a relay node) represented as pT and qT, as well as message 

prop_direction. Other fields include velocity and frame check_seq. 

Furthermore, a source node intending to broadcast a message will firstly undergo a collision 

avoidance procedure of the IEEE 802.11p (i.e. CSMA/CA) prior to broadcasting an RTT to all of 

its neighbouring nodes within one hop and set a timer to wait for CTT. The timer is given as 

Twait_for_CTT = TDIFS + TRTT + TSIFS TCTT. Furthermore,  TDIFS represents the DCF interframe space-

time,  TRTT represents the time taken to transmit an RTT, while TCTT, represents the time taken 

to transmit a CTT. However, not all the neighbour nodes will respond with CTT, as that could 

lead to collisions and deterioration of the network performance and increase in contention time. 

Therefore, the neighboring nodes, upon receiving an RTT (i.e. the vehicles following a source 
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node or a transmitter node within one hop that are not in yielding state because of receiving 

remote transmissions) will contest their eligibility to become a relay node and the node that will 

respond to RTT with a CTT by comparing their values obtained using Equation (42). The vehicle 

with the highest value is selected to respond with CTT and set wait for data timer Twait_for_data = 

TSIFS + TData. A relay car is selected depending on the details included in the RTT and the following 

equation: 

��HighestRange−Distance
highest range

 x (𝐶𝐶𝑊𝑊𝑀𝑀𝑎𝑎𝑥𝑥 − 𝐶𝐶𝑊𝑊𝑀𝑀𝑏𝑏𝑛𝑛)� + CW𝑀𝑀in�                  (42) 

Where HighestRange denotes an estimation of the distance a transmission is expected to reach 

in the opposite direction of the vehicles, the movement prior to deterioration of the signal and 

the changing to ineligible. Distance represents the relative distance between a source node 

coordinates, say p1 and p2 and a transmitter coordinates, say q1 and q2 could be analytically 

derived. Let a source node be represented by S and transmitter node be represented by T. 

Therefore, the distance between the two vectors 𝑑𝑑 as expressed in Equation (4) above. Where 

(𝑝𝑝2 − 𝑝𝑝1)2 and (𝑞𝑞2 − 𝑞𝑞1)2 denotes the source node coordinates and the sender coordinates, 

accordingly. Therefore, using the coordinates in Equation (43) the direction of message 

propagation can be expressed as:  

         Theta = tan−1 �(𝑞𝑞2−𝑞𝑞1)
(𝑝𝑝2−𝑝𝑝1)

�      (43) 

On the occasion that the source car receives CTT afore the expiration of the wait for data timeout, 

it will broadcast the data. Furthermore, the nodes overhearing the CTT that are not adjacent to 

the source node or they have a different propagation direction, set their status to yielding and 

remain in that state until it is adequately clear that the data has been transmitted. On the other 

hand,  if a collision occurs, the source node backoff and instantly contends for retransmission of 

the RTT until  CTT is successfully received. 
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The justification for a source node broadcasting RTT to all the adjacent nodes in its vicinity and 

expecting to receive a CTT from the farthest node is because, in the classical CSMA/CA broadcast, 

a source node blindly transmits the message hoping that it will be correctly received by all its 

neighbours. On the contrary, in the event that network contention increases, the probability of a 

message being discarded at the nearby nodes intensely increases. With the transmission of RTT, 

adjacent nodes can reply with CTT and therefore, compel the hidden nodes to yield sufficiently 

(i.e. to update their NAVs) for the exchange of messages to occur between the transmitter and 

its neighbours. Even if the hidden nodes wish to transmit, they will be forced to yield. Therefore, 

the amount of channel contention reduces and consequently, a message dropping happen 

infrequently. Twait_for_FDB = TSIFS + TFDB. The broadcast forwarding mechanism is illustrated in Figure 

5.18. 
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Figure 5.18: message broadcast forwarding mechanism 
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Consequently, if this stage fails, the back-off system is used to decide the subsequent broadcast 
time. 

5.1.28 Transmission Reliability Analysis 
 
Accordingly, to evaluate the packet transmission reliability of inter-vehicular communication using 

the proposed Adaptive FEC-based TEMB scheme, decide that the Packet Delivery Failure (PDF) 

ratio be one of the performance metrics for the reliability assessment of the proposed system. PDF 

ratio is described as the percentage of the messages that are received at the destination with 

errors or are not recovered by the destination nodes to the percentage of the messages 

communicated from the sender node. 

Commonly, power consumption in wireless communication is segmented into the power 

consumption owing to the power amplifier 𝑃𝑃𝐴𝐴, and the power consumption owing to further 

functional circuits. Consequent to a situation during which power is lost with a path attenuation 

exponent, 𝑄𝑄 analytically derived over Additive White Gaussian Noise (AWGN) is as a consequence 

of the communication medium experiencing fading, therefore, received signal power P𝑟𝑟𝑠𝑠 , which 

could be represented as:  

Prs  =  𝑙𝑙2𝑃𝑃𝑑𝑑0 �
𝑑𝑑0

𝑑𝑑� �
𝑄𝑄

,   8 ⋝  𝑄𝑄 ⋝ 2                                      (44) 

 
 Also, channel gain is represented by  𝑙𝑙, and path loss exponent is represented by 𝑄𝑄, the close up 

distance connecting a sender node and a receiver node is represented by d0; the message 

communication distance, linking a sender node and destination node is signified by 𝑑𝑑 and receipt 

signal power from the sender node to the recipient node close up distance is denoted by d0. The 

entire receipt signal power P𝑑𝑑0 can be calculated as in (Sachan, Imam and Beg, 2012). 

P𝑑𝑑0 = �𝑃𝑃𝐴𝐴𝐺𝐺𝑡𝑡𝐺𝐺𝑟𝑟𝜋𝜋2�
[(4𝜋𝜋d0)2(1+ 𝛼𝛼)]𝑀𝑀𝑙𝑙𝑁𝑁𝐵𝐵

                             (45) 

 

                      =  
(𝑃𝑃𝐴𝐴𝐺𝐺𝑐𝑐𝐺𝐺𝑟𝑟𝐸𝐸𝑏𝑏𝑆𝑆𝑏𝑏𝑓𝑓2)

[(4𝜋𝜋d0)2(1 +  𝛼𝛼)]𝑀𝑀𝑙𝑙𝑁𝑁𝜋𝜋
                                              (46) 
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The antenna gain for node sender is denoted by 𝐺𝐺𝑐𝑐.  

Moreover, the antenna gain for a receiver node is denoted by 𝐺𝐺𝑟𝑟, the carrier frequency represented 

by 𝑓𝑓. Furthermore, 𝑀𝑀𝑙𝑙, as well as 𝑁𝑁𝜋𝜋 are receiver link margin and noise values, respectively; 𝐸𝐸𝑏𝑏 

denotes the received energy due to an amplifier each message bit transmitted, the basic 

transmission rate used during message transmission is represented by 𝑆𝑆𝑏𝑏  and 𝛼𝛼 , which  

is defined as  𝛼𝛼 = (𝜁𝜁 𝛽𝛽⁄ )  − 1, where 𝜁𝜁 represents the  highest to typical ratio and basically relies 

on the kind of modulation system used, in addition to the relevant constellation size, while the 

drain effectiveness of the radio frequency (RF) power amplifier is represented by 𝛽𝛽. As 𝜁𝜁 mainly 

relies on the kind of modulation system that is applied and associated constellation size, 

implementing various Quadrature Amplitude Modulation system (QAM) gives 𝜁𝜁  = 3 X[(√M – 1)/ 

(√M + 1)]. Therefore, Receipt-SNR could be derived through substitution of Equation (43) into 

Equation (44) such that: 

𝑆𝑆𝑁𝑁𝑆𝑆 =  𝑃𝑃𝑟𝑟𝑠𝑠 𝑁𝑁0⁄ 𝑆𝑆𝑏𝑏      (47) 
 

                                             =   Eb N0⁄ �
�GtGrf2d0

Γ−2�

[(4π)2(1+ α)]MlNfd0
Γ�  𝑙𝑙2                                                         (48) 

 
In this regard, the one-sided power spectral density of thermal noise power is represented by N0, 

which relies on the postulation that the communication medium improvement conforms to the 

narrowband Rayleigh block-fading distribution, which further allows the associated probability 

density function to be represented in Equation (46) and (47). 

f(q;σ) =  q
σ2

e−�q2 2σ2⁄ � , ∀ 𝑞𝑞 ≥ 0                                              (49) 

𝐹𝐹(𝑄𝑄) = 1 −  e−�q2 2σ2⁄ �,∀ 𝑞𝑞 ∈  [0,∞)                                 (50) 

Where σ represents the measurement variable of Rayleigh distribution. Consequently, the packet 

loss probability of the VANET communication channel denoted by 𝑃𝑃𝑙𝑙  can be expressed as  

𝑃𝑃𝑙𝑙 = Prx (SNR0 ≥ SNRrx)         (51) 
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= Prx  ��(dΓcN0 Eb⁄ ) ≥ 𝑙𝑙�         (52) 

                                                          1 −   𝑠𝑠− �dΓcN0 Eb� �                                                                  (53) 

Where 𝑐𝑐 is defined as:  

    𝑐𝑐 =
𝑆𝑆𝑁𝑁𝑆𝑆0[(4π)2(1 +  α)]MlNf

GtGrf2d0
Γ−2                                      (52) 

 As it follows, assuming that there is an 𝑏𝑏 number of vehicles within a referenced area of a road, 

such that broadcasted messages from the previous referenced segment of a road are certain to 

be received successfully by at least one vehicle among the vehicles in the referenced section, then 

accordingly, the probability of successfully receiving a transmitted message can be defined in 

Equation (52). 

𝑃𝑃𝑠𝑠𝑟𝑟𝑥𝑥 = 1 − 𝑃𝑃𝑙𝑙𝑖𝑖                  (54) 

Furthermore, assuming that there is  𝑏𝑏 number of encoded symbols from 𝑁𝑁 generated symbols, 

which are received from the last hop and waiting to be transmitted farther, the probability of 

receiving 𝑎𝑎 𝑎𝑎𝑛𝑛𝑑𝑑 𝑏𝑏 messages of 𝑄𝑄 successfully could be stated as:  

𝑃𝑃(𝑎𝑎, 𝑏𝑏) = ��𝑄𝑄𝑏𝑏�(1 − 𝑃𝑃𝑙𝑙  )𝑎𝑎+𝑏𝑏�
𝑄𝑄−𝑏𝑏  (55) 

 
Consequently, the probability that a transmitted encoded message is not correctable is represented 

by 𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥 and it occurs when the received symbols contained more than 𝑡𝑡 errors (𝑡𝑡 represent the 

threshold of an error correcting codes’ capability) in a transmitted code block. This is resultant of 

the determination of the message as either not correctable (identified error) or decoded with errors 

(decoding error), while the decoder supposed that the error pattern is correctable. Thus, 𝑛𝑛 − 𝑘𝑘 

symbols are decoded incorrectly, where 𝑛𝑛 represents the code word and 𝑘𝑘 denotes the original 

message before encoding. Therefore, the probability of error that is not correctable, can be 

described as the percentage of the coded messages that are not correctable to the percentage of 

coded messages received,  𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥. Suppose that in every transmission, symbol errors are 
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independent, every transmission is self-decodable and that there is no erasure information, the 

probability that the transmitted encoded message is not correctable can be expressed in Equation 

(54). 

      𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥 = 1 − �∑ �𝑟𝑟𝑖𝑖 �(𝑃𝑃ε)𝑖𝑖(1 − 𝑃𝑃ε)(𝑟𝑟−𝑖𝑖)𝑐𝑐
𝑖𝑖 = 0 �    (56) 

where 𝑡𝑡 = �𝑟𝑟−𝑘𝑘
2
�, and n = (2𝑚𝑚  − 1). 

 
The probability of burst errors has occurred, 𝑃𝑃𝑏𝑏𝑆𝑆𝑟𝑟𝑠𝑠𝑐𝑐 can be described as the relation between the 

percentage of symbols received with burst errors and the entire amount of symbols broadcasted.  

