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Abstract

W ireless communications have been extensively studied for several decades,
which has led to various new advancements, including new technologies in

the field of Intelligent Transport Systems. Vehicular Ad hoc Networks or VANETs are
considered to be a long-term solution, contributing significantly towards Intelligent
Transport Systems in providing access to critical life-safety applications and infotain-
ment services. These services will require ubiquitous connectivity and hence there is
a need to explore seamless handover mechanisms. Although VANETs are attracting
greater commercial interest, current research has not adequately captured the real-
world constraints in Vehicular Ad hoc Network handover techniques. Due to the high
velocity of the vehicles and smaller coverage distances, there are serious challenges in
providing seamless handover from one Road Side Unit (RSU) to another and this comes
at the cost of overlapping signals of adjacent RSUs. Therefore, a framework is needed to
be able to calculate the regions of overlap in adjacent RSU coverage ranges to guarantee
ubiquitous connectivity. This thesis is about providing such a framework by analysing
in detail the communication mechanisms in a VANET network, firstly by means of sim-
ulations using the VEINs framework via OMNeT++ and then using analytical analysis
of the probability of successful packet reception. Some of the concepts of the Y-Comm
architecture such as Network Dwell Time, Time Before Handover and Exit Times have
been used to provide a framework to investigate handover issues and these parameters
are also used in this thesis to explore handover in highly mobile environments such as
VANETs. Initial investigation showed that seamless communication was dependant on
the beacon frequency, length of the beacon and the velocity of the vehicle. The effects
of each of these parameters are explored in detail and results are presented which
show the need for a more probabilistic approach to handover based on cumulative
probability of successful packet reception. In addition, this work shows how the length
of the beacon affects the rate of change of the Signal-to-Noise ratio or SNR as the vehicle
approaches the Road-Side Unit. However, the velocity of the vehicle affects both the
cumulative probability as well as the Signal-to-Noise ratio as the vehicle approaches
the Road-Side Unit. The results of this work will enable systems that can provide
ubiquitous connectivity via seamless handover using proactive techniques because



traditional models of handover are unable to cope with the high velocity of the vehicles
and relatively small area of coverage in these environments. Finally, a testbed has
been set-up at the Middlesex University, Hendon campus for the purpose of achieving a
better understanding of VANET systems operating in an urban environment. Using the
testbed, it was observed that environmental effects have to be taken into considerations
in real-time deployment studies to see how these parameters can affect the performance
of VANET systems under different scenarios. This work also highlights the fact that in
order to build a practical system better propagation models are required in the urban
context for highly mobile environments such as VANETs.
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Chapter 1

Introduction

I n this era of globalization, transport efficiency plays an important part in
the economic growth of a flourishing country in today’s world. Thus, an

efficient transport system, is a key requirement for the community for better
sustainable resources (i.e for commuting, employment and trade). However, this
transport efficiency presently comes at a very substantial cost because of excessive
use of pollutants like oil, coal, etc., which leads to heavy CO2 emissions in the
air. Statistics from the European Commission show that the European transport
industry constitutes about 6.3% of the Gross Domestic Product (GDP) which alone
comes from transport industry itself. It is also considered the most employable
sector which gives employability to nearly 13 million people. Various European
research efforts show that our transport system itself, consumes about 63% of the
oil, which produces about 29% of the CO2 emissions alone (EuropeanCommission,
2015). Figure 1.1 represents an Intelligent Transport Systems (ITS) scenario cited

Fig. 1.1 An ITS Scenario. (European Standards Organization, 2015)
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from (European Standards Organization, 2015). According to this scenario, reducing
oil reserves will be the main cause for the oil prices to go higher to about 50% by
2050. This calls for an urgent change in the current tendencies, otherwise the social
costs of the accidents and pollution will continue to rise (EuropeanCommission,
2015).

This rapid growth in the number of vehicles on the roads has created a plethora
of challenges for road traffic management authorities such as, traffic congestion,
increasing number of accidents, air pollution, etc. Over the last decade, significant
research efforts from both the automotive industry and academia have been under-
taken to accelerate the deployment of a wireless network, based on a short-range
communication among moving vehicles (Vehicle-to-Vehicle, V2V) and roadside
infrastructure (Vehicle-to-Infrastructure, V2I). This network is called a Vehicular Ad
Hoc Network (VANET) and is characterized by high node speed, rapidly changing
topologies, and short connection lifetimes. A typical VANET scenario, taken from
the work in (Eiza et al., 2013) has been highlighted in Figure 1.2.

GPS

RSU

RSU

RSU

RSU

WiMAX/3G
Base Station

Inter-vehicle 
Communication

Vehicle-to-roadside
Communication

Inter-roadside
communication

Fig. 1.2 A VANET scenario as illustrated by ITS.

Several applications for VANETs have been categorized for road-safety, traffic
efficiency, and infotainment applications (i.e. information and entertainment appli-
cations). The latter two can be typically referred to as non-safety applications as
they aim to provide information and comfort/ entertainment to travellers and have
the great potential to increase the chances of success for VANETs and to accelerate
their market penetration (Karagiannis et al., 2011).
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Road traffic management for Smart Cities involves monitoring of the actual
traffic situation in real-time (i.e., speeds, incidents, traffic flow etc.) with the aim
of controlling of this real-time information from the vehicles or influencing the
traffic flow using this information in order to reduce traffic congestion. This real-
time information is then used to efficiently deal with accidents and provide an
accurate and reliable traffic information in order to make predictions for drivers
and transport authorities (Ghosh et al., 2013).

In VANETs, vehicles periodically broadcast beacons that are essentially status
messages used to discover and maintain neighbor relationships (Reinders et al.,
2011), (Van Eenennaam et al., 2010), (Campolo et al., 2011b) and (Van Eenennaam
et al., 2009). The European ITS VANET Protocol (EIVP) defines beacons as Coopera-
tive Awareness Message (CAM). Beacons also include a security component and the
size of a beacon is approximately 400 bytes long (Reinders et al., 2011), (Van Eenen-
naam et al., 2010) and (Campolo et al., 2011b). Beaconing can be used for reliability
due to the lack of acknowledgements and reservation by means of RTS/CTS (Ganan
et al., 2012). Beacon messages are generated and issued periodically between the
vehicle (V2V) and the RSUs (V2I) communications. The beacon generation rate is
the rate at which beacons are sent to the Mediuam Access Control (MAC) layer for
transmission, since they are used to create Cooperative Awareness. The beacon
generation rate should be in the order of several beacons per second to provide
the system with accurate information about the close surroundings (Ganan et al.,
2012), (Chung et al., 2011), (Reinders et al., 2011) and (Campolo et al., 2011b). The
beacon frequency is the beacon generation rate which is denoted by λ. Though
some research efforts consider a fixed λ of 10Hz (Van Eenennaam et al., 2009), it
was shown in (Ganan et al., 2012) that generation rate adaptation as a network
layer mechanism is one of the instruments to make beaconing more scalable. In-
creasing λ results in more beacons being sent and a higher temporal resolution. But
this comes at the price of an increase in collision probability, especially in dense
traffic situation. Hence, an adaptive mechanism for beaconing is desirable and this
needs consideration in order to have seamless connectivity for life critical safety
applications used in VANETs (Campolo et al., 2011b).

In the next couple of years, it is evident that Intelligent Transport Systems (ITS)
will entail the deployment of VANETs especially for Smart Cities. For this purpose
it is not only imperative to have proper infrastructure with several Road-Side Units
(RSUs) being placed in a resourceful and cost-effective manner, but also to serve the
main purpose of ITS in order to have seamless connectivity for optimum coverage
with ideal channel utilization where vehicles are able to access applications and
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services quickly (Ghosh et al., 2013). The paradox of deployment issues are, that
on one hand ITS demands the deployment of infrastructure in such a way that
it supports seamless connectivity but on the other hand, this comes at the cost
of having many RSUs placed along the road-side leading to possible interference
issues. Hence, in order to achieve seamless connectivity, the placement of RSUs
within the general infrastructure needs to be fully investigated (Ganan et al., 2012).

Though other research efforts have looked at many issues in VANET networks,
very few research work have looked at handover issues. Most researchers as-
sume that handover does not take a significant time and does not affect overall
VANET operation. However, this thesis also shows that by using a simulation
approach to analyse the effects of handovers, providing ubiquitous communica-
tion for VANET systems is a non-trivial task and a proactive approach is needed
which must take several factors into account. Thus, previous work in this on-going
research in (Ghosh et al., 2013), (Ghosh et al., 2014a) and (Ghosh et al., 2014b)
has highlighted the challenges in providing a ubiquitous communication using
RSU in VANETs. The Y-Comm Architecture (Mapp et al., 2012) was developed to
explore proactive handover issues in future mobile networks. It has introduced an
advanced handover classification system as well as new concepts such as Network
Dwell Time (NDT), Time Before Handover (TBH ) and Exit Time (ET) (Shaikh et al.,
2007) have been used to analyse the handover issues in VANET systems and the
overall performance of VANET systems. Y-Comm has been used to study seamless
handover in both homogeneous and heterogeneous networks (Mapp et al., 2012)
and (Shaikh et al., 2007).This thesis demonstrates the importance of these concepts
in achieving a seamless communication. In this context, NDT is the time the vehicle
spends in a RSU’s coverage range. This thesis provides a more comprehensive
analysis involving the beacon frequency, size of the beacon and the velocity of
the vehicle, and how they influence the handover characteristics as highlighted in
Y-Comm framework.

In traditional mobile and wireless communication systems, mobility is consid-
ered to be a fundamental challenge to overcome. Hence, many research efforts have
stressed on mobility issues. In the case in VANET systems, the constant movement
of the vehicle is one of the major challenges, which, in turn affect the reliability
of the communication. Therefore, reliable communication is the key source for
VANETs in providing ubiquitous communication for critical life-safety applications.
This encourages us to not only further examine different handover techniques, but
also forces us to re-consider the classification of handovers in VANETs i.e., how the
handovers can be classified according to VANET characteristics?

4



Chapter 1

The process of transferring an active call or communication from one cell (in this
case coverage areas of the RSUs) to another is called handover. There are different
types of handovers, which have been defined in the Y-Comm architecture (Mapp
et al., 2012). There are two general classification of handover according to wireless
mobile communications that can be applied to VANETs systems, one is Vertical
handover and the other is Horizontal handover.

In Vertical handover, the communication switches between different, network
types, (e.g., Mobile networks to WLAN and vice versa). Likewise, in Horizontal
handover, the communication takes place between similar network infrastructures
(i.e., WLAN toWLAN). Vertical handover is out of the scope of this thesis. Therefore,
in this thesis, we aim to look at horizontal handover rather than vertical handover.
Though, many argue that vertical handover is essential for mobile and wireless
communications where there is a need to maintain certain standard of Quality-
of-Service (QoS), as the mobile user is required to switch between cellular towers
or base stations (BS). However, in VANET systems the beaconing mechanism,
which is unique to this new technology, enforces broadcasting of these short-lived
beacons for seamless connectivity. Hence, it is evident that to achieve this seamless
communication for supporting critical life-safety applications in VANETs, it is
necessary to understand the V2I handover mechanism, thus, making horizontal
handover ideal option for VANET systems. This entails the Y-Comm concepts to be
carefully studied under different scenarios, in order to predict the handover times
and thus making proactive handover possible.

This thesis is driven by the challenges that arise when handover occurs in ve-
hicular environments. Some of the features that directly influence these challenges
have been categorised in the next section.

1.0.1 Current Trends in the VANET Technology

With the ever growing popularity in wireless andmobile communications standards,
Special Interest Groups (SIGs), technical experts and standardization bodies across
United States, Europe and Japan acknowledged the need to develop new specialised
standards for vehicular communications. The standards were then formalised on
the perquisites from vehicular networks based on their explicit features. Therefore,
these standards are essential for validating the interoperability between different
equipments developed in U.S and Europe and Japan for ITS purposes (IEEE-Std.,
2010) and (ETSI-Std., 2009).

On one hand, the Federal Communications Commission (FCC) in the United
States, allocated a spectrum of 75 MHz in the 5.9 GHz frequency band specially
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designed for Dedicated Short-Range Communications (DSRC) applications for ITS.
In this 75 MHz band, seven 10 MHz channels and 5 MHz guard band are defined.
Out of these seven channels, one of the channel is a Control Channel (CCH) and
rest of the six channels are Service Channels (SCH) (Uzcategui and Acosta-Marum,
2009)and (IEEE-Std., 2010).

However, the Europe Telecommunications Standard Institute (ETSI), allocated
a spectrum of 30 MHz in the 5.895 - 5.925 GHz frequency band. Out of which
one physical channel is dedicated to be the control channel (CCH), which is also
termed as G5-CCH. And seven fixed service channels and one variable physical
service channel are identified as G5-SCHs (ETSI-Std., 2009) and (ETSI-Std., 2011).
According to the ETSI standards, the usage of G5-CCH and G5-SCH1 to G5-SCH2
are dedicated basically to ITS road safety (i.e., safety applications) and G5-SCH3
to G5-SCH5 are essentially dedicated to ITS road traffic efficiency (i.e., non-safety
applications) (ETSI-Std., 2009) and (ETSI-Std., 2011). Nonetheless, in the European
standards the ITS-G5C specifies that the communication is suppose to only take
place between infrastructure and vehicle and hence eliminating the possibility
of V2V communication (ETSI-Std., 2009). This justifies the reason why, in this
thesis we only focus on V2I communications as the research work accomplished in
implementing the VANET Testbed is around Middlesex University London campus
which is situated in the United Kingdom, hence maintaining the European standards
for ITS research.

In VANETs, the rest of the protocol stack is defined by the IEEE 802.11p (i.e.,
the lower layers) standards and the Wireless Access in Vehicular Environment
(WAVE) 1609 standards family (i.e., mainly the upper layers). The PHY layer
of IEEE 802.11p uses the Orthogonal Frequency Division Multiplexing (OFDM)
transmission technique. IEEE 802.11p is designed based on the modifications to
the existing IEEE 802.11a in PHY layer. This means that the IEEE 802.11p has
the capability of sending data at higher rates ranging from 3 to 27 Mbps over a
10 MHz bandwidth unlike the traditional IEEE 802.11a (Wi-Fi) which operates
with 20 MHz bandwidth. This reduction in the bandwidth is due to the halved
subcarrier spacing but this comes at the cost of higher inter-symbol interferences
which is caused from it own transmissions in dynamic vehicular environments.
Theoretically IEEE 802.11p standard aims to provide communication ranges up
to 1000 meters (1 km) for both V2V and V2I communications. Moreover, there
are also some provision in the OFDM techniques for effective channel selection in
order to reduce the outside channel interferences and hence increasing the channel
resistance for IEEE 802.11p. The MAC layer in VANETs is based on the amendments
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to the IEEE 802.11e standards (IEEE-Std., 2005). The IEEE 802.11e was developed for
the Enhanced Distributed Channel Access (EDCA) mechanism which is based on
the user priority services to support QoS (IEEE-Std., 2005). There are four Access
Categories (AC) in EDCAmechanism which supports and prioritizes the data traffic.
In vehicular environments, due to the short communication time, it is not possible
to perform the authentication and association procedures between vehicles or RSUs
and vice-versa. Therefore traditional Basic Service Set (BSS) were a bad choice,
hence the IEEE 802.11p MAC layer uses Wave Basic Service Set (WBSS) which
authenticates with just a single beacon message which contains all the necessary
information, hence reducing additional overheads.

The rest of upper layers in the standard encompasses the IEEE 1609 WAVE
family which defines the management entities and multichannel switching opera-
tions (IEEE-Std., 2010). This feature distinguishes it from the traditional wireless
IEEE 802.11 standard family, which is specially designed for vehicular environments.
Most of the networking services, resource management services and security mod-
ules are defined in this IEEE 1609 stack. It also outlines the Wave Short Message
(WSM) and the Wave Short Message Protocol (WSMP). Moreover, in WAVE, both
Internet and Non-IP based protocols are supported for both safety and non-safety
applications respectively. Due the multichannel switching operation the WSMP
protocol can uniquely tune the communication channel to Control Channel (CCH)
which not only prioritises the message but also propels full power to the commu-
nication channel capitalizing on the likelihood of vehicles receiving the packets
successfully.

1.0.2 Constraints in the Vehicular Networks

In VANETs, the current standards were initially developed based on the existing
IEEE 802.11 family standards which are specifically designed to cater for the needs
of a mobile environment (in this case vehicular networks). Therefore, there are
many limitations in the current standard which restrict our use of this emerging
technology. Some of them have been illustrated in the next couple of sections.

1.0.3 IEEE 1609.4 Broadcasting Limitations

In Vehicular environments, traffic density varies from very dense urban areas
to sparse highways. Therefore, the MAC layer of the VANET is required to be
scalable. Distributed Coordination Function (DCF) mechanism is adopted by the
IEEE 1609.4 (IEEE-Std., 2010) at MAC layer which operates on CSMA/CA with

7



Chapter 1

binary exponential backoff algorithm. Further this MAC layer mechanism uses
the traditional IEEE 802.11e (IEEE-Std., 2005), which is an improved version of the
Hybrid Coordination Function (HCF). Fundamentally, the HCF MAC technique
works with a variable for prioritization of the packet, which is called the Arbitration
Interframe Space (e.g. AIFS[i]). This makes priorities differ with different contention
window sizes (Ganan et al., 2012). However, this MAC mechanism is neither secure
nor efficient for dense networks. Therefore, while broadcasting, this CSMA/CA
cannot avoid collisions entirely. This leads to severe drops in throughput in dense
urban environments. Additionally, due the lack of a RTS/CTS handshake, there
are no acknowledgements and more likely that there is no error-handling, hence
increasing the possibility of beacons colliding. This is also witnessed in the case of
hidden node problem when beacons are broadcasted without RTS/CTS handshake.
Furthermore, safety applications require reliable and timely broadcasting of beacons
in control channel, which is given full transmission power for optimal coverage
but this comes at the cost of an increased interference (Ganan et al., 2012).

1.0.4 Beacon Collision due to lack of Congestion Control

On one hand, the beaconing in VANET systems is described as a principal attribute
that has been designated as the Basic Safety Messages (BSMs) and Cooperative
Awareness Messages (CAMs) in both the IEEE 802.11p in U.S and ETSI standards in
Europe to cope with highly mobile environments. But at the same time this also
raises the issues of traffic congestion caused due to the periodic broadcasting of the
beacons and also due to the ad hoc nature of communication that occur among ve-
hicles. It has been anticipated that periodic switching between the control channels
and services channels for every 50ms period over a combined interval of 100ms
including the guard intervals, is required in order to achieve time synchronization
for timely updating the beacons for timely delivery for life-safety applications.
They are tuned to the CCH to exchange CAMs at every 100 ms. This will not only
generate a great deal of beacon overheads but also possibly use the whole channel
bandwidth. Therefore, this problem has been highlighted in the European ETSI
standards for ITS but to the best of our knowledge, there has been no such concern
emphasised in the IEEE standards in the U.S. Currently, there is some provision
which is being considered with a mechanism called the Decentralised Congestion
Control (DCC) according to the European standards to deal with these kind of
technical challenges (Osafune et al., 2015) and (Autolitano et al., 2013).

8



1.1. RESEARCH AIMS AND OBJECTIVES Chapter 1

1.0.5 Interference Issues in dense Urban Environemtns

In the near future, the deployment of RSUs can be foreseen. This will require RSUs
being placed next to each other in order to have maximum coverage. Perhaps, this
could be achieved in a more pragmatic fashion, meaning, positioning of several
RSUs close to each other in a crowded manner, hence generating severe interfer-
ences due to signal overlap. Conversely, this could also mean blind-spots on the
roads (especially in urban road intersections) which will be wasting of resources.
The current IEEE WAVE standards are unable to provide concrete solutions for
these kinds of problems due to the lack of RTS/CTS handshake and authentication.
In addition, from previous sections we have carefully observed that most of the
applications for vehicular communication is envisaged for environments which
require periodic broadcasting of the beacons in the form of WAVE Service Adver-
tisements (WSA). And we have previously witnessed how beaconing is used for this
purpose. Usually, 1-10Hz beacon frequency is used in such cases. In such, dense
urban environments, it is possible that beacons will suffer severe collisions, not
only because of high beacon generation rates but also due dense environmental
factors due to the non-existence of MAC layer acknowledgements. This brings
another, interesting technical anomaly due to the lack of authentication of beacons,
is the denial of service attacks that can be placed by emulating a device acting as a
RSUs on the road. Thus, there are no provisions in IEEE 1609.4 (IEEE-Std., 2010)
to cope with these types of attacks, hence bringing security issues which directly
affects the overall network performance (Ganan et al., 2012).

1.1 Research Aims and Objectives

The main aim of this thesis addresses the issues highlighted above by looking at
developing mechanisms for seamless handover in vehicular environments that
fulfil the requirements of both safety and non-safety applications. Even though,
there are many other important technical challenges such as interference, beacon
collisions, routing protocols and security issues, they are out of the scope of this
thesis. In this thesis, we primarily focus our efforts on techniques for seamless
handover in order to achieve seamlessly connectivity in dense urban environments.
Further, we restrict the research capacity of this work to vehicle-to-infrastructure
(V2I) communication, by anticipating the presence of infrastructure that benefits
from the local data from other RSUs in the vicinity. This is also supported by the
fact that in urban scenarios early deployment will be witnessed, it is aimed that
proactive handover techniques will work better in the presence of infrastructure to
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support WAVE advertisements that are required for status updates of the vehicles
as demonstrated in (Campolo and Molinaro, 2011b) and (Campolo and Molinaro,
2011a). This is quite a challenges in itself. Some literature in this context, which
indirectly validates our argument where only V2V communication is explored,
i.e., by studying broadcasting of beacons in VANETs, and thus ignoring the role
of RSUs (Vinel et al., 2009a), (Vinel et al., 2009b), (Campolo and Molinaro, 2011a)
and (Campolo and Molinaro, 2011b). Another example where only V2V perspective
has been exemplified is exhibited in (Campolo et al., 2011a) and (Vinel et al., 2009a)
where the broadcasting techniques for transmissions has been analytically modeled
while taking into account the channel switching operation (Campolo et al., 2011a)
and (Vinel et al., 2009a).

Also, WAVE services will be announced by the infrastructure during the con-
trol channel this requires timely information exchange between RSUs and the
vehicles. In dense urban environments this will be difficult to achieve. Therefore,
the frequency at which the beacons are transmitted will be an important factor
contributing to the overall VANET performance. This thesis, not only looks at one
element affecting seamless handover such as beacon frequency, but also the size of
the beacon and the velocity of the vehicle. Additionally, it is necessary to provide a
reliable broadcasting service via RSUs in order to support the streaming multimedia
applications (Bai and Krishnamachari, 2010). Unlike safety applications, non-safety
applications, are mainly aimed for Service Channels (SCH), which also have strict
requirements and necessitates a more reliable handover as depicted in (Esposito
et al., 2010) and (Bai and Krishnamachari, 2010) (i.e., infotainment applications.
Hence an insight into the relationship between beacon frequency, the size of the
beacon and velocity od the vehicle is imperative to study handover techniques in
VANETs.

These key parameters that have been stressed in this thesis for exploring han-
dovers in VANET Systems along with probability distributions that accentuates
the urge to recognise these critical times for understanding the establishment of
reliable communication. Hence this helped to predict the handover times and thus
making proactive handover possible.

Considering the scope above, the main research question of this thesis have
been underlined in the next subsection.

1.1.1 Key Research Questions

Some of the key Research Questions that have been highlighted in this Thesis:
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1. Can handover in VANET sytems happen without any interruption in the
communication?

2. Can these factors be explored using analytical models?

3. What factors affect the ability to achieve seamless handover in VANET envi-
ronments?

1.1.2 Hypothesis and Approach

We approach the research questions of this thesis by exploring using mechanisms
for seamless handover placed on top of the WAVE protocol stack. Therefore, no
modification is required in the IEEE 802.11p standard for vehicular communication.
In view of the separation of safety and non-safety radio channels and underlying
network protocols in the standard. This thesis provides a more comprehensive
analysis involving the beacon frequency, size of the beacon and the velocity of
the vehicle. Some of the concepts of Y-Comm architecture such as Network Dwell
Time (NDT), Time Before Handover(TBH ) and Exit Times (ET) have been used
to provide a framework to investigate handover issues. Y-Comm has been used
to study seamless handover in both homogeneous and heterogeneous networks.
This thesis, also explains our overall approach by describing the VANET Testbed
and articulates that in vehicular environments it is necessary to consider a new
handover model which is based on a probabilistic rather than a fixed coverage
approach. Finally, a new performance model is developed for proactive handover
which is then compared with traditional approaches.

A testbed is set-up at the Middlesex University, Hendon Campus for the purpose
of achieving a better understanding of VANET systems operating in an urban envi-
ronment. In addition, environmental factors have to be taken into considerations
in real-time deployment studies, to see how these affect the performance of VANET
systems under different scenarios. Eventually, this can be achived by looking at
some of exisiting propagation models in wireless communications. However some
of the existing pathloss models do not cater to the specifications of VANETs stan-
dards, hence this is a potential research area for future studies. The MDX-VANET
Testbed, has been set-up to demonstrate infrastructure-to-vehicle (I2V) commu-
nications. Furthermore, this thesis, postulates more insight on how to support
life critical applications, using seamless handover techniques. This is achived by
comparing results from analytical model, simulation and the real-time values col-
lected from the VANET Testbed which further helped address the challenges while
fulfilling the requirements of both safety and non-safety applications. Therefore,
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understanding handover issues is critical in supporting life-safety applications and
services in VANETs.

1.1.3 List of Publications

This thesis has resulted in four fully (peer-reviewed) conference papers, two journal
articles and two (peer-reviewed) book chapters. This research work also resulted in
real-time deployment of VANET Testbed, (VANET Project) which is under progress
as part of the T-TRIG grant from Department for Transport (DfT). The publications
(Ganan et al., 2012, Ghosh et al., 2013, Ghosh et al., 2014a, Ghosh et al., 2014b) were
submitted to International Conferences, out of which, one of them was invited
journal article for EURASIP Journal on Wireless Communications and Networking,
another an IEEE Communications Magazine journal article and one of them was a
contribution towards Springer book chapter. All of these are full papers/journals
and are published.

• Vishnu, Vardhan., Arindam, Ghosh., Glenford, Mapp., Victor, Iniovosa., Pu-
rav, Shah., Huan, X. Nguyen., Orhan, Gemikonakli and Shahedur, Rahman.
Building a Prototype VANET Testbed to Explore Communication Dy-
namics in Highly Mobile Environments, in Proceeding of 11th EAI In-
ternational Conference on Testbeds and Research Infrastructures for the
Development of Networks & Communities, Springer-Digital Library/EAI
Endorsed Transactions on Future Internet. China, Hangzhou, June 14-15th
2016 (Accepted and in prints).

• Arindam, Ghosh., Vishnu, Vardhan., Glenford, Mapp., Orhan, Gemikon-
akli, and Jonathan, Loo. Enabling Seamless V2I Communications: To-
wards Developing Cooperative Automotive Applications in VANET
Systems, Communications Magazine, IEEE, vol. 53, issue no. 12, pp. 80–86,
December 2015 (Published).

• Arindam, Ghosh., Glenford, Mapp., Vishnu, Vardhan., Victor, Iniovosa.,
Jonathan, Loo, and Alexey, Vinel. Exploring Seamless Connectivity and
Proactive Handover Techniques in VANET System. In Springer Book
Chapter - Dependable Vehicular Communications for Improved Road
Safety (Published).

• Vishnu, Vardhan., Glenford, Mapp., Purav, Shah., Huan, X, Nguyen., Arindam,
Ghosh. Exploring Markov Models for the Allocation of Resources for
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Proactive Handover in a Mobile Environment, in Local Computer Net-
works Workshops (LCN Workshops), 2014 IEEE 40th Conference on, October
2015, Clearwater Beach, Florida, USA. (Published).

• Arindam, Ghosh., Vishnu, Vardhan., Glenford, Mapp., and Orhan, Gemikon-
akli. Exploring Efficient Seamless Handover in Vanet Systems Using
Network Dwell Time, EURASIP Journal on Wireless Communications and
Networking, vol. 2014, no. 1, p. 227, 2014 (Published).

• Arindam, Ghosh., Vishnu, Vardhan., Glenford, Mapp., and Orhan, Gemikon-
akli. Providing Ubiquitous Communication Using Handover Tech-
niques in VANET systems: Unveiling the Challenges, in Proceeding
of Ad Hoc Networking Workshop (MED-HOC-NET), In Ad Hoc Networking
Conference (MED-HOC-NET), 2014 13th IEEE/IFIP Annual Mediterranean
Conference on, pp. 195–202, Slovenia, Piran, June 2-4th 2014, (Published).

• Arindam, Ghosh., Vishnu, Vardhan., Glenford, Mapp., Orhan, Gemikonakli,
and Jonathan. Loo. Providing Ubiquitous Communication Using Road
Side Units in VANET systems: Unveiling the Challenges, in Proceeding
ITS Telecommunications (ITST), 2013 13th IEEE International Conference
on, pp. 74-79, Finland, Tampere, November 2013 (Published).

• Carlos, Ganan., Arindam, Ghosh., Jonathan, Loo., Oscar, Esparza., Sergi, Rene.,
and JoseL, Munoz. Analysis of Inter-RSU Beaconing Interference in
VANETs. In Boris Bellalta, Alexey Vinel, Magnus Jonsson, Jaume Barcelo,
Roman Maslennikov, Periklis Chatzimisios, and David Malone, in Multiple
Access Communications, volume 7642 of Lecture Notes in Computer Science,
pages 49-59. Springer, Berlin, Heidelberg, 2012 (Published).

1.1.4 Organization of the thesis

The organisation of the chapters in this thesis is structured as shown below

• Chapter 2 highlights the Literature Review in three parts; firstly by an
overview, describing the characteristics of the VANET architecture and the
WAVE protocol stack. Secondly, it culminates in a critical review of the
existing solutions and approaches produced by researchers, scientists and
groups by highlighting on the arguments which emphasis more on some
of our research questions on prediction techniques for achieving proactive
handover in VANET systems. Thirdly, it describes the state-of-art in VANET
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applications by giving examples of some real-time safety and non-safety
applications. Finally, this Chapter, interprets the methods and approaches
used for conducting simulation studies by providing comprehensive grounds
for justifying why we chose the simulation environment for this work.

• Chapter 3 interprets the methods and approaches used for conducting simu-
lation studies by providing comprehensive grounds for justifying why we
chose the simulation environment for this work introduces the Y-Comm
concepts of Network Dwell Time (NDT), Exit Time (ET), and Time before
Handover (TBH ) and the initial investigation using extensive packet-level
simulation studies explaining why in certain cases overlapping is necessary
phenomenon. This chapter also demonstrates that how simulations in VANET
systems depends critically upon the calculation of the probability of a suc-
cessful transmission. The current formulas used to calculate this parameter
do not take into account the frequency of the beacon or the velocity of the
vehicle. This chapter validates that these factors are significant and justifies
need for a more complete analytical model.

• In chapter 4 a more comprehensive analysis involving the beacon frequency,
size of the beacon and the velocity of the vehicle to provide a complete frame-
work for investigating the handover issues is highlighted. In addition, this
chapter explains the need to understand the cumulative effect of beaconing
in addition to the probability of successful reception as well as how these
probability distributions are affected by the velocity of the vehicle, which
provides a broad insight into probabilistic approach on how to support life
critical applications using proactive handover techniques.