In lieu of this, if we assume that burst errors have occurred and that an interleaving is 

implemented, such that symbols 𝑆𝑆 are altered during each burst error, the depth of the interleaving 

is represented with an  𝑆𝑆, symbols to show that there is no erasure decoding. Therefore, the 

probability that error is not correctable has occurred due to burst errors that can be expressed in 

Equation (55). 

𝑃𝑃𝑆𝑆𝑏𝑏𝑢𝑢 = 1 − �∑ �2
𝑚𝑚 −1
𝑖𝑖 ��(𝑃𝑃𝑏𝑏𝑆𝑆𝑟𝑟𝑠𝑠𝑐𝑐)�𝑆𝑆𝑑𝑑𝑟𝑟𝑝𝑝𝑐𝑐ℎ��

𝑖𝑖�1    − (𝑃𝑃𝑏𝑏𝑆𝑆𝑟𝑟𝑠𝑠𝑐𝑐)�𝑆𝑆𝑑𝑑𝑟𝑟𝑝𝑝𝑐𝑐ℎ��
(2𝑚𝑚 −1) –𝑖𝑖((2𝑚𝑚 −1)−𝑘𝑘 2⁄ )

𝑖𝑖 = 0 �  (57) 

Significant performance enhancement can be achieved if FEC is implemented for error control, 

regardless of the occurrence of burst errors over the communication channel. However, if a 

message block could not be corrected or decoded wrongly, the message reliability of the block is 

lost.  

Let 𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 be the minimum distance of RS code.  Aanalytically, 𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 could be expressed in Equation 

(57). 

                𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 = (𝑛𝑛 − 𝑘𝑘) + 1    (58) 
 
Also, let 𝑎𝑎 represent the errors whose locations are not identified in the received packet and 𝑏𝑏 be 

the errors that their locations are identified in the received packet. Therefore, if the following 

expression is not satisfied, then RS code can detect and correct all the errors in a message correctly 

or errors appear to be correctable, but the receiver wrongly decodes the message. 
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𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 = (𝑛𝑛 − 𝑘𝑘) + 1 ≥ 2𝑎𝑎 + 𝑏𝑏          (59) 
 

Thus, the probability of error in decoding, given that error that is not correctable occurred during 

transmission, 𝑃𝑃𝑑𝑑𝑟𝑟|𝑆𝑆𝑐𝑐𝑥𝑥 ≤ 1 ((𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 − 𝑏𝑏 − 1) 2⁄ )!⁄  for even and for odd it can be expressed in Equation 

(60). 

  𝑃𝑃𝑑𝑑𝑟𝑟|𝑆𝑆𝑐𝑐𝑥𝑥 ≤ 1 [((𝑑𝑑𝑚𝑚𝑖𝑖𝑟𝑟 − 𝑏𝑏 − 1) 2⁄ )! (2𝑚𝑚  − 1)!]⁄             (60) 

Accordingly, the probability of decoding error,𝑃𝑃𝑑𝑑𝑟𝑟 could be stated in Equation (48). 

                          𝑃𝑃𝑑𝑑𝑟𝑟 = �𝑃𝑃𝑑𝑑𝑟𝑟|𝑆𝑆𝑐𝑐𝑥𝑥�(𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥)                    (61) 

𝑃𝑃𝑑𝑑𝑟𝑟 ≤ [(1 𝑡𝑡!⁄ )𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥]     (62) 

The probability of Message Delivery failure in a single hop broadcast can be expressed as:  

               𝑃𝑃𝑀𝑀𝐹𝐹0 = ∑ ∑ �𝑄𝑄𝑏𝑏���1 − 𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥𝑏𝑏�𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥𝑄𝑄−𝑏𝑏�𝑋𝑋
𝑘𝑘=0

𝑋𝑋
𝑏𝑏=0 ∗ �𝑁𝑁𝑏𝑏� ��1 − 𝑃𝑃𝑙𝑙𝑏𝑏�

𝑘𝑘
𝑃𝑃𝑙𝑙𝑏𝑏

(𝑄𝑄−𝑘𝑘)� ∗  𝑃𝑃𝐴𝐴    (63) 

𝑃𝑃𝑀𝑀𝐹𝐹𝑙𝑙 = ∑ ∑ �𝑄𝑄−1𝑠𝑠 � ��1 − 𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥𝑏𝑏�𝑃𝑃𝑆𝑆𝑐𝑐𝑥𝑥𝑄𝑄−1−𝑏𝑏�
𝑄𝑄
𝑘𝑘=0

𝑄𝑄
𝑠𝑠=0 ∗ �𝑋𝑋𝑏𝑏� ��1 − 𝑃𝑃𝑙𝑙𝑏𝑏+1�

𝑘𝑘
𝑃𝑃𝑙𝑙

(𝑏𝑏+1)(𝑏𝑏−𝑘𝑘)� ∗  𝑃𝑃𝐴𝐴    (64) 

Therefore, from the above two Equations, the total message delivery failure ratio can be expressed 

as: 

                                                   𝑃𝑃𝑀𝑀𝐹𝐹𝑐𝑐𝑜𝑜𝑐𝑐𝑎𝑎𝑙𝑙 = 1 − [(1 − 𝑃𝑃𝑀𝑀𝐹𝐹𝑐𝑐𝑆𝑆𝑟𝑟𝑟𝑟)(1 − 𝑃𝑃𝑀𝑀𝐹𝐹𝑙𝑙𝑎𝑎𝑠𝑠𝑐𝑐)] (65) 

5.1.29 Safety message prioritisation 
 
Pre-emptive priority queuing approach with the single server is used to differentiate between 

safety-critical messages and non-safety critical messages. In this solution, safety messages are 

granted absolute priority over nonsafety messages which implies that when a nonsafety message 

is in service and safety message arrives, the nonsafety message service is interrupted and the 

system will proceed with the safety message.  Once there are no more safety messages in the 

system, the system resumes the nonsafety operations at the point it was interrupted. 

Let 𝐿𝐿𝑗𝑗  represent the amount of safety critical messages in the system and 𝑆𝑆𝑗𝑗 denote the sojourn 

time of a message type j. Therefore, the average amount of information E (𝐿𝐿𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) in the system 
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and the average time È (𝑆𝑆𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) taken in the system. The È (𝐿𝐿𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) and È (𝑆𝑆𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) can be 

expressed in Equations (64) and (65). 

 È (𝐿𝐿𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) = 𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠
1−𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

     (66) 

È (𝑆𝑆𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) =  1 𝜇𝜇⁄
1−𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

         (67) 

In this approach for safety messages, nonsafety messages do not exist. The total number 

of messages in the system does not hinge on the pattern in which the messages are 

served, since the service time of all messages is exponentially distributed with the same 

mean. 

 

Thus, 

   È (𝐿𝐿𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) + È (𝐿𝐿𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) = 𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠 + 𝜌𝜌𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠
1− 𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠−𝜌𝜌𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

           (68) 

Therefore,  

             È (𝐿𝐿𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) =
𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠 + 𝜌𝜌𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠
1− 𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠−𝜌𝜌𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

− 𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠
1−𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

          (69) 

Using Little’s law 

            È (𝑆𝑆𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑎𝑎𝜋𝜋𝑟𝑟𝑠𝑠) = È (𝐿𝐿𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑠𝑠) 
⋋𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠

 = 1 𝜇𝜇⁄
�1 −𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠 ��1−  𝜌𝜌𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠−𝜌𝜌𝑟𝑟𝑜𝑜𝑟𝑟𝑠𝑠𝑟𝑟𝐵𝐵𝑟𝑟𝑡𝑡𝑠𝑠�

         (70) 

Pre-emptive mechanism is introduced to provide high priority to the safety message when there 

are two or more (for example a safety message and a hello message (beacon)) messages waiting 

for transmission. Traditionally, every message intended for transmission most follow back-off 

procedure until the back-off counter decrease to zero and after waiting for a DIFS, a node will be 

allowed to transmit a message. However, when a safety message is ready for transmission and 
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when the back-off counter reach zero, the system will divide the DIFS (distributed coordination 

interframe spacing) function time into mini slots of time and a time slot  𝑠𝑠𝑐𝑐  is assign to safety 

message for transmission. The mini slot size  𝑀𝑀𝑠𝑠𝑙𝑙𝑜𝑜𝑐𝑐 and number of mini slot 𝑁𝑁𝑆𝑆𝑙𝑙𝑜𝑜𝑐𝑐  can be computed 

as follows 

𝑀𝑀𝑠𝑠𝑙𝑙𝑜𝑜𝑐𝑐 =  𝜏𝜏 + 𝑇𝑇        (71) 

𝑁𝑁𝑆𝑆𝑙𝑙𝑜𝑜𝑐𝑐 =  ⌊𝐷𝐷𝑆𝑆𝐹𝐹𝑆𝑆/𝑀𝑀𝑠𝑠𝑙𝑙𝑜𝑜𝑐𝑐⌋ 

Such that,  𝑀𝑀𝑠𝑠𝑙𝑙𝑜𝑜𝑐𝑐  ≤  𝑠𝑠𝑐𝑐 < DIFS 

The highest propagation delay in a communication range R and ss is the time required by a 

transceiver to change from receive mode to transmit mode.  

DIFS =  SIFSlot +  2(Slottime)    (72) 

AIFS [AC]  =  AIFSN [AC]  +  SIFSlot x Slottime  (73) 

𝐴𝐴𝑆𝑆𝐹𝐹𝑆𝑆𝑁𝑁 [𝐴𝐴𝐶𝐶] ≥ 2                  (74)  

 

Table 5.5: Simulation parameters 

 

 

 

 

 

 

 

 

 

5.1.30 Results and discussion  
 
 
The proposed systems were implemented in a 5km road (4x2) segment with bidirectional 

travelling lanes with each having vehicles an average of 10 vehicles per km, 40 vehicles 

Parameter Values 
Slot time 16 μs 
Cwmax 1023 μs 
SIFS 32 μs 
Cwmin 15 μs 
DIFS 64 μs 
No. of vehicles 50,200, 500 
Symbol duration 8 μs 
Vehicle travelling speed 20 km to 120 km 
Road setting Highway 
PLCP header length 8 μs 
Data rate 6Mbps 
Size of the message 512 bytes 
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per km and 100 vehicles per km using MATLAB. The traffic volume is varied over a period 

of time to enable a clear understanding of the system behaviour relative to the traffic 

intensity. The experiments were run for 200 runs and the results obtained are averaged 

over the number of times the experiment runs. The parameters used in the system as 

presented in the Table are based on the 802.11p standard specifications. Vehicles joined 

the highway using Poisson distribution with the rate of two nodes per second and safe 

distance of 3ms. Consequently, the processing capability of the vehicles and power are regarded 

as sufficient for the requirements of the intended applications. Furthermore, to assess the 

reliability of the proposed systems the following metrics are used, Collision Rate as a 

function of SNR, probability of transmission failure and of SNR. 

 

Figure 5.19: Collision Rate and SNR (dB) 
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Figure 5.20: Collision Rate and SNR (dB) 

 

 

Figure 5.21: Collision Rate and SNR (dB) 
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The proposed approach combines retransmission and error control mechanism to minimise the 

number of corrupted packets that could otherwise be dropped, and lead to excessive 

retransmission request and collision. In Figures 5.19 to Figure 5.21 above, the proposed Adaptive 

FEC-based TEMB scheme is compared with the Adaptive FEC-based PETO Scheme using SNR 

over the wireless channel and collision rate. Figure 5.19 shows that even at the initial stage of 

transmission Adaptive FEC-based TEMB outperformed Adaptive FEC-based PETO as the SNR 

increases and the performance gap kept widening. This is due to that fact that out proposed 

Adaptive FEC-based TEMB scheme uses the designed novel RTT and CTT three-way handshake 

shared channel access mechanism as opposed to Adaptive FEC-based PETO Scheme. The absence 

of this shared channel access mechanism in Adaptive FEC-based PETO Scheme does not only 

lead to low performance but also result in packets collision which in turn lead to excessive 

message transmission failure. When the traffic volume is increased by raising the quantity of 

vehicles to 200, the Adaptive FEC-based TEMB performance slightly improves at the initial stage, 

but that of Adaptive FEC-based PETO deteriorates as the SNR rises due to transmission failure as 

a result of collision. Both schemes are affected once the number of vehicles is increased, but still 

Adaptive FEC-based TEMB performs significantly better than Adaptive FEC-based PETO protocol 

given the application of RTT and CTT mechanism. Adaptive FEC-based TEMB performance 

stabilises as the number of cars is raised to 500, but that of Adaptive FEC-based PETO protocol 

further deteriorates because the increase in the number of vehicles lead to more transmission 

failure due to indiscriminate packets collision. This shows that our proposed system performed 

better when the network is saturated. 
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Figure 5.22: Probability of Transmission failure and SNR 

 

 

Figure 5.23: Probability of Transmission failure and SNR 
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Figure 5.24: Probability of Transmission failure and SNR 

 
Notably, in Figure 5.22 to Figure 5.23 above, a comparison is made to compare Adaptive FEC-

based TEMB with Adaptive FEC-based PETO Scheme, based on the probability of transmission 

failure, and SNR. Consequently, in Figure 5.22 when the number of vehicles is 50, the performance 

gap at the start of transmission is clear between Adaptive FEC-based TEMB and Adaptive FEC-

based PETO. However, as the SNR rises, the probability of transmission failure for both schemes 

improves, but still, Adaptive FEC-based TEMB outperforms the Adaptive FEC-based PETO scheme 

due the absence of the MAC control messages such as RTT and CTT in Adaptive FEC-based PETO 

scheme. Furthermore, in Figure 5.24, when the number of vehicles is increased to 200, the results 

demonstrate that the performance of both systems deteriorated considerably at the beginning of 

transmission, but that of Adaptive FEC-based PETO is worst affected. In Figure 5.23, when the 

number of cars is increased to 500, the performance of Adaptive FEC-based TEMB kept 

depreciating, but when compared to the performance of Adaptive FEC-based PETO scheme, 

Adaptive FEC-based TEMB outperformed Adaptive FEC-based PETO in all the scenarios. 
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Figure 5.25 Message Delivery Ratio and SNR 

 

 

Figure 5.26: Message Delivery Ratio and SNR 
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Figure 5.27: Message Delivery Ratio and SNR 

 

Figure 5.25 to Figure 5.27 above present the performance assessment between the proposed 

Adaptive FEC and the Adaptive FEC-based TEMB schemes utilising message delivery ratio (MDR) 

as a function of increase or decrease of SNR measured in decibel (dB) as well as vehicular network 

density of 50, 200 and 500 vehicles, respectively. As the channel quality improves, i.e., as the 

SNR increases from 0 towards 7, the rate of successfully delivered messages increases, 

accordingly. However, as the number of vehicles rises, the rate of information delivery is 

negatively affected, meaning that a smaller number of messages were successfully delivered due 

to excessive channel contention and saturation. It also indicate that when the BER increases as 

a result of the excessive channel access request and the potential effects of hidden vehicles 

transmission that interferes with other vehicles transmissions as a result of the lack of request to 

send and clear to send mechanisms in the Adaptive FEC scheme, the Adaptive FEC-based TEMB 

scheme demonstrates better performance compared to the Adaptive FEC scheme, which accounts 

for the role played by the introduction of RTT and CTT  mechanism, which in addition to resolving 
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the vehicles hidden terminal problem, the RTT  is only responded to by a relay vehicle and all 

other cars in the transmission range of the relay cars are inhibited from transmission at that time. 

Another reason for the high performance of Adaptive FEC-based TEMB scheme is due to the 

application of pre-emptive safety messages transmission mechanism in Adaptive FEC-based TEMB 

scheme as opposed to the formally proposed Adaptive FEC scheme. This is because the safety 

messages have higher priority than non-safety messages in term of accessing the shared channel. 

 

 

Figure 5.28: Collision Rate and Packet Generation Rate 
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Figure 5.292: Collision Rate and Packet Generation Rate 

 

 

Figure 5.30: Collision Rate and Packet Generation Rate 

 
Further investigation into the performance of the Adaptive FEC system against the performance 

of Adaptive FEC-based TEMB scheme was done using collision rate as a function of the packet 

generation rate. It is evident from Figure 5.28 to Figure 5.30, for instance, with 0.5% of the 

message generation rate, the rate of collision is relatively low for both schemes since the schemes 
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used the same CSMA for channel access, but there is performance gain with respect to the 

proposed Adaptive FEC-based TEMB scheme. This indicates the significance of the RTT and CTT 

mechanisms which minimised the rate of collision occurrence with respect the Adaptive FEC-

based TEMB as opposed to ordinary Adaptive FEC scheme that does not apply the RTT and CTT 

mechanism. The situation becomes more noticeable when the traffic load increases from 200 

vehicles up to 500 vehicles, the percentage of message generation also increases. However, 

Adaptive FEC-based TEMB scheme demonstrates higher performance regarding the handling of 

collision as the traffic density kept on increasing by the use of the RTT and CTT mechanism. 

 

 

Figure 5.31: Probability of Message Transmission Failure and SNR 
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Figure 5.32: Probability of Message Transmission Failure and SNR 

 

 

Figure 5.33: Probability of Message Transmission Failure and SNR 
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In Figure 5.31 to Figure 5.33 above, when both Adaptive FEC and Adaptive FEC-based TEMB 

schemes are compared with 50 vehicles, and the steep increase recorded by Adaptive FEC once 

the quantity of cars rises to 200, and the drastic higher increase in the probability of transmission 

failure when the number increases to 500. In fact, with 500 vehicles, Adaptive FEC scheme’s 

probability of transmission failure is 1 when SNR is 0, which means that at SNR = 0, there is no 

successful transmission with Adaptive FEC whereas Adaptive FEC-based TEMB scheme still has 

some successful transmission as opposed to Adaptive FEC scheme. However, since both 

schemes used carrier sense multiple access with collision avoidance channel access technique, 

what could account for the performance gap between the proposed Adaptive FEC and Adaptive 

FEC-based TEMB scheme is possibly the introduction of RTT and CTT in the Adaptive FEC-based 

TEMB scheme. 

 

5.1.31 Summary 
 
 
Hybrid application of error control at the MAC layer for reliable safety message communication 

and revised modifications of the proposed MAC layer and acknowledgement (feedback) frames 

has been proposed, and a refined Adaptive application of error control proposed in chapter 5 is 

presented. Adaptive application of error control and the utilisation of dynamic transmission range 

reduces the quantity of hops between an abnormal vehicle to the endangered vehicles on a region 

on the motorway. The proposed solution introduced a RTT and CTT mechanisms to mitigate the 

hidden and exposed node problems, which minimised the rate of collision in the network. Also, 

the preemptive queuing mechanism is used to give the highest priority to the safety critical 

messages. These causes speedy transmission of safety message between source and destination. 

The system was evaluated for reliable and timely vehicular communication, and the results of the 

experiments were compared with that of the related solution (Adaptive FEC-based PETO scheme). 

Consequently, the two proposed solution (Adaptive FEC and Adaptive FEC-based TEMB schemes) 

are compared with regards to the probability of transmission failure and SNR using varying traffic 



 

171 
 

densities (50, 200, and 500 vehicles). Furthermore, the two solutions were compared regarding 

collision rate and SNR using varying traffic densities as mentioned earlier in both cases; the 

proposed Adaptive FEC-based TEMB scheme demonstrated superior performance than the 

Adaptive FEC scheme.  
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5.2  Scalability Challenges of 802.11p MAC layer and STDMA  
5.2.1 Introduction 

Several ITS applications are envisaged to use IEEE802.11p wireless technology, which provides 

up to 1000meters communication capability between vehicles (that is using vehicular ad hoc 

network) at the line of sight. In vehicular ad hoc networks designing an efficient media access 

protocol poses a major challenge, as the number of vehicles is not known before transmission 

and could not be bounded. Thus, the scalability of the MAC approach has a significant effect on 

the performance of vehicular communication. 

In a wireless communication in which contention-based MAC protocol is used, such as CSMA/CA 

transmissions are prone to contention leading to an unbounded delay (Khairnar and Kotecha, 

2013) and collision consequent to the high amount of stations competing to access the shared 

wireless channel concurrently (Gleeson and Weber, 2008). However, if the network load is 

considerably low the carrier sensing algorithms could perform effectively. There are still chances 

of collisions when multiple stations are transmitting information simultaneously, which is due to 

sensing the channel in order to be free and resolved to broadcast concurrently. To minimise 

collision probability, CSMA/CA permits the use of inter-frame spacing (IFS), a virtual carrier 

sensing approach, RTS/CTS system, and exponential back-off procedure (Alonso, Smely and 

Mecklenbrauker, 2011). However, in vehicular communication medium access protocol is required 

to have a predictable delay in order to apply to safety-critical applications, such as emergency 

warning alerts (Alonso, Smely and Mecklenbrauker, 2011; Khairnar and Kotecha, 2013). 

Nevertheless, carrier sense multiple access mechanisms have been used in the family of IEEE 

802.11 and IEEE 802.3 Ethernet for its straightforward implementation which led to the 

availability of affordable equipment and their corresponding applications in areas that were 

primarily not a part of the designed initiative. Despite its deficiency in handling real-time V2V 

communication, due to boundless channel access delay, CSMA has played a significant role in 

wired real-time communication. Various solutions provided, in respect of the unbounded channel 
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access delay associated with CSMA in the literature, are intended for wired communication and 

hence, could not be applicable in wireless settings, such as vehicular communication that has 

additional characteristics. For instance, the breaking up of the collision domain into a manageable 

number of nodes through the introduction of additional routers and switches, in order to minimise 

the number of nodes contending for the shared medium. However, in wireless applications, the 

channel is shared among all the communicating entities. Equally, interference could jam and 

prevent a segment of users from accessing a channel, even with the absence of data traffic over 

the communication medium (Khairnar and Kotecha, 2013). 

 
The IEEE 802.11p, which is also referred to as Dedicated Short-Range Communication (DSRC), 

is envisioned for vehicular communication (consisting of vehicle-2-vehicle and Vehicle-2-

infrastructure). It is regarded as the defector communication standard with the requisite support 

for direct vehicular ad hoc networks (VANETs). The main DSRC standards available in Europe, 

Korea, and Japan are applications that specifically encompass an entire protocol stack consisting 

of a PHY, MAC as well as the application layers. These standards are envisioned for hotspot 

communication, for instance, electronic toll collection systems (Khairnar and Kotecha, 2013). 

Despite its drawback in meeting the real-time communication requirement of VANET applications, 

it has been argued that the MAC layer that uses the CSMA mechanism will continue to be used 

in VANETs, since the difficulty is more evident during high network load and the introduction of 

traffic smoothing can help balance the data traffic to a tolerable phase. Yet, traffic smoothing is 

usually utilised in centralised controlled networks in a limited geographic region. On the contrary, 

VANETs are neither confined to a geographic region nor can they be made predictable through 

centralised management due to their rapidly changing characteristics and low delay requirements. 

Moreover, in practice traffic smoothing can only minimise the average delay but the unbounded 

worst-case delay remained. However, the unbounded channel access delay associated with the 

CSMA could be solved using self-organising time division multiple access (STDMA) which is a 

decentralised, and predictable MAC protocol that provides bounded channel access delay. The 
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STDMA algorithm has been implemented in the automatic identification system(AIS) used in ships 

for collision avoidance among the ships (Alonso, et al., 2011; Alonso, Smely and Mecklenbrauker, 

2011; Khairnar and Kotecha, 2013). 

 
Furthermore, in (Alonso, et al., 2011; Alonso, Smely and Mecklenbrauker, 2011) it is suggested 

that designing an alternative solution that could mitigate the shortcomings of the CSMA protocol 

to meets the stipulations of both time critical and the nontime critical vehicular applications 

remained a better option. Therefore, a MAC protocol that could improve message scheduling with 

bounded delay and coexist with the IEEE 802.11p to offer an efficient transition between 

protocols, for better performance relative to applications requirements, could provide the desired 

solution. Accordingly, the use of STDMA in vehicular communication is proposed in (Alonso, Smely 

and Mecklenbrauker,2011) and asserts that it is a better option to the CSMA/CA because it 

provides structured channel access, periodic messages transmission characteristics, and 

predictable delay. Similarly, STDMA because of its characteristics it could provide suitable 

scheduling for time-triggered messages such as the CAM (Alonso, et al., 2011).  A comparative 

analysis of CSMA/CA and STDMA has been conducted using a simulation of highway scenario 

(Bilstrup et al., 2009; Bilstrup, Uhlemann and Ström, 2010) but only CAMs message has been 

implemented.  