• Chapter 5, highlights results that focus more on a probabilistic approach to
handover using cumulative probabilities which give a better understanding
of how seamless handover can be achieved in highly mobile environments
such as VANETs. However, some of the results also demonstrate that the
frequency of the beacon only affects the cumulative probability and hence it
validates that the frequency, the length of the beacon and velocity of vehicle
affect different aspects of the probability space with regard to the Network
Dwell Time. Furthermore, this Chapter emphasizes that these results can
be used to develop a probabilistic proactive handover approach based on
cumulative effects of beaconing.

• Chapter 6 describes the probabilistic approach by showing that the length of
the beacon contributes significantly to the rate of change of P, the individual
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probability as the vehicle approaches the RSU. Then, the newly proposed
probabilistic analytical model for handover process is explored further by
showing how communication changes as the vehicle approaches a new RSU.
An approximate model is then developed to examine these issues further.
However, in the case of velocity of the vehicle, the results show that this
affects the difference between the CP and individual probabilities. The results
also show that these effects are reduced for higher beacon frequencies. Overall
this Chapter, shows how this work explains the effects of beaconing and the
velocity of the vehicle on the overall communication dynamics in VANET
systems.

• Chapter 7 discusses the VANET Testbed in detail by comparing the simu-
lation and real-time calculations and also highlighting the need for a more
realistic propagation model especially designed to capture the dense urban
environments in VANET systems.

• Finally, Chapter 8 concludes this thesis with a summary and directions for
future work, in order to ensure continual improvement in the current and
related field of study.
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Chapter 2

Literature Review

2.1 State of the Art - VANET Applications

M any applications are to be used in Intelligent Transport Systems (ITS). For
many of these applications, VANETs will be the supporting technology.

These applications are particularly useful in vehicular environments to cater the
need, provided by the VANET protocol stack. Therefore, these can be specifically
categorized into four types as shown below:

1. Safety-related Applications

2. Local traffic information systems

3. Automated highways and cooperative driving

4. IP-based Applications

2.1.1 Safety-Related Applications

For emergency warnings human drivers rely on visual signals, for example, break
lights. The reaction time of a driver ranges from 0.7 to 1.5 seconds which is slow.
There might also be unavoidable collisions due to the warning signals not being in
the line of sight which results in huge delay in getting the warning signals. This
line of sight problem and delay in receiving the warning signals can be greatly
reduced using VANET technologies. Using IVC (Inter-Vehicular Communication), a
vehicle recognizing an emergency warning or dangerous situation can immediately
report it to the neighbouring vehicles which will facilitate a decreased reaction
time to the situation. Recognition of dangerous situations can be performed by the
on-board sensors in the vehicle (Artimy et al., 2008).
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The interest in improving the safety of public on transport system has recently
led to a considerable amount of safety-related application research. Proximity
warnings, intersection collision warnings and road obstacle warnings are some of
the safety-related application examples. The objective of these applications is to
warn the driver when a collision is likely using IVC to collect surrounding vehicles
dynamics and location (Artimy et al., 2008).

Collision warning systems can adopt two different approaches and they are
passive and active approaches. An accurate knowledge must be maintained about
all the vehicles position in a Passive approach. An algorithm is used on the gathered
data like speed, position, acceleration and directions to analyze and assess the risk
of a collision. In the active approach, warning packets are sent during occurrences
of an emergency event. On-board sensors are used to detect the emergency events.
The practical systems can and will combine both approaches (Artimy et al., 2008).
Similarly, Figure in 2.1 illustrates an example of a critical life-safety application
scenario where, a child is seen to have mistakenly jumped onto the road while
playing and hence, how the on-coming vehicles need to suddenly apply on their
brakes to avoid an accident situation (Vegni et al., 2013). This situation could be
avoided if these braking messages can be passed onto the speeding vehicles behind
it reliably and efficiently.

Fig. 2.1 An example of a Safety Application.
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Therefore, in fast changing environments, network topology and unreliability of
wireless communication in vehicular environment creates challenges in satisfying
reliability and latency constrains in collision warning system. Hence, collision
warning systems rely on repeated broadcast of warning messages as a delivery
mechanism. Since, there is no feedback or acknowledgement from the receiver after
delivery of message via RTS/CTS handshake, it is difficult in a mobile environment
to identify all the receivers of broadcast message and to obtain their feedback. Thus,
several copies of message are broadcasted in combination with CSMA mechanism
of IEEE 802.11 standard to ensure the delivery of messages (Artimy et al., 2008).

2.1.2 Local Traffic Information Systems

Traditional traffic information systems are based on centralized architectures. Road
side sensors are used to collect traffic data which is then processed at the central
unit. This processed information is then sent to the user through on demand via
cellphone or through radio broadcast. Using on-board sensors, digital maps and
GPS in VANETs, a powerful traffic information system can be realized without
expensive infrastructure as the traditional traffic information systems (Guo et al.,
2011).

If about 40-50% of all vehicles are equipped with the VANET Onboard Unit
an effective communication system can be created (EuropeanCommission, 2015).
Once a higher market penetration is reached then scalability becomes an issue
due to data overload conditions. The traffic information can be transmitted to the
vehicles only if that information is relevant to the route that the vehicle is likely to
go (Artimy et al., 2008).

2.1.3 Automated Highway and Cooperative Driving

In order to increase safety of driving and improve the highway capacity, applications
concerned with automation of some driving functions will be helpful. Some of the
applications are automated/assisted takeover, automatic cruise control, platooning
and emergency vehicles announcements. The highway capacity can be increased
by reducing the spacing between the vehicles travelling at high speed also known
as automated vehicle platooning. Due to the slow reaction time of drivers, vehicles
must operate under automatic control. Other applications using Vehicle to RoadSide
(V2R) are intersection collision warning, work zone warning, hidden driveway
warning, railroad crossing warning, electronic road signs, automated driving and
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highway merge assistance (Guo et al., 2011). Safe platooning requires reliable and
high bandwidth wireless communication (Artimy et al., 2008).

2.1.4 IP-Based Applications

IP-Based applications mainly deal with entertainment and passenger comfort. Some
of the examples are internet and online games. These require a fixed infrastructure
to provide these services hence road side units becomes a necessity. Handover of
connection from one gateway to another and the discovery of Internet Gateway
are important in these kind of applications. In addition, due to the highly dynamic
topology in VANETs, the classic routing protocols which are required for basic
service route discovery are not efficient for optimum performance in VANETs. Thus,
some of the key Ad hoc routing protocols with multiple hop capability will increase
the communication range significantly and this reduces the number of Internet
Gateways thus reduces the cost. Vehicles can use fuzzy logic to choose the most
suitable Internet Gateway among many that are available and accessed at the same
time (Artimy et al., 2008).

Cellular networks which are long range wireless technologies can be used to
provide Internet access to VANETs. Some can act as gateways to other vehicles
which help in reducing the cost of this architecture. By routing of packets though
gateways other vehicles can access the Internet (Artimy et al., 2008). Figure 2.2 (a)
and (b) demonstrate a non-safety (infotainment) application for passengers ease in
the vehicle. The image has been taken from the book chapter presented in (Vegni
et al., 2013).

Fig. 2.2 An example of a Non-Safety Application (Infotainment Applications).
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2.2 Standards and Protocol Architecture

2.2.1 Wireless Access in Vehicular Environments (WAVE) -
Protocol Stack

WAVE standards are proposed using the Dedicated Short Range Communication
(DSRC) frequency bands. Road safety and messaging and control require an ex-
tremely short latency wireless communication technology which can only be met by
DSRC/WAVE. In WAVE there are two classes of devices i.e. On-board Units (OBUs)
and Road Side Units (RSUs). This RSU and OBU are similar to the Base Stations
(BS) and Mobile stations (MS) in cellular systems respectively. A Base Station (BS)
is used by a Mobile Station (MS) in cellular networks to communicate with an-
other mobile station but in WAVE, an OBU can communicate directly with another
OBU. There are several technical challenges in WAVE, such as collision avoidance
between vehicles moving with high velocity. The communication between two
vehicles moving in opposite directions at high velocity is another challenge. The
environments in which the WAVE networks may operate can be of wide range.
Density of the vehicles can vary from very few to tens of thousands of vehicles in a
single radio coverage area. To meet these requirements and challenges the WAVE
solution must be robust, scalable, high throughput, low latency and cognitive (Li,
2012).

The major components of the WAVE protocol architecture and its associated
standards are summarized below and also depicted in Figure 2.3 (Li, 2012):

• IEEE P1609.0 “Draft Standard for WAVE – Architecture”

• IEEE 1609.1 “Trial Use Standard for WAVE – Resource Manager”

• IEEE 1609.2 “Trail Use Standard forWAVE – Security Services for Applications
and Management Messages”

• IEEE 1609.3 “Trail Use Standard for WAVE – Networking Services”

• IEEE 1609.4 “Trail Use Standard for WAVE – Multi Channel Operation”

• IEEE P1609.11 “Over-the-Air Data Exchange Protocol for ITS (Intelligent
Transport System)”

• IEEE 802.11p Part 11 “ Wireless LAN MAC (Medium Access Control) and
PHY (Physical Layer) specifications - Amendment : WAVE
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Non-Safety Application Safety Application

Transport                   UDP/TCP

Networking                        IPv6

WSMP 

IEEE 1609.2 (Security)

IEEE 1609.3

LLC                                                                                         IEEE 802.2

MAC                                                                                  IEEE 802.11p

IEEE 1609.4 (Multi-Channel)

PHY                                                                                    IEEE 

802.11p

Fig. 2.3 WAVE Protocol Architecture.

An optimized communication protocol stack is provided by WAVE for vehicular
communication. Descriptions of architecture and operations are provided by IEEE
P1609.0. Multiple wireless channel operation with OCBEnabled operation needs
channel coordination. OCBEnabled is operation outside context of the basic service
set as defined and specified in IEEE 802.11p standard (IEEE-Std., 2010). The reference
model of this standard is shown below in Figure 2.4.

WAVE supports both IP based and Non-IP based data transfer, although only
one networking protocol might be supported by an individual device. WAVE Short
Message Protocol (WSMP) supports non-IP based data transfer specified in IEEE
1609.3 standard. In IEEE 802.11 MAC channel coordination is a set of enhancements
and interacts with the IEEE 802.11 PHY and IEEE 802.2 Logical Link Control (LLC).
In IEEE 1609.3 standard WME (WAVE Management Entity) and network services
corresponding to it are specified (IEEE-Std., 2010).

PHY layer management entities (PLME) and MAC sub-layer management enti-
ties (MLME) are the management entities conceptually included in PHY and MAC
layers respectively. Layer management service interfaces are provided by these
management entities through which layer management functions can be invoked.
MSDU (MAC service data unit) delivery and management of channel coordina-
tion are the services provided by this standard. The data plane features and the
management plane features are described in detail below (IEEE-Std., 2010).
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2.2.2 Data Plane Services

Data plane services consist of channel coordination, channel routing and user
priority. Data frames, Management frames and control frames are the three types of
information exchanged on WAVE medium. Control frames are not addressed in this
standard and may be used as per IEEE 802.11 standard. Management frame enters
the data plane at the MAC layer. TA (Timing Advertisement) frame specified in IEEE
802.11p standard andWSA frame specified in IEEE 802.11 standard and amended by
IEEE 802.11p standard are the primary management frames. Time synchronization
information is distributed using Timing Advertisement frames. WAVE Service
Advertisements (WSAs) are the management information which is exchanged
using WSA frames. TAs and WSAs can be transmitted on any channel (IEEE-Std.,
2010).

IEEE 1609.4 makes use of FDMA/TDMA (Frequency/Time division multiple
access). The TDMA channel time is divided into 100ms time periods as shown in
Figure 2.5. For each 100ms, 50ms is allocated for CCH and another 50ms is allocated
for SCH. This 50ms includes the 4ms guard interval (GI) which is used for switching
between CCH and SCH. The purpose of this switching is for accommodating both
CCH and SCH services on a single channel in the WAVE system. During the 46ms
of the CCH time only two kinds of message can be sent (Li, 2012).

WAVE Security
Services

WAVE Management 
Entity (WME)

MAC Sub-Layer 
Management Entity 

(MLME)

Physical Layer 
Management Entity 

(MLME)

UDP/TCP

IPv6

WAVE MAC 
(including channel coordination)

PHY

WSMP

MLME Extension

Management Plane Data Plane

Scope of this 
Standard

Air Interface

Fig. 2.4 WAVE reference model.
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1. WSMP - WAVE Short Message Protocol, Short messages primarily meant for
safety applications.

2. WSA - WAVE Service Advertisement messages which is used for advertising
the services available on other SCH channels.

CCH(46ms) SCH(46ms)

G
I (

4
m

s)

G
I (

4
m

s)

Fig. 2.5 TDMA Channel Time.

Both IPv6 and WSMP specified in IEEE 1609.3 standard are supported by WAVE.
WSMs in data frames can be exchanged between devices on either SCH or on CCH,
whereas IP datagrams in a data frames are allowed only in SCH (“IEEE Standard for
Wireless Access in Vehicular Environments (WAVE)– Multi-channel Operation,”
2011).

Channel coordination is designed for exchange of data support for one or
more switching devices with alternating operation on SCH and CCH concurrently.
The illustrations in Figure 2.6 show the continuous channel access and alternating
channel access (IEEE-Std., 2010): Continuous channel access doesn’t require channel

CCH Interval SCH Interval CCH Interval SCH Interval

(a)
CCH

(b)
CCH

SCH

Time

Fig. 2.6 Channel Access.
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coordination and alternating channel access requires channel coordination (IEEE-
Std., 2010). The time duration of the SCH and CCH intervals are specified in
the draft standards and stored in the MIB attributes SchInterval and CchInterval
respectively. Sync interval is the sum of SCH interval and CCH interval. The Guard
interval is at the beginning of each SCH and CCH interval. The Guard interval
time is used for radio switching and to manage the inaccurate device timing among
different devices. CCH interval, SCH interval, guard interval and sync internal are
shown in Figure 2.7 below (IEEE-Std., 2010).

CCH Interval SCH Interval CCH Interval SCH Interval

CCH

SCH

Time

CCH Interval SCH Interval CCH Interval SCH Interval

End of UTC secondStart of UTC second

Sync Interval

Fig. 2.7 Channel Intervals.

2.2.3 Management Plane Services

Management plane services consist of the Multi-Channel synchronization and
Channel access. To perform the channel coordination function in WAVE devices,
the common time reference is used which is a synchronization function. Timing
information can be acquired over the air for the devices without local time from
other WAVE devices. Time Advertisement and Timestamp field information in
the Timing Advertisement (TA) frame are used by synchronization procedures as
inputs in estimating UTC. For WAVE devices channel switching on channel interval
boundaries, synchronization to UTC is mandatory. Timing management function
is used to derive Time information from the received information over the air is
used for synchronization or may be obtained from local reference time. UTC time
is maintained by the MLME which is used for channel coordination. UTC is derived
from the Timing management function and this function can be external or internal
to the MLME. That is an external function can be set for MLME UTC estimate
through MLMEX-SETUTCTIME.request (IEEE-Std., 2010).
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UTC can be obtained from many sources and GPS (Global Positioning System)
is one which provide a precise time. It provides a 1 PPS (Pulse per Second) UTC
signal which can be used for timing and synchronization. Here the obtained value
has an error less than 100 ms (IEEE-Std., 2010).