In this thesis investigation into the scalability issues of STDMA and 802.11p medium access 

control (MAC) layers, with respect to variable vehicles density; and channel errors due to 

interference during information transmission is conducted. Event triggered messages are used 

for the investigation, as opposed to time-triggered messages.  
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5.2.2 Classification of safety messages 
 
Furthermore, the European Telecommunication Standard Institute (ETSI) proffered two types of 

messages standardisation for the safety class of VANET applications, these include the 

Cooperative Awareness Messages (CAM) and the Decentralized Environmental Notification 

Messages (DENM) (Telecommunications Standards Institute, 2012a).  CAM consists of messages 

regarding vehicle’s speed, the direction of travel, and the position of a vehicle on the road. Each 

vehicle broadcasts CAM at regular intervals (100 ms) and at a fixed message transfer rate. The 

CAM is referred to as time-triggered messages.  Moreover, DENM is referred to as event-triggered 

messages. These messages comprise of data on the kind of event happening in an area of a road 

(these could be messages about an accident that happen at a particular place or a traffic 

congestion alert). DENM is broadcasted by a vehicle or by a roadside unit (RSU) (Alonso, et al., 

2011; Alonso, Smely and Mecklenbrauker, 2011; Khairnar and Kotecha, 2013). 

5.2.3 802.11p Medium Access Control Layer 
 
The medium access control (MAC) layer system regulates the time a station is permitted to 

communicate a message using the existing communication medium status and the medium 

access control schedules broadcast, with a view to reducing meddling in the system and 

enhancing the message delivery probability. The medium access control algorithm is referred to 

as an enhanced distributed coordination function (EDCA). 

EDCA refers to the formal title given to one of the MAC layer procedures offered by 802.11 and 

implemented in 802.11p. The algorithm is the distributed coordination function (DCF) system with 

the addition of quality of service (that is, the CSMA/CA mechanism that provides the opportunity 

to offer a different level of priorities to messages). In the enhanced distributed coordination 

access, each communication entity intentionally, retains queues with different AIFS values, and 

contention window sizes in order to give a message with high urgency a greater prospect of 

accessing a transmission medium faster than messages of lesser urgency (IEEE Standards 

Association, 2012; European Telecommunications Standards Institute, 2013). 
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Furthermore, the 802.11 quality of service capability describes eight distinct user priorities (UPs), 

which are also mapped to 4 separate access categorisations (ACs), that is, queues in the quality 

of service facility (IEEE Computer Society, 2016; IEEE Standards Association 2012) 

Table 5.6: 802.11 Default Access Categorisation, Traffic Type, and Prioritisation 

 
Access Category Traffic Type Priority 
AC-VO Voice 7 
AC-VO Voice 6 
AC-VI Video 5 
AC-VI Video 4 
AC-BE Best effort 3 
AC-BE Best effort 0 
AC-BK Background 2 
AC-BK Background 1 

 

Source: Final draft ETSI ES 202 663 v1.1.0 (2009-11) (European Telecommunication Standard 

Institute, 2009) 

In CSMA/CA a station must listen to the communication channel prior to the transmission and 

when the medium is detected in an idle state for a fixed duration of time, the station can 

commence transmission immediately. On the other hand, if the channel is found busy during the 

predetermined waiting time, the station will follow the backoff process (that is, the STA must 

defer its access based on a random period).  In an 802.11 system, when the listening time 

implemented in the MAC system has support for quality of service, it is termed arbitration 

interframe space (AIFS), otherwise, it is termed distributed coordination function (DCF). 
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Table 5.6: 802.11p Default Access Categorisation, Contention Window, and AIFSN 

Access Category CWMin CWMax AIFSN 

ACVO ((aCWMin + 1)/4) - 1 ((aCWMin + 1)/2) - 1 2 

ACVI ((aCWMin + 1)/2) - 1 aCWMin 3 

ACBE aCWMin aCWMax 6 

ACBK aCWMin aCWMax 9 

 
Source: Final draft ETSI ES 202 663 v1.1.0 (2009-11)(European Telecommunication Standard 

Institute, 2009) 

The backoff system (European Telecommunications Standards Institute, 2013; IEEE Computer 
Society, 2016), operates as follows: 

1. Select an integer in the range [0, CW], CW signifies the highest number of the contention 

window 

2. Reduce the integer selected by one slot time once the medium is idle 

3. Once the integer countdown reaches zero, transmit the message. However, the backoff 

system is only implemented once, that is at the first channel sensing time, during the 

broadcast process. However, in unicast operation, the 802.11 system functioned as stop 

and wait for the scheme (that is, the sender node must wait for an acknowledgement, 

and in the absence of an ACK, a backoff system will be triggered). The absence of an ACK 

could be because the message sent is not delivered at the receiver, the message was 

received incorrectly, or an ACK sent back to the sender is lost. 

Consequently, in each bid to transmit a given message (in unicast a number of transmissions bids 

are allowed, but in the broadcast system, only a single transmission bid is allowed), the selected 

CW is increased from its commencement value (minimum contention, CWmin) to its highest value 

(maximum contention, CWmax). This process of rising the CW permits network recovery from 

excessive usage times through distribution of message communication bids in time. Moreover, 

following successful message communication or once the message had to be dropped due to 
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reaching the allowable transmission bids threshold, the contention window will be reset to the 

CWMin value. 

Furthermore, if the communication medium becomes engaged during the reduction of the backoff 

timer, the STA must defer the countdown, pending the medium returning to an idle state. Notably, 

after each channel engaged time, and prior to the resumption of the backoff timer, an STA firstly 

will have to stay for the duration of an AIFS. Moreover, in a broadcasting mode, the backoff 

system is triggered once at the channel access sensing time (i.e. AIFS), because of the lack of 

acknowledgements. This causes the contention window to be set consistently at the CWMin 

without any possibility of doubling. 
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Figure 5.34: Broadcast Transmission Operation 
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Figure 5.35: Unicast Transmission Operations 

 

5.2.4 Self-Organisation Time Division Multiple Access (STDMA) 
 
IEEE 802.11 is the de facto wireless local area network standard that owes it successful usage to 

its ease of deployment. Nevertheless, it has been shown in the literature that CSMA has an 

unbounded delay problem and numerous, successive packets drops. A situation that suggested 

that CSMA has fairness and predictability issues especially when sporadic location messages are 
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used (Bilstrup, Uhlemann, and Strom, 2010). On the other hand, networks that use STDMA as 

the MAC scheme, to the channel access at all times is offered irrespective of the number of nodes 

in a network with a higher bounded channel access delay. This implies that STDMA could be 

described as a fair MAC mechanism which provides a predictable delay to all the intending 

transmitters in a network. However, a firm synchronisation via global navigational satellite 

systems such as the GPS and the periodic location information is required. 

Furthermore, the authors in (Bilstrup, Uhlemann, and Strom, 2010) investigated the IEEE 802.11p 

MAC mechanism and compared it with the STDMA MAC approach by means of broadcasting 

periodic messages using typical highway scenarios. They concluded that the STDMA surpassed 

the CSMA mechanism of the IEEE 802.11p regardless of the network saturation.  

Self-organised time division multiple access has been in commercial deployment in the automatic 

identification systems (AIS) in ships with emphasis on collision avoidance. In the STDMA scheme 

time is sliced into time slots. Furthermore, the time slots are grouped into frames and a single 

time slot holds a packet of a message. The significant variation between STDMA and the TDMA 

is that the TDMA is centrally coordinated while the STDMA is not, as such it provides more 

flexibility and opportunity in deployment in areas where connectivity to the access point is either 

not feasible or desirable. Equally, STDMA differs from the CSMA schemes due to the absence of 

random access to the channel during slot assignment. In the STDMA scheme, nodes listen to the 

channel for a frame duration and subsequently choose a slot that is free for transmission. In the 

absence of free slots, a node will decide to transmit in a slot that is being occupied by a station 

furthermost to its location. This makes the position message significant at the Mac layer. 

Moreover, the frame can be considered as a cyclic buffer, and all the communicating entities have 

their individual frame start. However, stations are not frame synchronised but are slot 

synchronised  (Bilstrup, Uhlemann, and Strom, 2010; European Telecommunications Standards 

Institute, 2012b).  
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5.2.5 STDMA Channel Access Approach 
 
The STDMA frame length and slot length are modified to conform to the vehicular communication 

setting. It was opined that one second frame duration could be suitable for STDMA and the 

physical layer specification offered by ITS G5 and WAVE should be used. The number of slots in 

a frame is assigned based on the data rate and the message size.  However, the number of slots 

must be obtained in advance as the slot duration cannot be changed during system processing. 

Moreover, variable packet size could be supported in the same slot size through the alternation 

of the data rate as contained in the 802.11p physical layer specifications. The table describes 

parameters use in STDMA MAC layer. 

Table 5.7: Self-Organizing Time Division Multiple Access parameters 

Symbol Name Description 
Rr Report rate The number of available positions reports per frame 
NI Nominal increment It represented several slots that can be calculated as the 

ratio of nominal slots to the report rate (NS/Rr) 
NS Nominal slot Represent the number of slots in a frame around which slots 

are chosen for communication of the location reports. NS = 
NSS during the first transmission in a frame.  
NS = NSS +(n x NI), where 0 ≤ n < Rr 

NSS Nominal start slot It is the initial slot used by a station to announce itself on 
the data link. However, it serves as a reference to 
subsequent transmissions. 

SI Selection interval Refers to the range of lots which could be nominees for 
position reports. It can be calculated as  
SI = (NS – (0.1 x NI) to NS + (0.1 x NI)) 

NTS Nominal 
transmission slot 

It refers to the slot within SI that is presently being used for 
transmission in that interval 

 

Source: ETSI (2011). 

 
Consequently, all nodes in the network follow four phases when they join the network. The phases 

are; initialisation, network entry, the first frame and continuous operation. Firstly, a station at the 

initialisation phase listens to the channel during one frame to get the current slot assignments 

information. This information is obtained from the location information transmitted in each slot, 
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which also consists of the location of a node and its future slot allotment. Secondly, during 

network entry stage, the station decides its slot allotment from the information gained at the 

initialisation phase. The allotted slot to the node is used for the transmission of its location 

information contained in each frame based on the succeeding stages. 

• A nominal increment (NI) calculation which involved the division of the number of time 

slots by the report rate. 

• Selection of nominal start slot (NSS) which is randomly chosen from the present slot 

ranging to the NI.  

• Determination of a selection interval (SI) of a slot at 20% of nominal increment and 

positioned it around the nominal start slot.  

• At this stage the initial transmission slot is obtained by a random selection of a slot in the 

selection interval that is not occupied by another node, this is referred to as nominal 

transmission slot (NTS).  

Furthermore, if the available slots in each SI are occupied the node will choose a slot that is 

being occupied by the node furthermost to its position. This ensures that the distance 

between simultaneous transmissions is maximized and the channel access is always granted. 

Thirdly, the node introduces itself in the network by initiating a transmission in the assigned 

slots. Moreover, at this stage (first frame) the remaining report rate that defined 

communication slots (NTSs) are found (for instance a report rate of 20 information/frames 

infers 20 NTSs) Nominal increment is appended to the nominal start slot and a fresh region 

is made accessible to select a slot. The phenomenon is iterated until a frame is over, and 

location information are allocated communication slots. Each node has a single NSS which is 

used to determine when a frame for a given node starts. This suggests that all stations keep 

track of their respective frame and can be considered a cyclic buffer which is devoid of a 

start and an end. However, the values for NI, SI, NS, and NSS remained constant while the 

node is functioning. However, changes in the report rate will cause their values to change 
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because NI depends on the report rate (Bilstrup et al., 2009; Bilstrup, Uhlemann and Ström, 

2010). 

Lastly, once all slots in a frame are chosen, a node will commence the continuous operation stage. 