An estimator of UTC time and standard deviation estimator of the error in the
estimate of UTC time are implemented when MLME synchronizes to UTC time this
is done while performing synchronization. This permits transmission synchroniza-
tion with channel intervals. For a simple estimator, a GPS can be used as an input for
calculating the necessary offset value of TSF timer and the standard deviation is set
to that of the time output of GPS devices’ standard deviation under the given oper-
ating condition. To update a UTC time’s internal estimator along with an estimator
error the Time Advertisement information from a received Timing Advertisement
Frame can be used but it would be a slightly complex implementation (IEEE-Std.,
2010).

The Timing Advertisement Frame is an element called Time Advertisement
information and it has Timing Capabilities subfield, a Time Error subfield, and
a Time Value subfield which can be used by recipients to estimate UTC. Along
with a Local TSF time an estimate of UTC at any time can be provided. The
transmitting device TSF timer value is conveyed in the Timestamp field. Source of
external timing of the transmitting device is indicated by the Timing Capabilities
subfield. An estimate of the time standard at the time, the frame was transmitted
for a receiving STA can be obtained when the Time Value is conjugated with the
Time Stamp. Standard deviation of the error is indicated by Time Error sub-field.
Receiving and sending timing information are optional (IEEE-Std., 2010).

Sync Tolerance/2

No Transmit
Or Receive

Normal Transmit or
Receive operation

Receive only

Guard Interval

MaxChSwitchTime Sync Tolerance/2

Receive only
Normal Transmit or
Receive operation

CCH or SCH Interval CCH or SCH interval

Switching Time

Fig. 2.8 Guard Interval.

The sum of Management Information Base (MIB) system parameters is known
as the Guard interval. The system parameters are MaxChSwitchTime and SyncTol-
erance. Whether the WAVE device is synchronized to UTC or not is determined
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by the value of SyncTolerance/2. Communication will not happen for a switching
device during the guard interval time. The activities in the MAC of the previous
channel may be suspended during the start of the guard interval time and pri-
oritized access activities shall be started on the next channel or resumed if they
were suspended. During the guard interval, a medium busy shall be declared so
that all transmission attempts at the start of each channel interval are subjected
to a random back-off. This is for preventing the multiple switching devices from
simultaneously transmitting at the end of a guard interval (IEEE-Std., 2010). The
components of the guard interval are shown Figure 2.8.

There are different Channel Access options and they are alternating service
channel, continuous access and CCH access, extended SCH access and immediate
SCH access. A combination of both Immediate and extended options can be used in
a single access. The channel access options are represented in the Figure 2.9 where
(a) continuous access, (b) alternating, (c) immediate and (d) extended (IEEE-Std.,
2010).

CCH Interval SCH Interval CCH Interval SCH Interval
(a)

CCH or
SCH

(c)
CCH

SCH

Time

(b)
CCH

SCH

SCH

(d)
CCH

Fig. 2.9 Different Channel Access Options.

Communication access to the SCH immediately without waiting for the next
SCH interval is known as Immediate SCH access. Communication access to the SCH
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without any pauses for CCH access is known as Extended SCH access (IEEE-Std.,
2010).

2.3 IEEE 802.11p

Due to the rapid topological change of the network and propagation environment
characteristics, the application requirements in such networks will be different
from the traditional network. Hence for Wireless Access in vehicular environments,
the IEEE 802.11p has been proposed (Han et al., 2012).

EDCA - Enhanced Distributed Channel Access MAC sub-layer protocol is used
in IEEE 802.11p. EDCA is designed based on modifying transmission parameters
of existing IEEE 802.11e. The physical layer is developed similar to IEEE 802.11a
standard. The transmission rates supported by IEEE 802.11p are from 3 to 27 Mb/s
over a 10 MHz bandwidth, which is half the bandwidth of IEEE 802.11a. The IEEE
802.11p standard aims to provide communication ranges up to 1000 meters for both
V2V and V2I with vehicles velocities up to 30m/s in a variety of environments such
as motorway, rural, urban and suburban. The characteristics which are important
in VANETs include low latency as safety-related applications require high reliability,
high resource utilization, low packet loss rate, high throughput, and fairness. These
are themain concerns of applications in VANET, so for the applications different QoS
(Quality-of-Service) metrics need to be considered are discussed in (Han et al., 2012).
The MAC sub-layer and the PHY (physical) layer of IEEE 802.11p are discussed
below:

2.3.1 MAC Sub layer in IEEE 802.11p

IEEE 802.11e has the EDCA mechanism which is designed based on contention
prioritized QoS support. There are four Access Categories (AC) in EDCAmechanism
which supports and prioritizes the data traffic. The default EDCA parameters in
IEEE 802.11p are shown in Table 2.1 below.

Table 2.1 The default EDCA parameters in IEEE 802.11p .

AC CWmin[AC] CWmax[AC] AIFSN [AC]
AC_BK CWmin CWmax 9
AC_BE (CWmin+1)/2-1 CWmax 6
AC_VI (CWmin+1)/4-1 CWmin 3
AC_VO (CWmin+1)/4-1 (CWmin+1)/2-1 2
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Access Channels (AC) works independently to contend for TXOP (Transmission
Opportunities) using EDCAF (Enhanced distributed channel access function). Each
independently working AC is like a DCF station (STA)(Han et al., 2012).

AIFS[0]
CWmin[0]
CWmax[0]

AIFS[1]
CWmin[1]
CWmax[1]

AIFS[2]
CWmin[2]
CWmax[2]

AIFS[3]
CWmin[3]
CWmax[3]

Internal Collision Scheduler

Transmission attempt

AC0 AC1 AC2 AC3

Fig. 2.10 Prioritization Mechanism.

Figure 2.10 shows the mechanism of prioritization inside each station. It illus-
trates four different transmit queues for four different access channels in a STA and
four independent EDCAF’s for traffic categories of different types. For each AC,
the AIFS value is denoted by AIFS[AC]. Each access channel queue uses different
CWmin, CWmax and AIFS values. AIFS is a new Inter frame space (IFS) that is
used to implement the prioritization of transmission. The extension of the backoff
procedure in DCF can also be considered as AIFS (Han et al., 2012).

The illustration in Figure in 2.11 shows the relationships of different inter-frame
space. Here apart from the original inter-frame spacing (SIFS), DCF IFS (DIFS) and
PCF IFS (PIFS), in EDCA they have introduced a new AIFS values for different ACs.
AIFS[AC] duration is derived from the AIFSN[AC] value by the relation given below.

⇒AIFS[AC] = AIFSN[AC] x aSlotTime + aSIFSTime

Where MAC protocol in EDCA parameter table sets the AIFSN[AC] value,
aSlotTime is the slot time duration and aSIFSTime is the SIFS length. Different
AIFSNs are allocated to different ACs. Smaller AIFSN values of an AC have higher
priority for channel access. Different ACs are assigned with different CWmin and
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CWmax sizes. When a shorter CW size is assigned to a AC with higher priority,
then it ensures that AC with higher priority will have higher chance to access the
channel than a AC with lower priority. Latest version of the IEEE 802.11p draft
the CWmin is 15 and CWmax is 1023 (Han et al., 2012). Here are some of the Inter
Frame Space relationships as shown in Figure 2.11

Slot time

Defer Access Select slot and decrement Back-off as long as
medium is idle

DIFS/AIFS

SIFS

PIFS

DIFS

AIFS[i]

AIFS[i]

Busy Medium Back-off Slots Next Frame

Contention Window

Immediate access when
Medium is free >= DIFS/AIFS[i] 

Fig. 2.11 Inter-frame Space.

As per the above Figure 2.11, there are four AC queues in each station which will
act as four independent stations. For duration of AIFS[x] if the channel is sensed
idle and if there is backlogged data for transmission in ACx queue, the EDCAF’s
back-off timer will be checked. Otherwise, the transmission sequence shall be
initiated by EDCAF. The back-off timer shall be decreased by the EDCA if there is
a non-zero value. Since there are four EDCAF’s in a STA, there is a probability of
transmission at the same time. Hence, inside a single STA a collision may occur.
Inside STA there is a scheduler which will avoid this kind of internal collision by
granting a highest propriety AC with an EDCF-TXOP. At the same time, a back-off
procedure will be invoked at the other colliding ACs due to internal collision and
behaves as if an external collision on the wireless medium has occurred. For internal
collision the retry bit in the MAC headers of low-priority queues are not set by
the STA. If the TXOP is granted for more than one AC by different STAs then an
external collision will occur. STAs have equal opportunity to compete for channel
access, since there is no priority among stations. The back-off procedure is invoked
after the collided frame is deferred (Han et al., 2012).

According to the actual standard drafted in the year 2010, when a vehicle tries
to send multiple packets at once, the EDCA scheduling system is said to be used
at the MAC layer which is similar to the one defined in IEEE 802.11e. But in IEEE
802.11p, there are eight internal queues (i.e.) one queue per combination of channel
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type and AC and each queue is controlled by one EDCAF (EDCA Function). The
back-off counter for the transmission initiation of a packet as well as for each queue
is controlled by the EDCAF. When a queue’s back-off counter is 0 and also the PHY
channel is idle for a given particular AIFS then at least one of the packet can be
sent from that queue (Eckhoff and Sommer, 2012).

A queue will be changed to back-off mode when one of the following cases
occur (Eckhoff and Sommer, 2012), hence, the cases are as follows:

(i) When back-off counter is 0, then the channel goes busy.

(ii) A different channel was active or a packet was ready to be sent in guard
interval.

(iii) A packet of higher AC was ready to be sent at the same time.

(iv) Failed transmission of a packet.

The back-off time is determined by IEEE 802.11p slot length and a random
number multiplication between [0,CW]. In cases (i) and (iii) the CW values are
unchanged. In case (iv) CW value is is doubled or set to CWmax which ever value is
smaller. The back-off counter is reduced by EDCAF at each slot boundary (Eckhoff
and Sommer, 2012).

2.3.2 PHY Layer in IEEE 802.11p

The Physical layer was developed in a similar to IEEE 802.11a standard and oper-
ates at 5.9 GHz compared to IEEE 802.11a which operates at 5 GHz. Orthogonal
frequency division multiplexing (OFDM) transmission techniques are used in PHY
layer of IEEE 802.11p which is similar to IEEE 802.11a. IEEE 802.11p channel band-
width is scaled down to 10 MHz which is not the same in IEEE 802.11a. This is
motivated by the propagation environment characteristics in Hybrid vehicular
communication (HVC). The reason for choosing 10 MHz bandwidth is due to the
high velocity of the vehicle which is not the same in the traditional wireless net-
works and thus there is a high delay spread of multiple paths. The inter symbol
interference will be high if the bandwidth is high hence it is a reasonable choice of
choosing a 10 MHz bandwidth for vehicular environments (Han et al., 2012).

In US, for DSRC applications 75 MHz of spectrum in the 5.9 GHz frequency
band has been allocated. In this 75 MHz band, seven 10 MHz channels and 5 MHz
guard band are defined. Out of these seven channels, one channel is a Control
Channel (CCH) and rest of the six channels are Service Channels (SCH) (Li, 2012).
A diagram of channel allocation and channel numbers are shown in Figure 2.12:
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Fig. 2.12 Channel Allocation.

As depicted in the above Figure 2.12 a pair of channels can be combined to form
a 20 MHz Channel. The transmission (TX) power ranges from 0 to 28.8dBm for four
classes of devices (Li, 2012). The spectrum allocation for DSRC/WAVE applications
in different regions of the world are shown in the Table 2.2.

Table 2.2 Spectrum Allocation for DSRC/WAVE in different regions of the world.

Region/Country Frequency Bands (MHz) Reference Documents
ITU-R (ISM band) 5725-5875 Article 5 of Radio regulations

Europe 5795-5815, ETSI EN 202-663,
5855/5875-5905/59251 ETSI EN 302-571,

ETSI EN 301-893
North America 902-928, 5850-5925 FCC 47 CFR

Japan 715-725, 5770-5850 MIC EO Article 49

Normally, in Wi-Fi 20-MHz channel with OFDM PHY is used. Compared to
Wi-Fi the supported data rate and subcarrier spacing of IEEE 802.11p are halved
while its cyclic prefix (CP) including symbol interval is doubled (Li, 2012). The
comparison of WAVE and Wi-Fi parameters are shown Table 2.3.

WAVE receivers need special design considerations due to the changing channel
environment. In WAVE, receiver Inter-carrier interference (ICI) are caused due
to much higher Doppler spread compared to Wi-Fi. The WAVE receiver is more
sensitive to Doppler shifts and carrier frequency offsets due to halved subcarrier
spacing. Channel becomes faster fading and more frequency selective due to the
higher multi-path delay spread and higher Doppler spread (Li, 2012).

For high performance WAVE receiver designing following questions must be
addressed (Li, 2012):

• In most harsh environments with high multi-path delay spread, is CP suffi-
cient to remove the inter-symbol interference (ISI)?
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Table 2.3 The Comparison of WAVE and Wi-Fi Parameters.

Parameters WAVE Wi-Fi
Frequency Band 5.9 GHz 2.4/5 GHz
Channel Bandwidth 10 MHz 20 MHz
Supported Data Rate 3, 4.5, 6, 9, 12, 18, 24 6, 9, 12, 18, 24, 36, 48,
(Mbps) and 27 and 54
Modulation Same as Wi-Fi BPSK, QPSK, 16QAM,

and 64QAM
Channel Coding Same as Wi-Fi Convolution coding rate:

1/2, 2/3, 3/4
No of Data Same as Wi-Fi 48
Subcarriers
No of Pilot Same as Wi-Fi 4
Subcarriers
No of Virtual Same as Wi-Fi 12
Subcarriers
FFT/IFFT Size Same as Wi-Fi 64
FFT/IFFT Interval 64µs 32µs
Subcarrier Spacing 0.15625 MHz 0.3125 MHz
CP Interval 1.6µs 0.8µs
OFDM Symbol 8µs 8µs
Interval

• During one OFDM interval can the channel remain constant which is a
fundamental requirement?

• Is there a large enough channel coherence bandwidth so that channel esti-
mation on the pilot carriers can be done and effective interpolation of these
estimates to data subcarriers can be done?

• Is there a large enough channel coherence time to enable effective channel
tracking? The fact that the symbol interval of the OFDM is doubled and
fading of channel is faster, work against this condition.

Further research, field measurement and even parameters of existing standard
might need to be changed in order to achieve the satisfactory outcome (Li, 2012).

2.4 WAVEWSMP

WSMP is a WAVE Specific protocol which has been developed to carry messages
on both SCHs and CCH. The lower layer parameters such as channel number,
TX power, data rate and receiver MAC addresses can be directly controlled by
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applications through WSMP which is not possible in standard IP protocol. In CCH
the WSMP can skip the steps for forming a WBSS (WAVE BSS) that delivers IP and
WSM (WAVE short message) traffic on SCHs for reducing the latency. Reducing
the overload is the primary motivation for developing WSMP (Li, 2012). A diagram
of the WSMP packet is shown in Figure 2.13.

WSM
Version

(1 Octet)

Security
Type

(1 Octet)

Channel
Number
(1 Octet)

WSM Data
(Variable)

Data
Rate

(1 Octet)

TX
Power

(1 Octet)

PSID
(4 Octets)

Length
(2 Octets)

Fig. 2.13 WSMP Packet Format.

Packet overhead of WSMP packet is 11 bytes which is much less compared to
the UDP/IPv6 packets which has a minimum size of 52 bytes. The received WSMP
packet will be disvehicleded if the packet is not a supported WSM version. Security
Type identifies if the packet is Signed, Unsecured or Encrypted. The Channel
Number, TX power and Data Rate allow the WSMP to control the radio parameters
directly. The PSID (Provider Service ID) parameter performs the similar function
of the UDP/TCP packet’s port number i.e. to identify the applications which will
process the WSM Data. As specified in IEEE 1609.2 the Length field which indicated
the number of bytes in WSM Date might be security protected (Li, 2012).

2.5 Understanding Handover in Detail

2.5.1 Handover Concepts

In this section, different types of handovers are shown. Handover is a process of
transferring an active call or communication from one cell to another. There are
different types of handover as defined by the Y-Comm framework (Dr.Glenford
Mapp, 2014). The hierarchy of the Proactive handover (Mapp et al., 2009) is as
depicted in Figure 2.14.

2.5.2 General Characteristics of Handover

Handover is defined as the changing of the Point of Attachment (PoA) of a Mobile
Node (MN) to a network. Handovers may generally be categorised as follows:

• Horizontal vs Vertical: In horizontal handovers, the point of next attachment
is of the same technology as the previous PoA. For example, 3G to 3G or

33



2.5. UNDERSTANDING HANDOVER IN DETAIL Chapter 2

HANDOVER

IMPERATIVE ALTERNATIVE

REACTIVE PROACTIVE

KNOWLEDGE-BASED MODEL-BASED

NETPREF

USERPREF CONTEXT

SERVICES

UNANTICIPATED ANTICIPATED

Fig. 2.14 Handover Concepts.

WiFi to WiFi. By contrast, in vertical handovers the new PoA is of different
technology compared with previous PoA. Hence, vertical handovers are
challenging because when they occur they can be accompanied by huge
changes in the Quality of Service (QoS) of the two networks involved in
the handover. The management of the different QoS is an important part of
providing seamless communication.

• Hard vs Soft: In hard handovers, the connection to the previous PoA is
broken before the connection to the new PoA is established (i.e., break before
make). By contrast, in soft handovers the connection to the new PoA is
established before the connection to the previous PoA is broken (i.e., make
before break). Compared to hard handovers, soft handovers, therefore, result
in less disruption.

• Upward vs Downward: In upward handover, the communication on the MN
is moving from a network of small coverage to a network of larger coverage
(e.g., going from a WiFi network to a LTE/3G network). By contrast, in
downward handovers, the MN is going from a network of large coverage to
a network of smaller coverage (i.e., going from a LTE/3G network to a WiFi
network).

• Network-based vs Client-based: In network-based handover the network is
responsible for executing the handover, while in a client-based handover the
client is responsible for executing the handover. This means that for client-
based handovers, the MN must acquire all the relevant network resources to
achieve handover.

34



2.5. UNDERSTANDING HANDOVER IN DETAIL Chapter 2

2.5.3 Advanced Classification of Handover

Y-Comm is an architecture (shown in Figure 2.15) that has been designed to build
future mobile networks by integrating communications, mobility, QoS and security.
It accomplishes this by dividing the Future Internet into two frameworks: Core and
Peripheral Frameworks. The researchers of Y-Commhavemademajor contributions
in the areas of proactive handover to provide seamless communication, QoS, as
well as security (Mapp et al., 2007).

Fig. 2.15 YComm Architecture

An advanced classification of handover has been proposed by the Y-Comm
Project (Mapp et al., 2009) and is shown in Figure 2.14. Handovers can also be divided
into two advanced types. Imperative handovers occur due to technological reasons
only. Hence the MN changes its network attachment because it has determined by
technical analysis that it is good to do so. This could be based on parameters such
as signal strength, coverage, and the quality-of-service offered by the new network.
These handovers are imperative because there may be a severe loss of performance
or loss of connection if they are not performed. In contrast, alternative handovers
occur due to reasons other than technical issues (Mapp et al., 2012). The factors
for performing an alternative handover include a preference for a given network
based on price or incentives. User preferences based on features or promotions as
well as contextual issues might also cause handover.

Imperative handovers are, in turn, divided into two types. The first is called
reactive handover. This responds to changes in the low-level wireless interfaces as
to the availability or increasing non-availability of certain networks. Reactive han-
dovers can be further divided into anticipated and unanticipated handovers (Mapp
et al., 2012). Anticipated handovers are therefore soft handovers that describe the
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situation where there are alternative base-stations to which the mobile node may
handover (Augusto et al., 2014). With unanticipated handover, the mobile node is
heading out of range of the current PoA and there is no other base-station to which
to handover.

The other type of imperative handover is called proactive handover. These han-
dovers use soft handover techniques. Presently, two types of proactive handovers
are being developed. The first is knowledge-based, where the MN attempts to know,
by measuring beforehand, the signal strengths of available wireless networks over
a given area such as a city. This most likely will involve physically driving around
and taking these readings. The second proactive policy is based on a mathematical
model which calculates the point when handover should occur and the time that
the mobile would take to reach that point based on its velocity and direction. The
accuracy of this approach is dependent on various factors including location tech-
nology, the propagation model used, network topology, and specific environments,
for example, whether the MN is indoor or outdoor as well as the quality of the
receiver (Mapp et al., 2012).

Proactive handover policies attempt to know the condition of the various net-
works at a specific location before the MN reaches that location (Almulla et al.,
2014). Two key parameters are used to develop algorithms for proactive handover:
Time Before Vertical Handover (TBVH) which is the time after which the handover
should occur, and Network Dwell Time (NDT) which is the time the MN spends in
the coverage of the new network as shown in Figure 2.16. According to the article
(Mapp et al., 2012), with an accurate measurement of the handover radius, it is
possible to accurately estimate TBVH as well as NDT. By using these mechanisms, it
is possible to minimize packet loss and service disruption as an impending handover
can be signalled to the higher layers of the network protocol stack.
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2.6 Related Works

2.6.1 Handover based Related Works

This related works section demonstrates literature review, which emphasizes on
the impact of handovers especially in V2I communications. But at the same time,
this section not only exemplifies the need of a good critical review of the current
literature in handover techniques but it also focuses on the literature which show
a wide range of testbed, simulation and benchmarking works that have been
considered in this thesis. Hence, below are some of the works and findings that
have been considered in this thesis:

The work in (Van Eenennaam et al., 2010), the authors highlighted the im-
portance of scalable beaconing and the fact that power control alone will not be
sufficient if the requirement of the application has to be met. Hence, the rate at
which beacons are generated must also be controlled. The authors proposed an
adaptive architecture and an adaptive timing aspects of beacon generation.

The authors in (Sheu et al., 2011), proposed a distributed routing protocol and
focused on two kinds of handovers: inter RSU handover and intra RSU handover.
The approximate location of the vehicles is found using the link quality based on
Received Signal Strength Indicator (RSSI) from the Timing Advertisement from
RSU.

A multi-technology seamless handover mechanism for vehicular networks is
explored (Dias et al., 2012). The authors looked at integrating other technologies like
3G to achieve seamless communication between the vehicles and the infrastructure
without breaking an active session. Using the extended mobility protocols of MIPv6
and PMIPv6, a test was performed to measure the handover latency for different
bit rates between the same communication technology and between different
communication technologies. Here speeds of the vehicles considered were 50 and
60 Km/h respectively.

In (Chung et al., 2011), a time coordinatedmedium access control (MAC) protocol
named WAVE point coordination function (WPCF) for vehicle to infrastructure
(V2I) communication was investigated. The service disconnection time of various
channel access technique for V2I handover was shown. In order to reduce the
handover delay and for a soft handover to happen, additional messages were added.

In (Bohm and Jonsson, 2009), the authors referred and criticized the efforts
of (Tseng et al., 2005), (Montavont and Noel, 2006) and (Paik and Choi, 2003) where a
predictive and proactive handover approach was proposed for 802.11 networks. The
authors proposed a proactive polling mechanism where the information about the
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approaching vehicles are forwarded to the next RSU, where the vehicles became part
of the communication schedule even before entering the next RSU’s transmission
range. The next RSU starts polling early enough to account for a 20% increase in
average speed over the distance between the two access points. When a vehicle
experiences a significant decrease in average speed or leaves the highway entirely,
the RSU cannot continue sending out proactive polling messages indefinitely. Hence
a decrease in average speed of 20% is allowed. The polling by the next RSU stops
after this threshold. A new RSU after this should go through the regular connection
setup process.

The work of (Lee et al., 2013), proposed a seamless handover scheme based on
proactive caching of data packets. Here when an OBU is about to leave the coverage
area of an RSU, the buffered packets will be forwarded to the entire candidate RSUs.
The new RSU which is one of the candidates will transmit the buffered packets to
the OBU and a message is sent to the rest of the candidate RSU’s to disvehicled the
cached packets.

(Augusto et al., 2014), proposed a new architecture called the MYHand Archi-
tecture for providing extended information in Next Generation Networks (NGN)
scenarios is detailed. By using the IEEE 802.21 protocol basic schema(IEEE-Std.,
2013) and part of the Y-Comm architecture (Mapp et al., 2007), MYHand improves
the handover managed by mobile devices (user centric management). A scenario
with three access providers and a mobile user walking through the avenue was
simulated by using NS2 (Network Simulator2).

The work in (Shaikh et al., 2007) proposed a proactive handover policy using a
simple mathematical model. Proactive handover facilitates minimize disruption due
to service degradation or packet loss during handover by signalling to the higher
layers that a handover is about to happen. This work shows how the Network
Dwell Time (NDT) and Time Before Vertical Handover (TBVH) are calculated in
heterogeneous environments. TBVH is the time a mobile node has got to hit the
circle for handover given the velocity and direction. The paper analysed various
vertical handovers (WLAN-3G, 3GWLAN) in their work.

In (Salam et al., 2011), a seamless proactive vertical handover algorithm was pro-
posed which took into account the users preferences, network conditions, velocity
of the mobile station and application requirements for selecting a candidate network
for handover which is stable. The proposed algorithm calculates the residence time
in a candidate network which is already been proposed and highlighted in (Shaikh
et al., 2007). This shows the importance of NDT in achieving a proactive handover.
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The work in (Shaikh et al., 2007) proposes a proactive handover policy using a
simple mathematical model. Proactive handover facilitates minimize disruption due
to service degradation or packet loss during handover by signalling to the higher
layers that a handover is about to happen. This work shows how the Network
Dwell Time (NDT) and Time Before Vertical Handover (TBVH) are calculated in
heterogeneous environments. TBVH is the time a mobile node has got to reach the
circle for handover given the velocity and direction. The paper analysed various
vertical handovers (WLAN-3G, 3G-WLAN) in their work.

Many papers have looked at VANETs as well as handover in essentially isolated
or loosely coupled ways. But to the best of our knowledge no work has considered
the importance of lower layers (i.e. PHY and MAC) in achieving an effective
proactive handover. From a communications point-of-view, this thesis extends the
work done in (Shaikh et al., 2007) and (Augusto et al., 2014) by analysing the effects
of Network Dwell Time, Time Before Handover and Exit Times in the context of
VANET to provide ubiquitous communication in VANET systems.

2.6.2 Analytical Model based Related Works

There have been various analytical models that have been developed to study the
beaconing in VANET systems. In this thesis, we have described the advantages
that come with this unique characteristics of beaconing in VANETs in the previous
chapter. Hence, in this section, we will highlight on some of the existing analytical
models that have been developed or optimised to study this beaconing effect and
hence, are highlight below:

The authors in (Vinel et al., 2008) have depicted that VANET is a new vehicular
communication system, which is being considered for Intelligent Transport Systems.
The work, not only emphasizes that extra research efforts are being made by coun-
tries like USA, Japan and Europe, but there are more efforts being put in deploying
such active systems. This work referred to the new IEEE 802.11p communication
standards and have recently been in the limelight. Therefore, in this context, the
authors emphasized on the lower layer of the communication standards as periodic
beaconing is a key feature in VANETs. This periodic beaconing is seen as a key
aspect for providing reliable communication for life critical safety messages in
order to stop accidents. Hence, there is a need to analytical model and analyse
the probability of successful beacon reception and message transmission delays.
Further, this work showed a performance evaluation of such metrics.

The work in (Vinel et al., 2009a) is a continuation of the work presented in (Vinel
et al., 2008). Hence, in this work the authors further extend the beaconing com-
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munication mode and a new analytical model for investigating the influence of
beacon generation rate in vehicle-to-vehicle (V2C) context was presented. The
analysis from the new analytical model demonstrated that the numerical results
gathered can be used as a method to estimate the probability of successful beacon
delivery and mean delay in transmission. It was also noted from the results that the
proposed Markov chain analysis is not feasible for unsaturated case due to the large
amount of states involved and hence, for this reason non-saturated case should be
investigated in the future.

Van Eenennam et al. in (van Eenennaam et al., 2012) designed an analytical
model to model the beaconing influence used in VANETs. The authors adapted this
behaviour from the existing analytical model presented in (Engelstad and Østerbo,
2006), which emphasized on the IEEE 802.11e EDCA mechanism for traditional
WLANs. This work also showed the importance of beaconing taking into account
the broadcasting technique widely used for beacon transmission. This is very much
required for reliable and efficient communication in vehicular networks.Thus, the
authors, argued that CSMA/CA method is used for broadcasting beacons, thus it is
very critical to model the backoff mechanism and the blocking behaviour used in
the MAC layer very aptly. Hence, the results analysed in this work showed that
the analytical model presented closely best fits the simulation results.

The work in (Vinel, 2012) proposed a theoretical framework to compare and
contrast the two main technologies currently being considered for vehicular ap-
plications. The work critically highlights on the mathematical models developed
for both IEEE 802.11p/WAVE and 3GPP LTE technologies. The author conducted
several parallel experiments with the developed analytical models and the corre-
sponding simulators in order to correctly model the beaconing parameter required
probabilistic calculations. Therefore, the results emphasized that the 3GPP LTE
technology faces serious challenges while coping with overloading of the network
with beacons. So consequently, 3GPP LTE needs to be modelled more accurately
for future considerations in vehicular communication and hence, VANETs or the
IEEE802.11p/WAVE protocol stack on the other hand has been designed to cater
these challenges appropriately. But still dedicated dual radios, each for safety and
non-safety application should be considered in the future.

The works highlighted in the above section were taken into consideration for
studying and modeling the beacon parameters used in this thesis. Some of the
arguments discussed above enabled us to come to some constructive decision-
making while considering the models and simulations used for this study.
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2.6.3 Testbed based Related Works

Several field tests have explored various communication scenarios in Vehicular
Ad hoc Networks. The work described in (Gozalvez et al., 2012), conducted a field
experiment which extensively analysed the performance of V2I communication
in an urban environment for an effective and reliable RSU deployment. The field
testing was conducted in the city of Bologna with four key scenarios. Three urban
and a high way scenario were considered. The communication performance was
measured in terms of the packet delivery ratio (PDR) as a function of the distance
of the Onboard Unit (OBU) to the communicating RSU. The authors presented the
Reliable (RCR) and Unreliable Connectivity Range (UCR) as the distance to the
RSU up to which the experienced PDR is above 0.7 and below 0.1 respectively. The
study was performed for two transmission power levels i.e., 10dBm and 20dBm,
and showed that high transmission power levels can significantly increase the RCR
and UCR distances. The study also showed the effects of NLOS, Antenna Heights,
Traffic and Heavy Vehicles. Non Line-of-Sight (NLOS) had a significant impact on
the communication. The minimum and maximum reliable communication range
distance was 400m and 800m (approx.) respectively.

The study reported in (Lin et al., 2012) presented simulation results and field
trials were conducted in an internationally standardised laboratory at the ARTC in
Taiwan. The work investigated critical parameters such as packet loss, latency and
delay spread for DSRC in a controlled environment. The conducted experiments
focused on the vehicles speed and its distance from RSU in order to evaluate packet
loss and latency. The field measurements of this study showed that if the velocity
of a vehicle is 100km/h, then 30% packet loss for safety orientated applications was
experienced.

Although, in this thesis we focus mainly into V2I communications, it is worth-
while reviewing some of the main points obtained in V2V field tests. The work
depicted in (Jerbi et al., 2007) demonstrates a thorough experimental measurements
of V2V communications in various scenarios in order to highlight important factors
that influence multimedia applications over an IEEE 802.11p in vehicular networks.
The authors aimed to evaluate the effects of speed and distance on the quality
of received traffic which emulated a video transmission. The results in the work
demonstrated that the performance of the network and signal strength greatly
depends on the velocity of the vehicle, as well as the distance between each vehicle.