In this phase, the slots (NTSs) secured at the first frame phase are used for transmissions. Also, 

a node will select a value randomly from a range of values {3…8} for all the NTS. After n frames 

use an NTS and at a regular interval, the slots are updated to keep up to date with the topology 

changes (that is a fresh NTS is assigned in the same SI as the earlier NTS). Correspondingly, in 

this phase nodes choose a distinct random integer value for the allotted slot that determines the 

slot that will be used for several successive frames. Moreover, in a situation where a given slot 

has been used for its successive frames,  a fresh slot, and a new random integer must be assigned 

to the node (Bilstrup et al., 2009; Bilstrup, et al., 2010). Figure 5.34 depicting the STDMA 

continuous operation phase.   
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Figure 5.36: Self-Organizing Time Division Multiple Access Continuous operation phase 

                     

The parameters NS, and NSS are spaced equally using an interval of size NI, while the value for 

SI is fixed.  

The AIS scheme is deployed in ships to help identify other ships in their neighbourhood through 

transmissions of position messages among ships. Using the received messages, surveillance 

information about ships surroundings are gathered.  In the automatic identification system time 

is sliced into one-minute frames, each frame comprises of 2250 time slots, a 9.6 kbps transfer 

rate, and two distinct frequency channels, 161 MHz and 162 MHz (also refers to channel A and 
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channel B). Messages are divided into these channels with; each message containing 256 bits, 

which fits into a single time slot (Khairnar and Pradhan, 2013).  

 

 

 
 
  
 
 

                            

 

 

 

Figure 5.37: STDMA Frame Structure 

Source: ETSI (2011). 

 

Key:  NTS (Nominal transmission), NSS (Nominal start slot), NS (Nominal Slot), NI (Nominal 
increment) detail description is provided in Table 5.7 

 
The STDMA algorithm deployed in the AIS could not be adopted directly into the VANETs of 

because of the unique characteristics of VANET in comparison with the shipping network. 

Messages are exchanged at lower frequencies among ships, which enable transmissions to reach 

its furthest distance. Consequently, ships can acquire knowledge further ahead regarding other 

ships in their surrounding area allowing for timely decision making. Furthermore, there are other 

characteristics such as brake a truck and turning a ship in emergency circumstances. However, 

we have lesser time frames to work within VANETs compared with the shipping network. 

Therefore, the frame duration could be set to 1 second and 3 Mbps as the message transfer rate. 

The transfer rate selection is guided by the quest for a high reliability requirement, instead of 

high throughput, and this rate provides a coding scheme robust and modulation (Bilstrup, et al., 

2009; Gaugel, et al., 2013).  

SI SI SI 

NTS
  

NSS NS NTS NTS NS 

NI NI 
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5.2.6 Channel Access 
 
Moreover, the traffic nature in VANET is sporadic and the heartbeat (beacon) information 

transmitted by each vehicle about their positions, the direction of travelling, speed; and heartbeat 

messages could be described as time-interval dependent broadcasts. Such that at a given interval 

of time (like a circle) a broadcast of this information is triggered. Relying on the said analogy 

(time taken to complete a circle  𝑇𝑇 = 1
𝑓𝑓�      ), therefore, the time interval to broadcast vehicle 

location information is defined in (Bilstrup, Uhlemann, and Strom, 2010) can be represented as  

𝑇𝑇𝑏𝑏 = 1
𝑓𝑓𝑏𝑏� , where 𝑓𝑓𝑏𝑏  denotes how often the location information is updated. Therefore, at every  

𝑇𝑇𝑏𝑏 seconds the transmitting vehicle’s MAC layer would have a channel access request. Hence, 

channel access delay and MAC2MAC delay for both location information and the event-triggered 

messages regardless of whether the received message is not correctly decoded or not, it can be 

expressed as  

ƬMAC2MAC =  𝑇𝑇𝑐𝑐ℎ𝑎𝑎  + Ƭpgx+Ƭpx                                                                    (75) 

 

The time from initiation of a channel access request to the real channel access is represented by 

𝑇𝑇𝑐𝑐ℎ𝑎𝑎  and refers to the channel access delay. The time taken to transmit a message (transmission 

delay) is denoted by ƬTX, the processing delay at the sender vehicle is denoted by Ƭpx. The 

propagation delay is represented by Ƭpgx and Ƭpx delineate processing delay at the receiver vehicle.  

5.2.7 Channel Access Delay 
 
Channel access delay refers to the period between the time a request to access channel is placed 

and the exact time that the channel access occurred. The parameter states the average and 

worst-case channel delay that could be used to measure the fairness between vehicles. 

Attainment of fairness or otherwise can be evaluated through comparison of the channel access 

delays among vehicles with the same type of traffic information and within a specific time interval. 

The existence of a significant difference between the channel accesses is an indication that a 
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given MAC protocol is unfair. Figure 5.36 depicts a MAC to MAC communication between two 

vehicles tagged as a TX representing a transmitter, RX representing a receiver and the 

communication channel between them. T0 represents the time that the channel access request is 

initiated at TX. The time interval from T0 to D represents the channel access delay (Ƭcha). The 

propagation and processing delays are denoted by Ƭpgx and Ƭpx respectively.  The D represents 

the packet deadline. Furthermore, the MAC2MAC delay (ƬMAC2MAC) is the total of all the delays 

between TX and RX MAC layers. However, in the case of heartbeat (hello messages) messages 

that vehicles broadcast at regular intervals, it is assumed that once new traffic information is 

generated from the upper layers, the hello message waiting to access the channel is discarded.  

Generally, channel access is regarded as a random variable, and conventionally, it made equals 

to infinity for discarded messages (Bilstrup, Uhlemann and Ström, 2010).  Consequently, in 

wireless broadcast transmission schemes and the MAC layer standpoint, missing a message 

transmission deadline is caused by two mutually exclusive situations. That is if the channel access 

delay is higher than or equals to the message deadline (Ƭcha > D), it implies that the message 

was not transmitted at all or if the channel access is less than the message deadline, that is the 

message was received but not decoded correctly possibly because of channel errors caused by 

interference, noise and fading. 

 
Furthermore, characterisation of channel interference in VANETs can be studied by looking into 

the geographical distribution of the vehicles on the road that participated in concurrent 

transmissions. Vehicles that are inside sensing range S of one another while exchanging messages 

are considered to create interference with each other. 

 
Let a vehicle i commence transmission at a given time t, and let v represent the vehicles within 

S of vehicle i, that also begin transmissions at time t. Therefore, the probability of x vehicles 

transmitting messages simultaneously can be expressed as 

𝑝𝑝𝑥𝑥 = 𝑃𝑃[𝑣𝑣 = 𝑥𝑥]    (76) 
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If the probability of concurrent transmission 𝑝𝑝1is strictly greater than the probability of concurrent 

transmission 𝑝𝑝2, then 𝑝𝑝1 is selected and the interference distance d between vehicles transmitting 

messages simultaneously, when v = 1. Obviously, the smaller the interference distance, the worse 

the interference among transmissions at the nearby receiving vehicles. 

 

 

 

Figure 5.38: MAC to MAC Transmission  

 
The complete communication time for STDMA denoted by ƬTXSDMA , can be expressed as  

ƬTXSTDMA = 2ƬGt + 2ƬSIFS + Ƭpreamble + Ƭdata     (77) 

Where ƬGt represents guard interval, ƬSIFS is the SIFS times, Ƭpreamble signifies the transmission time 

of preamble and Ƭdata denote the transmission of the actual message.  
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5.2.8 System Evaluation 
 
 
The scalability of 802.11p and STDMA was evaluated through simulation experiments using event 

and time triggered messages with independent as well as random commencement time. A 

highway setting with bidirectional lanes (4x2) and saturated vehicular network are considered. 

The nodes join the highway following Poisson process with 1 3⁄  Hz intervehicle arrival rate and 

randomised travelling speed for each node with which nodes will continue travelling with, 

provided that they are on the motorway. The traffic density is estimated to be ten nodes per lane 

and per KM. Both MAC layers used the same PHY as specified in the PHY specifications of 802.11p, 

which provide variable message transfer rate. The message length of 300bytes with the frequency 

of 10Hz is used, based on the US Federal Communication Committee standard recommendation 

regarding safety information length as defined in the 802.11p specification. On the other hand, 

the European traffic model specified that 800 bytes with 2Hz frequency for safety message 

communication. Therefore, IEEE speciation is used in this work (Bilstrup, Uhlemann and Ström, 

2010; Sjöberg,Uhlemann, and Strom, 2011). The time-triggered messages are periodically 

generated; the event triggered information is communicated with the highest precedence in the 

802.11p.   

GPS is assumed to be integrated into all the vehicles for providing position coordinates of vehicles 

on the roads and broadcast periodic messages regularly. Wireless communication setting with 

various reflecting objects that could degrade quality as well as the strength of the received signal 

is considered. Fading effects as a result of possibly surrounding objects movement, transmitters 

and receivers have to be taken into consideration; the DSRC channel modelling must consider 

the impact of small-scale channel fading and large-scale path loss. The Nakagami-m fading 

equations and path loss model presented in the first research contribution of this study are 

adopted for this evaluation. The same output power is applied to all the vehicles. 
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Table 5.8: Simulation Parameters and Values 

Parameter Value Symbol Value 
Carrie Frequency 5.9GHZ 𝑑𝑑𝑜𝑜 10m 
Message transfer rate 6 Mbps Message Size 300 bytes 
SlotTime 13𝜇𝜇s STDMA Frame Duration 1 second 
AIFS 58 𝜇𝜇s 𝛾𝛾𝑎𝑎 (Twofold slop first 

parameter in Nakagami 
PDF distribution) 

2.1 

CW 3 𝛾𝛾𝑏𝑏 (Twofold slop 
second parameter in 
Nakagami PDF 
distribution) 

3.8 

Output Power 20dB Critical Distance 100 ms 
Carrier Sense Threshold -96 SIFS 32 𝜇𝜇s 
Carrier Sense Range 500 STDMAguard interval 3 𝜇𝜇s 

 
 

5.2.9 Result and Discussion 
 
Using MATLAB and the parameters specified in Table 5.4, the STDMA and 802.11p (CSMA) based 

systems were implemented in a 5km road segment with bidirectional travelling lanes with each 

having vehicles an average of 10 vehicles per km. The traffic volume is varied over period of time 

to enable a clear understanding of the system behaviour relative to the traffic intensity. The 

experiments where run for 200 runs and the results obtained are averaged over the number of 

times the experiment runs. The parameters used in the system as presented in the Table are 

based on the 802.11p standard specifications. Vehicles joined the highway using Poisson 

distribution with the rate of two nodes per second. Consequently, the processing capability of the 

vehicles and power are regarded as sufficient for the requirements of the intended applications. 

To assess the scalability of the systems (STDMA and CSMA) the following metrics are used, 

MAC2MAC delay, Packets generation rate, Channel access delay and the distance separating the 

communicating nodes. 
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Figure 5.39: Channel Access Delay and Packet Generation Rate 

 

 

Figure 5.40 Channel Access Delay and Packet Generation Rate 
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Figure 5.41: Channel Access Delay and Packet Generation Rate 

In Figure 5.39 to Figure 5.41 above, the influence of the packet generation rate to the vehicles 

accesses to the channel while attempting to transmit it is reported. It is evident as the rate of 

packet generation rises, access to the channel reduces significantly. It is remarkable to see that 

as the ratio of message generation rises quickly; the deteriorating influence steadily becomes 

acute. This is because as the message generation increases the rate of contention for channel 

access increases concerning the CSMA, and in respect to the STDMA all the request for channel 

access are granted, but the rescheduling of transmission of messages in the already allocated 

slots could result to interference between adjacent transmissions. Consequently, in situations 

when traffic volume increases for instance, in 802.11p the vehicles transmitting messages will 

begin to discard the messages prior to their eventual transmissions, consequent to the arrival of 

new messages with current location information, as the deadline of the previous messages has 

elapsed. 
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However, when the traffic volume becomes saturated in STDMA, all the messages are transmitted 

in time but, the distance separating vehicles that scheduled their transmission using the same 

slot is decreased, by that the interference increases. Furthermore, in 802.11p the packet arrival 

distribution in different vehicles have a significant function when considering the amount of traffic 

that can be supported, for instance, if the packet arrival is uniformly distributed and all the 

vehicles have a unique beginning of their transmission time and uniformly distributed. On the 

other hand, if all the nodes that wish to transmit their hello messages concurrently and the start 

times are fully synchronised. This will lead in all nodes sensing the communication medium, 

concluding that the channel is free, and all the nodes will transmit concurrently, suggesting that 

the space separating the concurrent communicating vehicles is reduced. But, if a node has 

commenced transmission while the remaining nodes wish to transmit, since the communication 

medium, found that it is engaged, randomise a backoff and then collision happens for all the 

vehicles that have selected matching backoff value (this happens with probability greater than 

zero, as the backoff values are selected from a finite set [0, CW]). The problems explained earlier 

are not present in STDMA as all nodes must wait for the corresponding timeslot irrespective of 

the time a packet arrives and when two vehicles transmit concurrently the space separating them 

is maximised. However, STDMA requires synchronisation. It is evident from Figure 5.39 to Figure 