The field trails presented in (Paier et al., 2010) was conducted in Austria. The
authors examined the performance of vehicle to infrastructure communications
in an highway environment using IEEE 802.11p prototype. This work presented
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the results of average downstream performance of the physical layer. The study
analysed the physical layer of IEEE 802.11p without the MAC layer. Investigating
the physical layer alone highlights the strengths of the layer as well as pointing out
weaknesses, furthermore, improvements can be suggested for a better layer design
in order to have more robust vehicle to infrastructure communications. The RSUs in
this experiment were set up to broadcast meaning only one way transmission took
place and retransmission was disabled. The research proved that environmental
effects such as electromagnetic wave propagation and traffic density had significant
influence on transmission performance, in particular for big packets and high speed
transmission.

The studies examined in this literature have provided valuable information on
V2I and V2V communications performance. However, most studies tend to focus
on simulation rather than real-time testing because of high associated cost. In this
context, we present real-time field experiments which extensively evaluates V2I
performance in urban environment. The key purpose of this study is to investigate
the deployments issues of RUSs in urban environment which has been further
explored in depth in Chapter 7.

2.7 Propagation Model based Related Works

2.7.1 Propagation Models: An Overview

In telecommunications, it is a quite common practice to model the disparities in the
amplitude of the received signals. This is done by means of modeling the small or
large disparities of fading, shadow fading or by modeling path loss calculations (Ray-
mond and Lajos, 1999). These efforts have been studied in telecommunications
for a long time. Some of the common existing models for such path loss variants
include Walfisch-Ikegami and Okumura and Hata models. Similarly, there are a
few famous statistical fading models such as Rician and Rayleigh for such small
scale fading. The most recent and the latest statistical model studied for such small
scale fading effects is the Nakagami M-distribution. It best suits most cases as it
considers the shape parameter and the spread controlling parameters. Additionally,
there are also some realistic empirical models for studying shadow fading effects
such as the famous log-normal distribution. Although, these shadow fading effects
form a key feature in telecommunication studies, it is quite astonishing that very
few cases have been presented using this particular distribution. Therefore, this
shadow fading attribute is quite extensively used in developing a comprehensive
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network simulation tools for analysing various handover techniques and as well as
interferences issues for modeling the realistic environment.

Most wireless system use propagation models for urban environments in order
to consider non line of sight (NLOS) or obstacle problems with respect to received
signal; these NLOS problems could be caused by the environmental factors such
as tall building, trees, large obstacles and etc. The propagation model is used to
predict the received signal strength based on calculation from the transmitter and
the receiver. There are many models developed for this purpose, but very few
consider both issues of line of sight and Non line of sight (Rappaport, 2012). Path
loss is also known as path attenuation can be defined as the drop/reduction in
the density of power (attenuation) of an electromagnetic wave when it is being
propagated through space. It is also defined in some cases as the difference (in
dB) between the power transmitted and the power received. Path loss plays a
major role in the analysis and design of the link budget of a telecommunication
system. The term Path Loss is mostly is used in wireless communications and is
basically signal propagation. There are numerous contributing factors which lead
to Path loss. These effects include but are not limited to; free-space loss, refraction,
diffraction, reflection, aperture-medium coupling loss, and absorption. Path loss
is also influenced by terrain contours, environment (urban or rural, vegetation
and foliage), propagation medium (dry or moist air), the distance between the
transmitter and the receiver, and the height and location of antennas.

2.8 Existing Path Loss Models used in VANETs

For this research work, a specific propagation models were taken into considera-
tion. Some of them have been previously used for VANET studies and have been
highlighted and explained in detail below.

2.8.1 Free Space Path Loss Model

The free space path loss model is used in mobile and wireless communication to
predict the signal strength between the transmitter and receiver in clear line of
sight. As the name implies, the model deals with path loss in free space. In this
model, the attenuation is proportional to the square of the distance between the
transmitter and the receiver and also to the square of the frequency of the radio
signal(Rappaport, 2012).
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For free space path loss (FSPL) in decibels, it can be mathematically represented
as:

(FSPL) = 20log10(d) + 20log10(f) + 32.44−Gt −Gr

where d is the distance from the antenna in kilometres, f is the frequency of the
signal in MHz, Gt is the gain at the transmitter and Gr is the gain at the receiver.
The free space path loss model is highly effective where multipath effects are at
minimal such as for satellites in space. This model lacks accuracy in the sense that
the received signal power is only dependant on the transmitted power, the antenna
gains and the distance between the sender and the receiver. Obstacles are not taken
into consideration.

2.8.2 Two-Ray Ground Model

This propagation model takes into account the fact that radio propagation will
normally get affected by at least one significant interference namely the ground
reflection (Sommer and Dressler, 2011). To archive a physically more correct path
loss approximation (Rappaport, 2012), it must be based on the phase difference of
interfering rays ϕ and reflection coefficient γ⊥, leading to a Two-Ray Interference
Model (Rappaport, 2012),

Ltri[dB] = 20log(4π
d

λ
|1 + Γ⊥eiϕ|−1), substituting

sinθi = (ht + hr)/dref , cosθi = d/dref

The problem with this model is the fact that it assumes that the received energy
is the sum of the direct line of sight path and the reflected path from the ground
taking no account for obstacles and the sender and receiver are required to be on
the same height (Martinez et al., 2009).

2.8.3 Rayleigh and Rician Fading Model

These models are based on a standard normal distribution. Clarke’s model for
Rayleigh fading (Xiao et al., 2003) is given as

g(t) =
1√
N

N∑
n=1

ej(ωdt cos θn+φn)

.
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Where N represents the number of reflections, ωd is the maximum radian
Doppler frequency and θn and φn are the angle of arrival and initial phase of the nth

propagation path. This equation can be broken down into its real and imaginary
components. gc(t) and gs(t) respectively.

The Rayleigh Fading path loss model is calculated in dB as shown in (Rappaport,
2012)

RayleighdB = 10log10(
[gc(t)

2+] + [gs(t)
2]

2
)

The Rician fading model is obtained by adding a dominant signal to Clarke’s
model. The ratio of the power of the dominant signal to that of the sum of the
reflected signals is represented by Rician parameter K (Mukunthan et al., 2012).
The path-loss due to Rician fading in dB is given as (Xiao et al., 2003)

RicicandB = 10log10(
[gc(t) +

√
2K]2 + [gs(t)]

2

2(k + 1)
)

Both models would not be entirely suitable for VANET communication because
both models simply describe the time correlation of the received signal power.
Rician Model considers indirect paths between the sender and the receiver while
Rayleigh fading considers when there is one dominant path and multiple indirect
signals (Martinez et al., 2009).

2.8.4 Log-Normal Path Loss Model

The log-normal path loss model is a model which can predict the propagated signal
in a dense urban environment even inside a building as defined in (J. Salo and
Vainikainen, 2005). In Log-Normal model, the path loss can be mathematically
represented as follows:

The probability density for the log-normal distribution is:

P (x) = 1/(Ssqrt(2pi)x)e( − (lnx−M)2/(2S2))

And the cumulative distribution functions for the log-normal distribution is:

D(x) = 1/2[1 + erf((lnx−M)/(Ssqrt(2)))]

where, erf(x) is the erf function.
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2.8.5 Nakagami Model

This model is a well defined radio propagation model as described in (Nakagami,
1960). The Nakagami model incorporates more parameters than usual models, and
hence can model the real-world constraints more efficiently. The uniqueness of
this model is that it aptly models the fading effects for multipath scattering of large
delay-time spreads, with different clusters of reflected signals. This models can
also be used for both urban and motorway scenarios along with channel fading
effects (Nakagami, 1960). Further, this model is more identical to Rayleigh fading
signals as they have the same amplitude distribution as the Nakagami model.
Nakagami-m distribution has the following advantages versus the other models:

1. It is a generalized distribution which can model different fading environments.

2. It has greater flexibility and accuracy in matching some experimental data
than the Rayleigh, log-normal or Rice distributions .

3. Rayleigh and one-sided Gaussian distribution are special cases of Nakagami-
m model.

Therefore, this model is more generally accepted for practical fading channels.
Nakagami distribution is defined by the following equation as the probability

density function:

f(x; m,Ω) =
2mm

Γ(m)Ωm
x2m−1 exp

(
−m

Ω
x2
)

Its cumulative distribution function is:

F (x; m,Ω) = P
(
m,

m

Ω
x2
)

where, P is the incomplete gamma function.

2.8.6 The Okumura Model

In urban and suburban areas, it is necessary to take into consideration the effects
of multipath(Okumura, 1968). The Okumura model is mostly used model espe-
cially for the urban areas (Okumura, 1968). For Okumura model, the path loss is
mathematically represented as:
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PL = Lf + Amu −Ght −Ghr −Garea

whereLf is the free propagation path loss,Amu is the attenuation of the medium
relative to free space, Ght is the gain due to the height of the base station antenna,
Ghr is the gain due to the height of the mobile node receiver and Garea is the gain
due to the type of environment.

Some of the key points which need to be followed in order to use this radio
propagation model is an urban environment are as follows:

1. This model can only be consider in cases where the channel operates on the
frequency Band is between 150 - 1920 MHz.

2. The height of the Base station antenna needs to be between: 30 meters - 1000
meters.

3. The mobile node can be at a height between: 1 meters to 3 meters.

4. Link distance should be between: 1 km to 100 km.

2.8.7 Hata Models

The Hata model is more or less based on the Okumura model which can be de-
ployed for urban and suburban environments (Hatay, 1980). After changing a few
configurable parameters on the Okumura model, for urban areas the Hata model
can be represented as:

Lu = 69.55 + 26.16log10f − 13.82log10hb − CH + (44.9− 6.55log10hb)log10d

where hb is the height of the base station, hm is the height of the mobile node,
and CH is the antenna height correction factor.

For small or medium cities (Hatay, 1980),

CH = 0.8 + (1.1log10f − 0.7)hm − 1.56log10f

For large cities, the formula is dependent on two frequency ranges (Hatay,
1980);

So for 150MHZ ≤ f ≤ 200MHZ
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CH = 8.29(log10(1.54hm))
2 − 1.1

and for 200MHZ ≤ f ≤ 1500MHZ

CH = 3.2(log10(11.75hm))
2 − 4.97

For Suburban areas,

Lsu = Lu − 2(log10(
f

28
))2 − 5.4

where Lu is the path loss in urban areas, f is the transmission frequency in
MHZ , and all path loss values are in dB.

Therefore, this model cannot be used in VANETs because of the frequency band
concerns. The Frequency band at which VANETs operate is 5.9 GHz, which operates
at a much higher frequency band for considering such models.

2.8.8 CORNER Propagation Model

This type of propagation model is a low computational light weight model, which
operates by using the use of information about the road topology. CORNER benefits
from the attenuation between two nodes taking into account the presence of
buildings (Giordano et al., 2010). This model also takes into account three possible
cases namely:

Fig. 2.17 Illustration of CORNER Propagation as defined in (Giordano et al., 2010).
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Line Of Sight (LOS): assuming that the vehicle is in direct line of sight with the
RSU and the free space path loss can be assumed given as

PL = 20log10(
λ

4πd
)

Non Line Of Sight with one corner along the path (NLOS1): This assumes that
two nodes are not in line of sight but separated by one corner, this is illustrated
mathematically as

PL = 10log10(10
PLD

10
+ 10

PLR

10
)

where PLD represents diffraction around the corner and PLR represents reflection
around the corner (Mukunthan et al., 2012).

Non Line Of Sight with two corners along the path (NLOS2): It assumes that
two nodes do not have direct line of sight and are separated by two corners and
mathematically illustrated as

PL = 10log10(10
PLDD

10
+ 10

PLDR

10
+ 10

PLRD

10
+ 10

PLR

10
)

where PLDD represents a diffraction around a corner followed by diffraction
around another corner, PLDR represents a diffraction around a corner followed by
a reflection around another corner, PLRD represents a reflection around a corner
followed by a diffraction around another corner and PLR represents a reflection
around a corner (Mukunthan et al., 2012).
To enable differentiate between these three possible cases, a width is assigned to
each road segment and is computed as:

Width = (NoL ∗ LW ) + 10

Where NoL is represents the number of lanes expressed in meters. (Note, the
number of lanes is double of the segment is part of a two way road). LW represents
the width of the lane which is assumed to be constant. An additional 10 meters is
added taking the side walks into consideration.

2.8.9 Finite Propagtion Model

This propagation model talks about solving the problem of radio coverage in the
urban areas and the troposphere and of all the available propagation models, seems
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to be the closest to solving the problem of propagation models associated with
VANET. One of the persistent challenges in the urban areas and the troposphere is
the ability to get the required radio coverage (Hall et al., 1997). Researchers in the
area of wave propagation have been in search of efficient mathematical models for
describing the problem of electromagnetic wave propagation in the atmosphere.
There are various methods available for the prediction of electromagnetic waves
propagation in the atmosphere (Craig and Levy, 1991). Nevertheless, there are a few
complications in the application of some methods due to the presence of vertical
refractive stratification in the atmosphere (Hitney, 1994).

A while ago, geometrical optics (GO) techniques and modal analysis were given
a lot of emphasis (Arshad et al., 2007). GO provides a general geometrical descrip-
tion of ray families, propagating through the atmosphere. Ray tracing methods
present many disadvantages; for example, the radio-wave frequency is not ac-
counted for and it is not always clear whether the ray is trapped by specific duct
structure (Slingsby, 1991) and (Arshad et al., 2007)
A different form of approach for tropospheric propagation modelling was imple-
mented by Baumgartner (Baumgartner et al., 1983) and later extended (Shellman
and CA., 1986) and is generally identified as the Wave guide Model or Coupled
Model Technique.

Most of the current available prediction models for VANET are majorly based on
simplified Deygout solution for multiple knife-edge diffraction (Deygout, 1991). But
this model proposes a solution which tackles the full vector problem i.e the three
dimensional variations in refraction. At the long run, this solves the problem of elec-
tromagnetic propagation problems in the presence of an irregular terrain (Arshad
et al., 2007).

Therefore, the table 2.5 shows a simple comparison of some of the existing
and most widely used models in wireless and mobile communications such as
Free Space Path Loss model, Two-Ray Ground model (Khan and Qayyum, 2009),
Shadowing model, Rician and Rayleigh model, RPMO model (Marinoni and Kari,
2006), Mahajan et al. (Mahajan et al., 2007) model and Nakagami model (Nakagami,
1960). Since, this thesis’s sole focus is not on the radio propagation models, hence
we just describe them briefly, that have been used previously for VANET studies.

51



2.8. EXISTING PATH LOSS MODELS USED IN VANETS Chapter 2

Ta
bl
e
2.4

Su
m
m
ar
y
of

Pr
op

ag
at
io
n
M
od

el
su

se
d
in

VA
N
ET

s.

Pr
op

og
at
io
n
M
od

els
De

sc
rip

tio
ns

Si
gn

ifi
ca
nc
eo

ft
he

Pr
op

og
at
io
n
M
od

el
in

Ve
hi
cu
lar

Co
m
m
un

ica
tio

ns

Fr
ee

Sp
ac
eP

at
hl
os
sM

od
el

Th
is
m
od

el
is
pu

re
ly

ba
se
d
on

th
er

ec
eiv

ed
sig

na
ls
tre

ng
ht

of
th
er

ec
iev

er
i.e
.,

th
er

ec
iev

ed
po

we
ri
sc

alc
ul
at
ed

ba
se
d
on

di
sta

nc
eb

et
we

en
th
et

ra
ns
m
itt
er

an
d
th
er

ec
iev

er
an
d
po

te
nt
ial

an
te
nn

ag
ain

sa
nd

he
nc
en

o
ob
sta

cle
sa

re
co
ns
id
er
ed

or
m
od

ele
d.

Th
er
ef
or
e,
th
ed

ist
an
ce

pl
ay
sa

n
im

po
rta

nt
ro
le
in

th
is
m
od

el.

Th
is
m
od

el
is
ca
n
be

co
ns
id
er
ed

fo
rV

AN
ET

s.
Bu

tt
hi
sm

od
el
is
th
em

os
ts
im

pl
ist
ic
m
od

el
to

be
co
ns
id
er
ed

fo
rV

AN
ET

s,
he
nc
en

ot
qu

ite
ad
eq
ua
te

fo
rt
he

dy
na
m
ica

lly
ch
an
gi
ng

ev
nv

iro
nm

en
ti
n
VA

NE
Ts
.

Tw
o-
Ra

y
Gr

ou
nd

M
od

el

Th
is
m
od

el
is
ba
sic

all
y
ba
se
d
on

th
eh

eig
ht

fa
cto

r
of

th
es

en
de
ra

nd
th
er

ec
eiv

er
;

th
us
,b
ot
h
ne
ed

to
be

at
th
es

am
el
ev
el

in
or
de
rt
o
co
ns
id
er

th
is
m
od

el.
Th

is
m
od

el
is
ba
se
d
on

th
ep

rin
cip

les
of

re
ce
iv
ed

sig
na
ls
tre

ng
th

be
in
g
ca
lcu

lat
ed

as
su
m

of
th
er

efl
ec
te
d
pa
th

fro
m

th
eg

ro
un

d
an
d
ac

lea
rl
in
eo

fs
ig
ht
,

be
tw

ee
n
th
es

en
de
ra

nd
re
ce
iv
er
.

Ag
ain

no
ob
sta

cle
m
od

el
is
co
ns
id
er
ed
.

Th
is
m
od

el
ca
n
be

co
ns
id
er
ed

fo
rV

AN
ET

s,
bu

ti
ti
sn

ot
as

re
ali
sti
cf
or

ve
hi
cu
lar

en
vi
ro
nm

en
ts.

Fo
re

xa
m
pl
e,
if
th
et

ra
ns
m
iss

io
n
ra
ng

eo
fa

no
de

is
45
0m

et
er
s,
th
en

th
er

ec
eiv

in
g
en
d
of

th
en

od
es

co
ul
d
ve
ry

we
ll
be

pl
ac
ed

an
yw

he
re

w
ith

in
th
at

ra
ng

e.
Th

er
ef
or
e,
it
m
ea
ns

th
at

pr
ob
ab
ili
ty

of
re
ce
iv
in
g
ap

ac
ke
t

w
ill

be
th
es

am
e,
w
he
th
er

or
no

ta
no

de
is
pl
ac
ed

45
0

m
et
re
sa

w
ay

or
20

m
et
er
sa

w
ay

fro
m

th
es

en
de
r

(d
oe
sn
’t
co
sid

er
an
y
fa
dd

in
g
eff

ec
ts)

.

Sh
ad
ow

in
g
M
od

el

Th
es

ha
do

w
in
g
m
od

el
is
be
st
su
ite

d
fo
rt
he

ca
se
sw

he
re

th
er
ea

re
en
vi
ro
nm

en
ta
l

co
ns
tra

in
sts

be
in
g
co
ns
id
er
ed
.

Th
is
m
od

el
ta
ke
si
nt
o
ac
co
un

ta
ga
us
sia

n
va
ria

bl
et

o
th
ec

alc
ul
at
ed

pa
th
lo
ss
.

Th
is
m
od

el
ca
n
be

co
ns
id
er
ed

fo
rV

AN
ET

s,
ta
ki
ng

in
to

ac
co
un

tt
he

en
vi
ro
nm

en
ta
lc
on

str
ain

ts.

52



2.8. EXISTING PATH LOSS MODELS USED IN VANETS Chapter 2

Ta
bl
e
2.5

Su
m
m
ar
y
of

Pr
op

ag
at
io
n
M
od

el
su

se
d
in

VA
N
ET

s.

Pr
op

og
at
io
n
M
od

el
s

D
es
cr
ip
tio

ns
Si
gn

ifi
ca
nc
e
of

th
e
Pr
op

og
at
io
n
M
od

el
in

Ve
hi
cu
la
rC

om
m
un

ic
at
io
ns

Ri
ci
an

an
d
Ra

yl
ei
gh

Fa
di
ng

M
od

el

O
ne

of
th
e
fe
at
ur
es

ab
ou

tt
hi
sR

ic
ia
n
m
od

el
is

th
at

it
co
ns
id
er
sr

efl
ec
te
d
or
sc
at
te
re
d
pa
th
s

(n
o
on

e
pa
rti
cu
la
rp

at
hs

or
m
ul
tip

le
pa
th
s)

bu
tt
hi
sc

om
es

at
th
e
co
st
of

m
ul
tip

at
h
in
te
rfe

re
nc
es
.

In
sh
or
t,
lin

e
of

sig
ht

be
in
g
as

a
do

m
in
an
tfa

ct
or

fo
r

ca
lcu

la
tin

g
fa
di
ng

in
th
e
Ri
ci
an

m
od

el
.

Bu
t,
th
e
Ra

yl
ei
gh

Fa
di
ng

m
od

el
on

th
e
ot
he
rh

an
d

co
ns
id
er
sa

tle
as
to

ne
pr
ev
ai
lin

g
pa
th

an
d
m
ul
tip

le
re
fle
ct
ed

pa
th
s.

Co
ns
eq
ue
nt
ly
,b
ot
h
th
es
e
m
od

el
sa

re
ba
se
d
on

th
e

re
ci
ev
ed

po
w
er

ba
se
d
on

th
e
tim

e
as
sc
oc
ia
tio

n
be
tw

ee
n
th
e
se
nd

er
an
d
th
e
re
ce
iv
er
.

Th
is
m
od

el
is
ca
n
be

co
ns
id
er
ed

fo
rV

AN
ET

S,
as

it
is
a
m
or
e
re
al
ist
ic
m
od

el
w
ith

fa
di
ng

co
ns
id
er
at
io
ns
.

RP
M
O
M
od

el

Th
is
m
od

el
is
a
sim

pl
e
ra
di
o
pr
op

og
at
io
n
m
od

el
#

w
hi
ch

m
od

el
sa

n
ob
st
ac
le
sf
or

its
ev
al
ua
tio

n.
Th

e
ob
st
ac
le
fa
ct
or

is
th
e
m
ai
n
ke
y
th
is
m
od

el
.

H
en
ce
,i
ft
he
re

ar
e
no

ob
st
ac
le
st
he
n

th
is
m
od

el
be
ha
ve
sj
us
tl
ik
e
th
e
Tw

o-
ra
y
Gr

ou
nd

.

Th
is
m
od

el
is
ca
n
be

co
ns
id
er
ed

fo
rV

AN
ET

s,
bu

ta
ga
in

no
ta

sr
ea
lis
tic

to
be

co
ns
id
er
ed

fo
rv

eh
ic
ul
ar

en
vi
ro
nm

en
ts
.

M
ah
aj
an

et
al
.,M

od
el

Th
is
m
od

el
be
ha
ve
sl
ik
e
Tw

o-
ra
y
Gr

ou
nd

,
ad
di
ng

th
e
in
flu

en
ce

of
ob
st
ac
le
s

an
d
th
e
di
st
an
ce

at
te
nu

at
io
n,

bu
ti
ti
sd

es
ig
ne
d
fo
rt
he

80
2.1

1b
en
vi
ro
nm

en
t.

Th
is
m
od

el
is
ca
nn

ot
be

co
ns
id
er
ed

fo
rV

AN
ET

s,
as

it
ca
n
on

ly
be

us
ed

fo
rI
EE

E
80
2.1

1b
te
ch
no

lo
gy
.

N
ag
ak
am

iM
od

el

N
ak
ag
am

ip
ro
pa
ga
tio

n
m
od

el
oc
cu
rs

w
he
n
th
er
e
is

m
ul
tip

at
h
sc
at
te
rin

g
w
ith

la
rg
er

de
la
y-
tim

e
sp
re
ad
sc

om
pa
re
d
to

ot
he
rm

od
el
sa

nd
fo
rd

iff
er
en
tc
lu
st
er
so

fr
efl
ec
te
d
w
av
es
.

Th
is
m
od

el
is
ca
n
be

us
ed

fo
rV

AN
ET

s.
As

it
in
te
rp
re
ts
m
or
e
re
al
ist
ic
pa
ra
m
et
er
st
ha
n
ot
he
rm

od
el
s.

53



2.9. CURRENT TRENDS IN VANET SIMULATION TECHNIQUES Chapter 2

2.9 Current Trends inVANETSimulationTechniques

and Tools

VANETs are based on the basic principles of connecting vehicles to RSUs and to
other adjacent vehicles in the vicinity. The basic operation is to send and receive
information over wireless communication channel. One of the most important
characteristics of VANETs is that the vehicles are anticipated as mobile nodes and
the RSUs as access points. This feature also comes in handy as an advantage to
the VANET systems as both the RSUs and the OBUs can act as an access point or a
mobile node and vice-versa. However, most of the time the RSUs are standalone
and operate as fixed nodes. Due to this unique characteristic, the mobile nodes in
VANET systems are considered to be fast moving resulting in a highly dynamic
environment i.e., continuously changing network topology.

In order to study VANET systems it is necessary to look into different simulation
techniques. This requires emulating the fast moving mobile nodes (the mobility
side) and the highly dynamic environment (the network topology side). Therefore,
VANET simulation identifies this criteria and distinguishes VANET simulation
into two different simulation categories: (a) Mobility Simulators and (b) Network
Simulators. Since, the wide spread of VANET research and standardization of the
VANET protocols, there had been a considerable amount of increase in extensive
use of simulation tools for studying VANET systems. This has led the scientific
community and researchers to explicitly develop and use of a third component
which is being now categorised as VANET Simulators or frameworks. A framework
generally is regarded as being a middleware/software which incorporates compo-
nents from several different independent modules, for example one such framewok
being used to vehicular communications is the VEINS framework (VEhicles In
Network Simulation): This is a good example of how it connects and uses different
modules from a Network simulator such as OMNET++ and a Mobility simulator
such as SUMO (Simulation in Urban Mobility) and produces a complete simulation
environment for vehicular communications studies.

A simple block diagram has been depicted in Figure 2.18 displaying various
currently available simulators for studying vehicular communications. On one
hand, mobility simulators, (also known as traffic generators) are responsible for
generating realistic mobility traces for vehicles, which are then fed into vehicular
sub-modules available in network simulators. On the other hand, network simula-
tors are accountable for creating the entire vehicular networks along with physical
wireless communication channel and all the network level components required for
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achieving vehicular communications. These have been further explored in detail,
in the sections below (Noori and Olyaei, 2013).

2.9.1 Mobility Simulator

There are many mobility simulators that have been categorised for wireless com-
munications in general, but for vehicular communications this has been divided
into two main categories - 1) Microscopic and 2) Macroscopic.The first category
highlights on the vehicle and the vehicular communications parameters itself (Harri
et al., 2009). A typical example of a microscopic description used in VANET simula-
tion are the vehicle parameters such as speed, acceleration, the times each vehicle
departs and its arrival rate and road dynamics etc. The second category focuses
more on the flow of the mobility of the vehicle (flow patterns), in particular the
broader picture i.e., the traffic density and the traffic flow. In addition, the micro-
scopic description of the mobility models, where each vehicle’s parameters such
as vehicle acceleration and speed can be controlled and captured at every instant
by means of parallel simulation (also known as micro-level simulation) such as
SUMO (Behrisch et al., 2011). In this thesis we mainly look at SUMO traces. Some
of the other mobility simulation softwares are listed here: CityMob, VanetMobiSim,
CORSIM, FreeSim, PARAMICS, VISSIM, STRAW and Netstream (Noori and Olyaei,
2013).

2.9.2 Network Simulator

Network simulators are typically computer programs or tools developed to imitate
the behaviour of a real communication network environment (infrastructure) to
measure and quantify the overall network performance metrics. Traditionally,
there are several network simulators for wired, wireless and ad hoc communication
which are freely available on-line and/or are licensed such as OPNET, Qualnet,
NCTUns and NS-2. Among these network simulators there are some which sup-
port VANET simulation. Most of the network simulators are designed to support
MANET simulations but some of them have been currently optimised to support
VANET simulations by using extended frameworks, for example: OMNeT++, NS-2,
GloMoSim, JiST/SWANS, GTNetS, J-SIM, SNS and NS-3 (Noori and Olyaei, 2013).

2.9.3 VANET Simulator

As discussed in the above sections, VANET simulators aremiddleware entities which
use a framework to connect the mobility simulators to network simulators by means
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of providing inputs from parameters used in VANET simulation (Christoph Sommer,
2014). Some most famous VANET simulations which are currently being used have
been listed here, for example: Veins, NCTUns, MOVE, TraNS, etc (Noori and Olyaei,
2013). In recent times, the Veins Framework has gathered more attention frommany
researchers and scientists as being the most widely used open source framework for
vehicular communications. The Veins framework is based on two well-established
simulators: OMNeT++, an event-based network simulator (Andras Varga, 2014),
and SUMO, a road traffic simulator (Krajzewicz, 2010), which extends these to offer
a more comprehensive suite of models for vehicular communication simulation.

2.10 Which is the Most Suitable Simulator?

In this section of the thesis, we highlight some of the key factors that has led
us to select and justify our choice of simulation tools used for this study. In this
thesis, we conduct several simulation experiments for that we mainly focus only
on OMNeT++ (the Network Simulator) and SUMO (the Mobility Simulator) along
with the extended Veins framework (VANET Simulator) for our experiments.

As mentioned in the previous sections, there are many popular simulators
for conducting VANET research. There is no single comprehensive simulation
tool/software that incorporates all the VANET features, for instance there is no one
network simulator or mobility traffic regenerator that can achieve this; nor is there
any one single software or middleware that exists that does the job. Therefore, it is
imperative to first learn how to select the best set of simulation tools for VANET
research. Previously, there has been some research done in this area and some of
the literature clarify on how to achieve the best possible combination of simulation
tools for VANET research. Therefore, this thesis will also enlighten on some of the
key work which identifies this problem and concludes that it is a best practice to
use a combination bidirectionally coupled simulation techniques rather than using
one single simulator or simulation software.

In order to select the perfect combination of simulation tools for VANET re-
search, one must begin to look into an efficient and resourceful network simulator.
Some of the most widely used network simulator for VANET research are: Glo-
moSim, NS-2 or NS-3 (now) and OMNeT++. In (Hassan and Larsson, 2011), the
authors have clearly highlighted on some of the key advantages and more on limi-
tations of GlomoSim, NS-2, NS-3, CANUMobiSim, NCTUns simulators compared
to OMNeT++. OMNeT++ for that matter is a newer simulator that has been able
to integrate the VANET technology, the protocol stack (architecture) and the stan-
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dards itself appropriately. This has been emphasized more in (Weingartner et al.,
2009), where the authors compare the same simulation experiment with similar
performance metrics to evaluate five simulators, in order to compare and contrast
on which of the simulator outperforms the other. The authors, concluded that JiST,
NS-3 and OMNeT++ were much more capable of performing efficiently in a large
scale network simulation.