5.41, STDMA provides better performance compared to the 802.11p CSMA. 
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Figure 5.42: MAC2MAC Delay and Distance 

 

Figure 5.43: MAC2MAC Delay and Distance 
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Figure 5.44: MAC2MAC Delay and Distance 

Figure 5.42 to Figure 5.44 see above the systems were evaluated using MAC to MAC delay 

(MAC2MAC delay), and the distance separating the communicating vehicles. It is obvious in Figure 

5.42 to Figure 5.44, the performance of both STDMA and CSMA when the distance between 

communication vehicles is 100m, and the traffic volume is low the average MAC2MAC delay for 

the systems is considered minimal. This is account for lesser contention attempts for the 

transmissions with respect to the nodes that are using CSMA. Whereas, STDMA indicates higher 

performance and the delay recorded is because as the closer the transmissions are the more 

likely they interfere with each other since all messages that are intended to be transmitted are 

eventually scheduled for transmissions, and no contention is required. However, as the traffic 

volume increases, and the distance also increases both schemes performances are negatively 

affected, which is still due to the interference of other objects along the highway and the 

weakening of the transmission signal as the distance increases. On the part of STDMA 

interference could be as a result of the reuse of transmission slots. However, on the part of CSMA 

still, multiple attempts by different vehicles to gain access to the channel contribute immensely 

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Distance [km]

2

4

6

8

10

12

14

16

MA
C2

MA
C 

De
lay

 [m
s]

STDMA

CSMA/CA

Number of Vehicles: 500



 

197 
 

on the degradation of the network performance in addition to the weakening of the transmission 

signal as the distance increases. 

 

 

Figure 5.45: Probability of Message Reception rate and SNR  
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Figure 5.47: Probability of Message Reception rate and SNR 
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transmissions and interference from other transmissions the rate of retransmissions requests 

increases, which resulted in the increase in the rate of contention from vehicles competing to 

access the channel using CSMA system. This phenomenon will lead to an increase in collisions, 

influences the percentage of messages that could successfully be transmitted and received at the 

destinations. On the part of vehicles using STDMA always channel access is guaranteed, 

therefore, there is no problem of collision due to channel access competitions among the vehicles, 

but the transmissions might be affected by interference and obstruction over the road.    

5.2.10 Summary 
 
Several ITS applications are envisaged to use IEEE802.11p wireless technology, which provides 

up to 1000meters communication capability between vehicles (that is using vehicular ad hoc 

network) at the line of sight. In vehicular ad hoc networks designing an efficient media access 

protocol poses a major challenge, as the number of vehicles is not known before transmission 

and could not be bounded. Thus, the scalability of a MAC approach has a significant influence on 

the performance of vehicular communication. The 802.11p medium access control (MAC) protocol 

functioned effectively when the road traffic volume is moderate, it has no need for 

synchronisation; and it provides support for variable packet sizes. The proposed systems 

investigated the 802.11p MAC and provided a solution in a scenario of an accident occurring in 

highly congested road traffic on a motorway.  The investigation into the scalability issue of the 

802.11p in comparison with the STDMA reveals that 802.11p does not provide bounded access 

to the channel using time-triggered messages, as indicated in the literature nor does it require 

synchronisation. On the other hand, STDMA offers predictable access to the channel, as all access 

channel requests resulted in channel access that is scheduled and separated by a distance in 

space. However, STDMA requires slot synchronisation and vehicles location information. The 

vehicles location information is present, but there is a need for slot synchronisation in STDMA.   
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Chapter 6: Conclusion and Future Work 

6.1 Conclusion 
 

Recent progress in wireless communication together with their integration into vehicles are 

gradually transforming vehicles from means of transportation into computing platforms. This can 

lead to an increase in transportation safety through the avoidance of accidents and a consequent 

reduction in injuries, fatalities and economic losses. There are many efforts in the research, design 

and testing of potential solutions to the challenges of vehicular communication within academia, 

communication firms and automotive industries. Further research was needed to improve the 

reliability of safety message communication in VANETs in order to resolve the constraints of the 

existing proposed solutions, as highlighted in the literature review segment of this study. 

Therefore, new mechanisms of ensuring reliable communication of safety messages were 

proposed in this study. The contributions offered in this study through the theoretical analysis 

and simulation experiments of the application of error control coding as evident in the 

contributions of the major two proposed solutions in this thesis (Adaptive FEC and Adaptive-based 

Adaptive FEC-based TEMB schemes) have demonstrated that timely and reliable transmission of 

safety critical messages is achievable in vehicular communication. Furthermore, the theoretical 

analysis presented in the Chapter 5 of this work were validated using simulation experiments. 

The results have demonstrated that analytical models are accurate. Finally, the performance of 

the proposed Adaptive FEC-based TEMB Scheme was further improved upon by the introduction 

of a designed novel RTT and CTT three-way handshake mechanism. The proposed novel three-

way handshake mechanism helped in mitigating the hidden and exposed vehicle problems, which 

are known to increase the rate of packet collision in the wireless networks. Consequently, the 

proposed solutions were used to ensure reliable communication of the safety critical messages in 

VANET. 
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Moreover, the investigation into the scalability challenges of the 802.11p in comparison with the 

STDMA as a function of reliable vehicular communication reveals that 802.11p does not provide 

bounded access to the channel using time-triggered messages, as indicated in the literature. 

Additionally, the investigation further discovered that CSMA/CA-based 802.11p does not require 

synchronisation. Conversely, STDMA provides predictable access to the channel, and all channel 

access requests lead to accessing the channel that is scheduled and separated by a distance in 

space. However, STDMA needs slot synchronisation and vehicles position data. The vehicles’ 

position data is available, but there is a need for slot synchronisation in STDMA.   

6.2 Future work 
 
6.2.1 Testbed implementation of the proposed solutions 
 
Despite the rigorous experimental evaluation of the proposed systems and the results so far 

achieved for reliable safety message transmission, there is a need for Testbed implementation of 

the proposed solutions to further evaluate their strengths for improvement. However, there is the 

challenge of providing suitable testbed environment for VANET due to the vehicular 

communication peculiarities such as rapid vehicle mobility, and unique communication standard 

(IEEE 802.11p), the available wireless hardware might not provide support of VANET scenarios.  

6.2.2 Concatenation of error correction codes 
 
Concatenation of codes is a mechanism in which two error correction codes are combined into a 

single system for error detection and correction.  Usually, a combination of linear block codes 

such as Reed Solomon codes and convolutional codes like turbo codes. The concept is to create 

a system that could be strong enough to handle any type of errors (burst and random error) 

entered during message transmission.  In practice Reed Solomon codes are used for the outer 

layer of the error correction system and a convolutional code is implemented at the inner layer 

to handle the remaining random errors that could not be recovered by the Reed Solomon code. 
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Further investigation into the application of other error control codes, as well as the concatenation 

approach could also be investigated. The resulting performance should be compared and 

evaluated with the results achieved in this work. 

In the future work, the use of an interleaver in conjunction with the concatenation mechanism 

will also be an interesting investigation to be conducted. Considering the time dependent nature 

of the safety application the investigation is necessary due to the potential implication of decoding 

complexity as a result of two layers of coding. 

6.2.3 Further investigation into Scalability issues of 802.11p and STDMA 
 
Several ITS applications are envisaged to use IEEE 802.11p wireless technology, which provides 

up to 1000 ms communication capability between vehicles (that is using VANETs) at the line of 

sight (LOS). The challenges facing MAC protocol in VANETs especially as the number of vehicles 

is not known a priori and could not be bounded, but can also be a reasonable area for further 

research. This is due to the fact that STDMA needs vehicles positions information as well as slot 

synchronisation. Although, the vehicles’ position information is present, there is a need for further 

investigation into the best ways that challenges of slot synchronisation in STDMA can be resolve.   

Furthermore, this further research is most important since self-organised time division multiple 

access (STDMA) slot misalignment leads to further slot synchronisation problem that can result 

in further message collisions. For instance, if two cars are adjacent to each other, when each 

select different time slots, the misalignment of the slot could lead to overlap between their 

message broadcastings. Apparently, the overlap also could result in message collision, which 

deteriorates network performance. Consequently, the synchronisation problem could also occur 

when a node (vehicle) fails to receive GPS signal because of the obstruction of a large obstacles 

such as bridges or tunnels. Particularly, the failure in GPS signal reception by the vehicle will 

affect its ability to update its local time by applying timing information in GPS signal; therefore, 

vehicles will fail to align local clock time to the GPS clock (Lim, 2016; Uhlemann, 2018). 
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6.2.4 Secure vehicular communication 
 
Security is regarded as the condition of being free from peril or threat, which implies that security 

also refers to safety and the mechanisms applied to be safe or protected. In vehicular 

communication, it is critical to protect against malicious actions as well as to define security 

architecture due to the difficulty in securing wireless communication and the challenges posed by 

the vehicular communication setting. Recently, there has been significant research efforts in the 

automotive industry and academia in attempts to explore the security attacks and the 

corresponding solutions of the identified security vulnerabilities in VANETs. Other research 

endeavours are targeted at defining security infrastructures, as well as a formalisation of 

standards and protocols. So far, the trend of trustworthiness of a vehicle and misbehaving 

detection remain inadequately explored. Furthermore, vehicular communication is an interaction 

of network, infrastructure, as well as the driver’s behaviour and cooperation. Therefore, an 

investigation into security solutions must determine a compromise that could incorporate all 

entities within it. 

Furthermore, security is considered as an essential part for the wide acceptability of 

V2V communications. The provision of efficient and reliable security mechanisms in VANET is 

imperative, as the exchange of incorrect or malicious messages among vehicles could have 

disastrous consequences, including loss of life and property. The fundamental security 

requirements in V2V broadcast systems are firstly to authenticate the source of a received 

broadcast message, secondly to verify that the message has not been tampered with while it was 

in transit, and thirdly, to guarantee that the source of a broadcast message can be held 

accountable for its actions in the event of an investigation. Although these are quite standard 

requirements for message security in wireless networks, for which well-known solutions exist, the 

V2V use-cases have particular characteristics that constrain solutions: (1) high mobility of vehicles 

with short connection time (2) vehicles need to process received broadcast messages rapidly (3) 
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heterogeneous environment with varying density of vehicles and (4) one-way transmission mode 

with no prior security association. The unique characteristics, constraints and configurations of 

V2V communication requires the need to explore security solutions that can used to secure safety 

messages in VANET. 
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Appendix 
 
 

Excerpt of the Matlab Source Code 
 
Reed Solomon Generator 
function [poly, n, k, r] = rs_generator(prime, dmin, powtable, fsize) 

     poly = [prime 1];  
     cur_res = gf_mul(prime, prime, powtable, fsize); 
     cur_pow = 2; 
     r = 1; 
     while cur_res ~= prime 
         if cur_pow < dmin 
  
             poly = poly_mul(poly, [cur_res 1], powtable, fsize); 
             r = r + 1; 
         end 
 

 

         cur_res = gf_mul(cur_res, prime, powtable, fsize); 
         cur_pow = cur_pow + 1; 
     end 
      
     n = cur_pow - 1;     
     k = n - r;           
 end 

 
Reed Solomon Encode 
function [codeword] = rs_encode(data, rs_poly, rs_n, powtable, fsize) 

    k = rs_n - length(rs_poly) + 1; 
    if length(data) ~= k 
        error(k); 
    end 
    codeword = [zeros(1, length(rs_poly) - 1) data(end:-:1)]; 
    [rem, ~] = poly_div(codeword, rs_poly, powtable, fsize); 
    codeword(1: length(rem)) = rem; 
End 
 

Reed Solomon Decode 
function [ data, correct, err_present, S, cw ] = rs_decode( cw, prime, rs_poly, rs_n, powtable, 
fsize) 
 
    r = length(rs_poly) - 1; 
    k = rs_n - r; 
    data = zeros(1,k); 
    S = zeros(1, r); 
    cur_pv = prime; 
    err_present = false; 
    correct = true; 
    for i=1:r 
        S(i) = poly_eval(cw, cur_pv, powtable, fsize); 
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        cur_pv = gf_mul(cur_pv, prime, powtable, fsize); 
        if S(i) ~= 0 
            err_present = true; 
        end 
    end 
     
    if err_present 
                Sx = S; 
        while Sx(1) == 0 
            Sx = Sx(2:end); 
        end 
        [V, Lb] = berlekamp(Sx, powtable, fsize); 
        L = [1 Lb]; 
        fprintf(V); 
        fprintf('L(x):\n'); 
        disp(L); 
        iloc_vec = zeros(1, floor(r/2)); 
        iloc_idx = 1; 
        %Find roots of L(x) using Chien search.. 
        for i=1:(fsize-1) 
            lev = poly_eval(L, i, powtable, fsize); 
            if lev == 0 
                iloc_vec(iloc_idx) = i; 
                iloc_idx = iloc_idx + 1; 
            end 
        end 
        loc_cnt = iloc_idx - 1; 
        if loc_cnt < V 
            fprintf('deg L(x) < V. Unable to correct errors\n'); 
            correct = false; 
            return; 
        end 
        Ev = poly_mul(S, L, powtable, fsize); 
        Ev = Ev(1:r);    
        fprintf('Omega(x):\n'); 
        disp(Ev); 
         L_d = poly_diff(L); 
         
        for i=1:loc_cnt 
            nom = poly_eval(Ev, iloc_vec(i), powtable, fsize); 
            denom = poly_eval(L_d, iloc_vec(i), powtable, fsize); 
            err_pos = fsize - 1 - powtable(iloc_vec(i)+1, 3); 
            if nom == 0 || denom == 0 || err_pos > (rs_n-1) 
                fprintf; 
                correct = false; 
                return; 
            end 
            err_val = gf_div(nom, denom, powtable,fsize); 
            fprintf(iloc_vec(i), err_val, err_pos); 
            cw(err_pos+1) = bitxor(cw(err_pos+1), err_val); 
        end 
    end 
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    data = cw(end:-1:(r+1)); 
end 
 
Reed Solomon Test 
function [ ] = rs_test( ) 
    %Construct GF 
    gf_power = 4; 
    gf_poly = [1 1 0 0 1]; %2^4 
    gf_prime = 2; 
    fprintf(gf_power); 
    fprintf; 
    disp(gf_poly); 
    fprintf; 
    [gf_pt, gf_size] = gf_calculate_pt(gf_power, gf_poly, gf_prime); 
     
    fprintf('GF constructed\n'); 
    rs_prime = 2; 
    rs_dmin = 5; 
    fprintf; 
    fprintf(rs_prime, rs_dmin); 
    [rs_poly, n, k, r] = rs_generator(rs_prime, rs_dmin, gf_pt, gf_size); 
    fprintf; 
    fprintf('G(x): '); 
    disp(rs_poly); 
     
    fprintf('----------------------\n---------------ENCODE\n---------------\n'); 
    data = randi(gf_size, 1, k) - 1; 
    fprintf('Random data to encode, k); 
    disp(data); 
     
    cw = rs_encode(data, rs_poly, n, gf_pt, gf_size); 
    fprintf(n); 
    disp(cw); 
    errcnt = floor((rs_dmin - 1)/2); 
     
    fprintf('------------------\n------CORRUPT----\n-----------\n'); 
    fprintf(errcnt); 
    errv = zeros(1,n); 
    for i=1:errcnt 
        errv(randi(n, 1)) = randi(gf_size - 1, 1); 
    end 
    disp(errv); 
    real_errcnt = 0; 
    for i=1:length(errv) 
        if errv(i) ~= 0 
            real_errcnt = real_errcnt + 1; 
            fprintf(errv(i), i - 1); 
        end 
    end 
    fprintf('Real error count: %d\n', real_errcnt); 
    cw_t = cw; 
    cw_t = bitxor(cw, errv); 
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    fprintf('Corrupted codeword:\n'); 
    disp(cw_t); 
    fprintf('-----------\n------DECODE-------\n-----------\n'); 
    tic; 
    [rdata, rcorrect, err_present, S, ccw] = rs_decode(cw_t, rs_prime, rs_poly, n, gf_pt, 
gf_size); 
    etime = toc; 
    fprintf('Syndrome vector:'); 
    disp(S); 
    if err_present 
        fprintf; 
    else 
        fprintf; 
    end 
    if rcorrect 
        fprintf; 
        fprintf; 
        disp(rdata); 
        rec_errv = bitxor(rdata, data); 
        fprintf; 
        disp(rec_errv); 
        if nnz(rec_errv) == 0 
            fprintf(‘DECODED OK’); 
        else 
            fprintf(‘OOPS’); 
            [rem, ~] = poly_div(ccw, rs_poly, gf_pt, gf_size); 
            if rem == 0 
                fprintf; 
            else 
                fprintf; 
            end 
        end 
    else 
        fprintf; 
    end 
    fprintf; 
end 
Code for the location, speed and the acceleration of the network nodes     

Clear; 
hold on 
Communication_range = 200;  
length_of_the_road=6000;  
lane1pos = 503;  
lane2pos = 506;  
lane3pos = 509;  
lane4pos = 512;  
total_connected_vehicles = 0;  
nodes_1_intersect = 0;  
nodes_2_intersect = 0;  
nodes_3_intersect = 0; 
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nodes_4_intersect = 0;  
count = 0;  
counter = 0;  
avg_nodes = 0;  
time_dur_3_neighbors = 0;  
same_comm_neighbors = 0;  
avg_V2V = 0;  
avg_3_neighbors = 0;  
avg_same_comm_neighbors = 0;  
v2vcommunication_distance=50;  
X=0:1:v2vcommunication_distance;  
limit=1;  
increment=1;  
trafficdensity=[50 100 150 200 250 300 350 400 450 500 700];  
 

  
for No_of_cars_in_a_lane=100:50:500  
    
ypos_in_1st_lane=sort(unidrnd(length_of_the_road,[No_of_cars_in_a_lane,1]),1);   
    
ypos_in_2nd_lane=sort(unidrnd(length_of_the_road,[No_of_cars_in_a_lane,1]),1);  
    
ypos_in_3rd_lane=sort(unidrnd(length_of_the_road,[No_of_cars_in_a_lane,1]),1);  
    
ypos_in_4th_lane=sort(unidrnd(length_of_the_road,[No_of_cars_in_a_lane,1]),1);  
      
  
  
  
  
  
  
  
  
    position_matrix_1=[];  
    position_matrix_2=[];  
    position_matrix_3=[];  
    position_matrix_4=[];    
for timing_constraint=1:No_of_cars_in_a_lane  
        if (timing_constraint==1)  
            diff_in_1st_lane_positions = 0;  
        else  
            diff_in_1st_lane_positions = ypos_in_1st_lane(timing_constraint,1) - 
ypos_in_1st_lane(timing_constraint-1,1);  
        end 
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        matrix1_row = [lane1pos ypos_in_1st_lane(timing_constraint,1) 
speed_for_cars_in_lane1(timing_constraint,1) 
accleration_for_cars_in_lane1(timing_constraint,1) diff_in_1st_lane_positions 0];  
        position_matrix_1 = [position_matrix_1;matrix1_row];  
        if (timing_constraint==1)  
            diff_in_2nd_lane_positions = 0;  
        else  
            diff_in_2nd_lane_positions = ypos_in_2nd_lane(timing_constraint,1) - 
ypos_in_2nd_lane(timing_constraint-1,1);  
        end  
        matrix2_row = [lane2pos ypos_in_2nd_lane(timing_constraint,1) 
speed_for_cars_in_lane2(timing_constraint,1) 
accleration_for_cars_in_lane2(timing_constraint,1) diff_in_2nd_lane_positions 0];  
        position_matrix_2 = [position_matrix_2;matrix2_row];  
        if (timing_constraint==1)  
            diff_in_3rd_lane_positions = 0;  
        else  
            diff_in_3rd_lane_positions = ypos_in_3rd_lane(timing_constraint,1) - 
ypos_in_3rd_lane(timing_constraint-1,1);  
        end  
        matrix3_row = [lane3pos ypos_in_3rd_lane(timing_constraint,1) 
speed_for_cars_in_lane3(timing_constraint,1) 
accleration_for_cars_in_lane3(timing_constraint,1) diff_in_3rd_lane_positions 0];  
        position_matrix_3 = [position_matrix_3; matrix3_row];  
        if (timing_constraint==1)  
            diff_in_4th_lane_positions = 0;  
        else  
            diff_in_4th_lane_positions = ypos_in_4th_lane(timing_constraint,1) - 
ypos_in_4th_lane(timing_constraint-1,1);  
        end  
        matrix4_row = [lane4pos ypos_in_4th_lane(timing_constraint,1) 
speed_for_cars_in_lane4(timing_constraint,1) 
accleration_for_cars_in_lane4(timing_constraint,1) diff_in_4th_lane_positions 0];  
        position_matrix_4 = [position_matrix_4; matrix4_row];  
        for time = 0:1  
  
  
  
  
  
  
  
  
  
  
 



 

230 
 

 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
                flag = 0;  
 for i = 1:size(position_matrix_2,1)  
      i = i-flag;                  
 new_speed2 = position_matrix_2(i,3) + (-1 + (1-(-
1))*rand(1,1))*position_matrix_2(i,4);  
             position_matrix_2(i,2) = position_matrix_2(i,2) + (new_speed2*0.1);  
                            if (i ~= 1)  
             position_matrix_2(i,5) = position_matrix_2(i,2) - position_matrix_2(i-1,2);  
                            end  
                            if (i ~= 1)  
                                if(position_matrix_2(i,2) - position_matrix_2(i-1,2) < 10)  
                                     % checkk if the nearby lane is free or not   
                                      lanecheck3 = 
find(position_matrix_3(:,2)<=position_matrix_2(i,2)+10 & 
position_matrix_3(:,2)>=position_matrix_2(i,2)-10);  
                                      lanecheck1 = 
find(position_matrix_1(:,2)<=position_matrix_2(i,2)+10 & 
position_matrix_1(:,2)>=position_matrix_2(i,2)-10);  
                                     if(isempty(lanecheck3)) 
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                                        position_matrix_3 = [position_matrix_3; 
[position_matrix_3(1,1) position_matrix_2(i,2) position_matrix_2(i,3) 
position_matrix_2(i,4) position_matrix_2(i,5) 0]];  
                                        position_matrix_3 = sortrows(position_matrix_3,2);  
                                        position_matrix_2(i,:) = [];  
                                        flag = flag+1;  
                                     elseif(isempty(lanecheck1))  
                                        position_matrix_1 = [position_matrix_1; 
[position_matrix_1(1,1) position_matrix_2(i,2) position_matrix_2(i,3) 
position_matrix_2(i,4) position_matrix_2(i,5) 0]];  
                                        position_matrix_1 = sortrows(position_matrix_1,2);  
                                        position_matrix_2(i,:) = [];  
                                        flag = flag+1;                         
                                     else  
factor=0.75+sqrt(0.5625+0.02804*(position_matrix_2(i,2) - position_matrix_2(i-
1,2))))/0.01408; 
  
   position_matrix_2(i,3) = min(position_matrix_2(i-1,3), factor);   
                                     end  
                                end  
                end  
sort the cars in the lane                  
        position_matrix_2 = sortrows(position_matrix_2);  
        position_matrix_1 = sortrows(position_matrix_1);  
        position_matrix_3 = sortrows(position_matrix_3);  
                  flag = 0;  
    for i = 1:size(position_matrix_1,1)  
                i = i - flag; 

 new_speed1 = position_matrix_1(i,3) + (-1 + (1-(-
1))*rand(1,1))*position_matrix_1(i,4);  
        position_matrix_1(i,2) = position_matrix_1(i,2) + (new_speed1*0.1);  
                if (i ~= 1)  
             position_matrix_1(i,5) = position_matrix_1(i,2) - position_matrix_1(i-1,2);  
                end  
                if (i ~= 1)  
                    if(position_matrix_1(i,2) - position_matrix_1(i-1,2) < 10)  
                        lanecheck2 = 
find(position_matrix_2(:,2)<=position_matrix_1(i,2)+10 & 
position_matrix_2(:,2)>=position_matrix_1(i,2)-10);  
                        if(isempty(lanecheck2))  
                            position_matrix_2 = [position_matrix_2; [position_matrix_1(1,1) 
position_matrix_1(i,2) position_matrix_1(i,3) position_matrix_1(i,4) 
position_matrix_1(i,5) 0]];    
                            position_matrix_2 = sortrows(position_matrix_2,2);  
                            position_matrix_1(i,:) = [];  
                            flag = flag + 1; 
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                        else  
                            factor=(-0.75+sqrt(0.5625+0.02804*(position_matrix_1(i,2) - 
position_matrix_1(i-1,2))))/0.01408;  
                            position_matrix_1(i,3) = min(position_matrix_1(i-1,3), factor);  
                        end  
                    end      
                end  
    end  
    position_matrix_1 = sortrows(position_matrix_1);  
    position_matrix_2 = sortrows(position_matrix_2);  
                  flag = 0;  
    for i = 1: size(position_matrix_4,1)  
                i = i - flag;  
                new_speed1 = position_matrix_4(i,3) + (-1 + (1-(-
1))*rand(1,1))*position_matrix_4(i,4);  
                position_matrix_4(i,2) = position_matrix_4(i,2) + (new_speed1*0.1);  
                if (i ~= 1)  
                position_matrix_4(i,5) = position_matrix_4(i,2) - position_matrix_4(i-
1,2);  
                end  
                if (i ~= 1)  
                    if(position_matrix_4(i,2) - position_matrix_4(i-1,2) < 10)  
                        lanecheck3 = 
find(position_matrix_3(:,2)<=position_matrix_4(i,2)+10 & 
position_matrix_3(:,2)>=position_matrix_4(i,2)-10);  
                        if(isempty(lanecheck3))  
                            position_matrix_3 = [position_matrix_3; [position_matrix_4(1,1) 
position_matrix_4(i,2) position_matrix_4(i,3) position_matrix_4(i,4) 
position_matrix_4(i,5) 0]];  
                            position_matrix_3 = sortrows(position_matrix_3,2);  
                            position_matrix_4(i,:) = [];  
                            flag = flag + 1;  
                        else  
  
  
                        end  
                    end      
                end  
    end  
    position_matrix_4 = sortrows(position_matrix_4);  
    position_matrix_3 = sortrows(position_matrix_3);  
                flag = 0;  
                for i = 1:size(position_matrix_3,1)    
                            i = i-flag;                  
                            new_speed2 = position_matrix_3(i,3) + (-1 + (1-(-
1))*rand(1,1))*position_matrix_3(i,4); 
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                            position_matrix_3(i,2) = position_matrix_3(i,2) + 
(new_speed2*0.1);  
                            if (i ~= 1)  
                            position_matrix_3(i,5) = position_matrix_3(i,2) - 
position_matrix_3(i-1,2);  
                            end  
                            if (i ~= 1)  
                                if(position_matrix_3(i,2) - position_matrix_3(i-1,2) < 10)  
                                      lanecheck3 = 
find(position_matrix_4(:,2)<=position_matrix_3(i,2)+10 & 
position_matrix_4(:,2)>=position_matrix_3(i,2)-10);  
                                      lanecheck1 = 
find(position_matrix_2(:,2)<=position_matrix_3(i,2)+10 & 
position_matrix_2(:,2)>=position_matrix_3(i,2)-10);  
                                     if(isempty(lanecheck3))  
                                        position_matrix_4 = [position_matrix_4; 
[position_matrix_4(1,1) position_matrix_3(i,2) position_matrix_3(i,3) 
position_matrix_3(i,4) position_matrix_3(i,5) 0]];   
                                        position_matrix_4 = sortrows(position_matrix_4,2);  
                                        position_matrix_3(i,:) = [];  
                                        flag = flag+1;  
                            
                                     elseif(isempty(lanecheck1))  
                                        position_matrix_2 = [position_matrix_2; 
[position_matrix_2(1,1) position_matrix_3(i,2) position_matrix_3(i,3) 
position_matrix_3(i,4) position_matrix_3(i,5) 0]];   
                                        position_matrix_2 = sortrows(position_matrix_2,2);  
                                        position_matrix_3(i,:) = [];  
                                        flag = flag+1;                             
                                     else  
  
                                        position_matrix_3(i,3) = min(position_matrix_3(i-
1,3),factor);  
                                     end  
                                end  
                            end   
                end  
        position_matrix_3 = sortrows(position_matrix_3);  
        position_matrix_2 = sortrows(position_matrix_2);  
        position_matrix_4 = sortrows(position_matrix_4);  
% Boundary effect- if a car reaches the end point of the lane, then reset  
% it back to the same lane  
%              Lane 1  
                if(max(position_matrix_1(:,2))>5000)  
                    x = find(position_matrix_1(:,2) > 5000);  
                    dist = 0; 
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                    diff = position_matrix_1(1,2);  
                    for k = 1:length(x)  
                        position_matrix_1(x(k),:) = [];   
                        position_matrix_1 = [position_matrix_1; [position_matrix_1(1,1) 
dist randi([50 70],1,1) -5 + (5+5)*rand(1,1) diff 0]];  
                        position_matrix_1 = sortrows(position_matrix_1,2);  
                        dist = dist + 20;  
                        diff = diff + 20;  
                    end  
                end      
%              Lane 2  
                if(max(position_matrix_2(:,2))>5000)  
                    x = find(position_matrix_2(:,2) > 5000);  
                    dist = 0;  
                    diff = position_matrix_2(1,2);  
                    for k = 1:length(x)  
                        position_matrix_2(x(k),:) = [];   
                        position_matrix_2 = [position_matrix_2; [position_matrix_1(2,1) 
dist randi([50 70],1,1) -5 + (5+5)*rand(1,1) diff 0]];  
                        position_matrix_2 = sortrows(position_matrix_2,2);  
                        dist = dist + 20;  
                        diff = diff + 20;  
                    end  
                end  
                if(max(position_matrix_3(:,2))>5000)  
                    x = find(position_matrix_3(:,2) > 5000);  
                    dist = 0;  
                    diff = position_matrix_3(1,2);  
                    for k = 1: length(x)  
                        position_matrix_3(x(k), :) = [];   
                        position_matrix_3 = [position_matrix_3; [position_matrix_3(2,1) 
dist randi([50 70],1,1) -5 + (5+5)*rand(1,1) diff 0]];  
                        position_matrix_3 = sortrows(position_matrix_3,2);  
                        dist = dist + 20;  
                        diff = diff + 20;  
                    end  
                end  
                if(max(position_matrix_4(:,2))>5000)  
                    x = find(position_matrix_4(:,2) > 5000);  
                    dist = 0;  
                    diff = position_matrix_4(1,2);  
                    for k = 1: length(x)  
                        position_matrix_4(x(k),:) = [];   
                        position_matrix_4 = [position_matrix_4; [position_matrix_4(2,1) 
dist randi([50 70],1,1) -5 + (5+5)*rand(1,1) diff 0]];  
                        position_matrix_4 = sortrows(position_matrix_4,2); 
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                        dist = dist + 20;  
                        diff = diff + 20;  
                    end  
                end  
          end  
                position_matrix_1 = sortrows(position_matrix_1,2);  
                position_matrix_2 = sortrows(position_matrix_2,2);  
                position_matrix_3 = sortrows(position_matrix_3,2);  
                position_matrix_4 = sortrows(position_matrix_4,2);  
            check = find(position_matrix_1(:,6) == 1);  
    if(isempty(check))  
        check = find(position_matrix_2(:,6) == 1);  
        if(isempty(check))  
            check = find(position_matrix_3(:,6) == 1);  
            if(isempty(check))  
                check = find(position_matrix_4(:,6) == 1);  
                lane_num = position_matrix_4;  
            else  
                lane_num = position_matrix_3;  
            end  
        else  
            lane_num = position_matrix_2;  
        end  
    else  
        lane_num = position_matrix_1;  
    end    
    nodes_1 = 0;  
    vehicles_in_lane1 = 0;  
    for i = 1:size(position_matrix_1,1)  
        Coord = 
[lane_num(check,1),lane_num(check,2);position_matrix_1(i,1),position_matrix_1(i,2
)];  
        dist  = pdist(Coord,'euclidean');   
        if (dist <= Communication_range)  
            nodes_1 = [nodes_1,i] ;  
            vehicles_in_lane1 = vehicles_in_lane1 + 1;  
        end  
    end  
    nodes_2 = 0;  
    vehicles_in_lane2 = 0;  
    for i = 1:size(position_matrix_2,1)  
        Coord = 
[lane_num(check,1),lane_num(check,2);position_matrix_2(i,1),position_matrix_2(i,2
)];  
        dist  = pdist(Coord,'euclidean');   
        if (dist < Communication_range) 
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            nodes_2 = [nodes_2,i] ;  
            vehicles_in_lane2 = vehicles_in_lane2 + 1;  
        end  
    end  
    nodes_3 = 0;  
    vehicles_in_lane3 = 0;  
    for i = 1:size(position_matrix_3,1)  
        Coord = 
[lane_num(check,1),lane_num(check,2);position_matrix_3(i,1),position_matrix_3(i,2
)];  
        dist  = pdist(Coord,'euclidean');   
        if (dist < 50)  
            nodes_3 = [nodes_3,i];  
            vehicles_in_lane3 = vehicles_in_lane3 + 1;  
        end  
    end  
    nodes_4 = 0;  
    vehicles_in_lane4 = 0;  
    for i = 1:size(position_matrix_4,1)  
        Coord = 
[lane_num(check,1),lane_num(check,2);position_matrix_4(i,1),position_matrix_4(i,2
)];  
        dist  = pdist(Coord,'euclidean');   
        if (dist < 50)  
            nodes_4 = [nodes_4, i];  
            vehicles_in_lane4 = vehicles_in_lane4 + 1;  
        end  
    end      
    connected_vehicles = 
length(vehicles_in_lane1)+vehicles_in_lane2+vehicles_in_lane3+vehicles_in_lane4;  
    total_connected_vehicles = total_connected_vehicles + connected_vehicles;  
        nodes_1_intersect = intersect(nodes_1,nodes_1_intersect);  
        nodes_2_intersect = intersect(nodes_2,nodes_2_intersect);  
        nodes_3_intersect = intersect(nodes_3,nodes_3_intersect);  
        nodes_4_intersect = intersect(nodes_4,nodes_4_intersect);  
        inter_length = length(nodes_1_intersect) + length(nodes_2_intersect) 
+length(nodes_3_intersect)+length(nodes_4_intersect);  
        if(inter_length >= 3)  
            count = count + 1;  
        else  
            counter = counter + 1;  
        end  
        if(time == 5)  
            neighbour = count + counter;  
            same_comm_neighbors = [same_comm_neighbors,neighbour];  
        end     
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        end   
    avg_vehicles = total_connected_vehicles/(limit/increment);  
    avg_nodes = [avg_nodes;avg_vehicles];  
    time_dur_3_neighbors = [time_dur_3_neighbors,(count*0.1)];  
        end  
    avg_V2V = [avg_V2V,mean(avg_nodes)];  
    avg_3_neighbors = [avg_3_neighbors,mean(time_dur_3_neighbors)];  
    avg_same_comm_neighbors = 
[avg_same_comm_neighbors,mean(same_comm_neighbors)];  
end  
figure(1)  
title('Average No of nodes in the V2V network Vs Traffic Density');  
xlabel('Traffic Density');  
ylabel('Avg V2V Connectivity');  
hold on  
plot(trafficdensity,avg_V2V,'k');  
figure(2)  
title('Average duration - 3 neighbors connected vs Traffic Density');  
xlabel('Traffic Density');  
ylabel('Average duration');  
hold on;  
plot(trafficdensity,avg_3_neighbors,'K');  
figure(3)  
title('Average number of same communication neighbors Vs Traffic Density');  
xlabel('Traffic Density');  
ylabel('Avg same communication neighbours');  
hold on;  
plot(trafficdensity, avg_same_comm_neighbors,'k'); 
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