Moreover, OMNeT++ delivers a more rich graphical user interface (GUI), that
eases the user experience and hence there has been more widespread use of OM-
NeT++ in recent times. Also OMNeT++ is a more open-source and portrays a more
abstract modeling language than NS-3 and JiST. Whereas, JiST and NS-3 depend
more on the command-line source codes for the entire simulation development. It is
also a good practice to investigate in detail some the middlewares or interfaces that
can couple these simulators. Hence, the work in (Harri et al., 2009), demonstrates
a typical example of how an interface interacts with both the network and traffic
simulator, but it was not able to completely mimic the simultaneous interactions
between both the micro-level and macro-level simulation i.e., the SUMO and the
NS-2. Similarly, the same is seen in the work presented in (Piórkowski et al., 2007)
where the authors developed a GUI tool called TraNS, which integrates both traffic
and network simulators such as SUMO and NS-2. However, the lower layer models
in NS-2 don’t really interact with the traffic generator (dynamically), how a realistic
mobility model should interact with the lower layers of the protocol stack as defined
by the radio models of IEEE 802.11p standards.

There are many similar comparative evaluation studies done in this area, high-
lighting the most widely accepted interface for VANET studies, some of them
have been presented in (Karnadi et al., 2007), (Fiore et al., 2007), (Choffnes and
Bustamante, 2005), (Karnadi et al., 2007), (Fernandes et al., 2010), (Conceição et al.,
2008) and (Fernandes and Ferreira, 2012). For example, the work in (Choffnes and
Bustamante, 2005) demonstrates the use of real maps for realistic traffic generation
and mobility traces. Similarly, the authors in (Karnadi et al., 2007), illustrate an
easy solution for integrated simulation by the use of a simple Java program for
users that can generate realistic mobility model based on real maps. Another, Java
written simulator interface is the VanetMobiSim extension which focuses more on
vehicular mobility, and features new realistic automotive motion models at both
macroscopic and microscopic levels (Fiore et al., 2007). Among these simulation
interfaces or middlewares, one such new VANET simulators is worth mentioning,
is the DIVERT project (Conceição et al., 2008), which integrates DIVERT with NS-3.
This was more elaborated in the work in (Fernandes et al., 2010) and later extended
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in the work in (Fernandes and Ferreira, 2012). Hence, in conclusion it can be said
that from the highlighted works, it is quite evident from the above analysis that one
major common constraint of such interfaces or middlewares is the lack of two-way
communication (lack of bidirectionally coupled simulation). The reason being it
is easy for network simulators to get inputs from the micro-level simulators like
SUMO and DIVERT etc., but not the other way round.

Fig. 2.18 Taxanomy of VANET Simulators.

Therefore, in this thesis we select the Veins framework that integrates the
OMNeT++ and SUMO, which is also demonstrates a bidirectionally coupled road
traffic and network simulation. This bidirectionally coupled attribute has a number
of advantages to it. Firstly, this bidirectionally coupled attribute enables the sim-
ulation to interact both ways i.e., it can achieve re-routing of the vehicles based
on re-configuration at the network-level simulation while both simulations are
running. Secondly, the Veins framework is capable of generating realistic traf-
fic based on real-maps which are generated from SUMO and feeds it live to the
network simulator. This also enables it to run parallel simulation at both micro
and macro-levels via a TCP socket. Unlike, other frameworks or middlewares, the
Veins framework minutely models the channel switching techniques of the IEEE
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1609.4 DSRC/WAVE stacks. It even models carefully the behaviours of lower layers
i.e., is of the IEEE 802.11p radios as specified in the standards. Initially, the Veins
framework was based on the MiXiM framework but now the newer versions of the
Veins framework that incorporate more added features such as more parameters
for both the RSUs and the vehicles. MiXiM framework was developed to model the
detailed wireless communication and the interaction of the communication channel
which has been depicted in (Köpke et al., 2008). MiXiM framework provides a more
detailed model of the wireless communication channel and the connectivity. This
enabled early researcher in the VANET community to further explore and develop
more accurate MAC protocols for VANETs. The mobility attribute was added later
with the increase in vehicular communication studies using OMNeT++. Moreover,
SUMO is an open source continuous road traffic simulator at microscopic level
geared to mimic the large road networks (Noori and Olyaei, 2013).

Finally, we can conclude by noting some of the key advantages of the Veins
framework that have been highlighted in (Sommer et al., 2011), in order to support
bidirectionally coupled road traffic and network simulations. It was observed that
simplemobility generators cannot model the real-time traffic based on real maps and
hence, making generated traffic models unsuitable for such micro-level simulations
whereas the Veins framework, connects these micro-level road traffic simulator
such as SUMO via TCP socket with OMNeT++ for realistic interactions(Yoon et al.,
2003). The newer versions of the Veins framework provide a more comprehensive
model of the lower layer, which helps to replicate the urban setting which includes
obstructions from the buildings and road infrastructures. There is an obstacle
module present in the Veins framework which helps in providing such inputs
considering realistic radio propagation models and surrounding buildings position
on the maps from SUMO. Hence, these types of inputs are very much needed for
evaluating realistic vehicular communications in developing more realistic radio
propagation models and routing protocols (Lochert et al., 2005) and (Sommer and
Dressler, 2007). Furthermore, using bidirectional coupled simulation can achieve
direct performance evaluation on the microscopic simulation parameters without
needing to evaluate them separately for example in SUMO simulation one can not
only record traffic related parameters i.e., speed, acceleration, deceleration and etc.
but also record environmental attributes, i.e. CO2 emission from the vehicles and
vehicle behaviour which will help environmental evaluation to decide whether the
drivers can indirectly affect the environment (Sommer et al., 2008) and (Wang et al.,
2007).
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2.11 Summary

In this Chapter, the state of art VANET applications was discussed. These applica-
tions were categorised into four major types, which highlighted the applicability
of safety (life-critical) and non-safety applications in VANET systems. Further, an
overview of the VANET architecture along with protocol stack was discussed in
detail. A thorough critical review was presented, looking into the communication
mechanisms in VANETs which were used to determine the parameters that affect
the seamless communication especially handover techniques. The literature also
looked into the current state of art simulation techniques and tools used for study-
ing vehicular communications. A thorough evaluation was conducted in order
to determine which simulation tools are best suited for this study. Finally, it was
evident from literature reviewed that in order to achieve ubiquitous connectivity,
it requires a proactive approach towards handover which takes into account the
nature of the wireless communications and the velocity of the vehicles.

It is therefore, necessary to conduct preliminary investigation looking into the
parameters particularly beaconing that affect the handover in order to achieve
seamless communication. Further, Y-Comm concepts are introduced in depth. This
is discussed in the next Chapter of this work.
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Chapter 3

Preliminary Investigation for
Providing Ubiquitous
Communication using Road-Side
Units in VANET Systems

3.1 Introduction

T his chapter is about an initial investigation into providing ubiquitous commu-
nication using Road-Side Units in VANET systems because current research

has not adequately captured the real-world constraints in VANET handover tech-
niques. Our investigation begins by looking at a simple scenario involving a single
vehicle and a Road-Side Unit (RSU) to understand the communication mechanism
in a VANET environment, in particular, we will examine the effects of beaconing to
signal the presence of a new RSU network to the vehicle and how the beacon is
processed by the different layers of the networking stack. In order to do this, we
use concepts such Network Dwell Time, Time Before Handover and Exit Times
which were explored in the Y-Comm Framework. We first develop the concept of
idealised Network Dwell Time (NDTi) from the Y-Comm framework and compare
it with measured NDT which involves the difference between when the first and
last beacons of the current network are received. We study the impact of bea-
con frequency and velocity on the measured NDT, Exit Times and the minimum
overlapping distance required for soft handover.
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3.2 Research Methodology: Simulation

Simulation refers to an imitation of a real-world process. There has to be a set
of assumptions which can be expressed logically or symbolically to achieve the
reproduction of a prototype or an existing system. Once the simulation process is
run, the events have to be observed and registered for future consideration. In the
simulation framework, several factors such as state, activity and events must be
included. The importance of using realistic mobility model for VANET simulation
so that it can show the real-world performance is reflected by traffic guidance,
coordination, traffic management and safety, driver behaviour and node mobility.
The work in (Krajzewicz et al., 2012) reflects the importance of using realistic
mobility model for VANET simulation. Following their research traffic guidance
and management, coordination, safety, node mobility and driver behaviour reflects
the importance of using realistic mobility model for VANET simulation.

The simulation process consists of two parts: the building of the model (pre-
simulation) and simulation. More tools have to be used and these have to be
compatible with each other. The most popular tools are SUMO (mobility simula-
tor) (Krajzewicz, 2010), OMNeT++ (network simulator), and Veins which is used
to link the previous two. The tools mentioned above can be incorporated in order
to form a mesoscopic simulator (Krajzewicz et al., 2012). This is done to achieve
closer to real-life results which can further be used in VANET research.

There are three kinds of simulation models of traffic. The first one is microscopic
and it can show the location of the vehicle and its speed and the vehicle’s state.
The second type is called macroscopic and it focuses on traffic flow which includes
speed and density. The third type is called mesoscopic and it comprises the other
two types: microscopic and macroscopic.

However in Zhiyuan and Jinhongs’ research paper on the Framework of Real
VANET Simulation Research it is mentioned that VANET simulation consists of
two main parts: the vehicular mobility model and the simulation of self-organizing
wireless mobile network.

In VANET simulation there are three steps to be completed and each one in a
defined order as the output of one step becomes the input for the next step. For the
purpose of this research Ubuntu 14.04 LTS operating system has been used. The
project requires downloading a map as part of pre-simulation procedure. The map
can be downloaded from www.openstreetmap.org. The map can be exported once
it meets all the requirements in the sense of the needed territory. A file with “.osm”
extension will be downloaded.
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The “.ned.xml” and “.edg.xml” are used for creating the “.net.xml” file with the
help of netconvert:

netconvert –osm-files testmdx.osm –o testmdx.net.xml Further with the
help of polyconvert the “.net.xml” file is converted into “.poly.xml”.

Polyconvert –net-file testmdx.net.xml –osm-files testmdx.osm –type-file
typemap.xml –o testmdx.poly.xml

The “.sumo.cfg” file uses the “.net.xml”, “.poly.xml” and “.rou.xml” files. This
is done to include additional information such as traffic events. To import the
mapping data SUMO has been used (Krajzewicz, 2010) and (Krajzewicz et al., 2012).
It generates traffic and allows the evaluation of traffic management. It is also
designed for simulation of multimodal traffic, including vehicles, public transport
and pedestrians and is able to handle the integration with other software.

3.2.1 Simulation approach in OMNeT++

OMNeT++ (Objective Modular Network TESTBED) is component based C++ simu-
lation library, open source and supports the integration of other tools. Each vehicle
represents a mobile wireless node. For the simulation of this research movement
paths generated by mobility simulator, SUMO (Krajzewicz, 2010), are integrated
into the network simulator, OMNeT++, which will manage the communication be-
tween the nodes, both mobile (OBUs) and immobile (RSUs). The network simulator
contains many features and these are built with Network Description files (NED).
Any simulation is initialized with a file called “omnetpp.ini”.

The network simulator and the traffic generator have to be connected using a
bidirectional coupled simulator such as Veins framework. The advantages are free
parameterization and realistic node movement. It provides feedback on vehicle be-
haviour. Veins is designed for running vehicular network simulations and includes
a comprehensive suite of models. It uses Python scripts (sumo-launchd.py) and
TCP connection to enable SUMO to act as a mobility model in OMNeT++ which
can be run either via graphical user interface or command line use interface. The
only disadvantage is the traces cannot be reused (Krajzewicz et al., 2012).
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3.2.2 The Simulation tool - OMNeT++

For this work, OMNet++ version 4.6. (Andras Varga, 2014) has been used. It is
component-based C++ simulation framework designed primarily for building net-
work simulations. It includes many networking features such as wireless and
queuing networks. This tool has a graphical runtime environment, it is very
flexible in adding extra features for real-time simulation, and it is open-source
for academic and non-profit use. In order to have a better representation of a
realistic environment, SUMO version 0.22.0 (Simulation of Urban Mobility) has
been used (Krajzewicz, 2010). Though OMNeT++, also supports other frameworks
Veins (Christoph Sommer, 2014) is a platform for running vehicular network simula-
tions. Veins extends OMNet++ and SUMO to deliver a comprehensive combination
of models for IVC (Inter Vehicle Communication) simulation. The software tools
can be easily combined to run simulations interactively (Christoph Sommer, 2014).

3.3 Simulation Scenario

For this research, the map of Hendon Campus of Middlesex University, London was
exported fromwww.openstreetmap.org. The territory has the following coordinates:
latitudes from 51.5868 to 51.5950 and altitudes from -0.2392 to -0.2174.

3.3.1 SUMO simulation files

• Network file: Using NETCONVERT tool demonstrates the creation of the
network file. It contains the road infrastructure which is used in SUMO. The
road infrastructure is directed graph. The road infrastructure includes the
edges (streets) and junctions. The network file ends with “.xml” extension.

• Routes file: The routes file is used as input in the mobility simulator (SUMO).
The vehicle moves following a defined route. The routes file ends with “.xml”
extension. In SUMO there are four applications which generate the routes.
These are OD2TRIPS, DFROUTER, JTRROUTER, and DUAROUTER (please
see Figure 3.1) and each one has a different feature. For example DUAROUTER
generates routes based on shortest path search.

• Configuration file: It contains all the parameters that are needed and define
the simulation. The configuration file contains the start and end simulation
times, steps, input file etc.
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Additional files. The additional files contain any additional data, such as events,
which is needed for the simulation. It ends with “.xml” extension.
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Fig. 3.1 Simulation Process.
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3.3.2 Simulation with the Veins Framework

The Veins framework requires the following steps to run the simulation:

• Building the network: It contains the vehicles and road infrastructure map.
It includes the channel control module. This module identifies if a node is
within the communication range based on its movement and location. All
the information is used at transmissions.

TraCI scenario manager is the module which connects the network simulator
(OMNeT++) to a server running traffic simulations. TraCI scenario manager
manages the simulation with the help of another model inside the vehicle
model called TraCIMobility.

• Designing the vehicle sample/model: Using Veins examples the vehicles
can facilitate TCP and UDP applications.

• Launch configuration file: It copies all the files which are needed for
the mobility simulator (SUMO). These files include routes file, net file, and
additional files. It has the “.xml” extension.

• Initialization file: All the simulation parameters which are needed for the
simulation are included in the initialization file (omnetpp.ini). These are
the network parameters, channel control modules and all the additional
parameters.

3.3.3 Running the simulation

The traffic generator (SUMO) can be launched in two ways. The first is to launch it
manually every time. The second way requires the Python interpreter in order to
be able to use the Python script called sumo-launchd.py. It opens a port before the
simulation starts. OMNeT++ MinGW command line should be run first in order to
write the following command:

$/c/Users/user/src/omnetpp-4.5/bin/omnetpp/samples/sumo-launchd.py -
vv -c /c/Users/user/src/sumo-0.22.0/sumo.exe

Next step is to start OMNeT++ IDE and right-click on omnetpp.ini and choose
Run As > OMNeT++ simulation. This should start the simulation using both
the network simulator (OMNeT++) and the mobility simulator (SUMO) running
concurrently.
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3.4 Analysis of RSU Coverage Area

Fig. 3.2 Coverage Segmentation.

The Figure in 3.2 demonstrates diagrammatic representaiton of the Segmenta-
tion of the RSU’s Coverage area:

– Detection range: is the region where both the vehicle’s receiver sensitivity
threshold and the SINR are met for the payload. Vehicles within this range of
the transmitting RSU are able to decode packets.

– Data Exchange range: is the region where the actual data transmission takes
place.

– Time before Handover: is the region where the OBU gets ready for handover.
– Time to Handover: is the region where the actual handover takes place.
The Figure in 3.3 shows the scenario represented in Figure 3.2, which is simu-

lated below.
The handover procedures and messages exhibits:

1) When the vehicle enters the detection range of RSU1 i.e. T1, it receives a beacon
with a timing advertisement.

2) The vehicle then sends a Respond Beacon back to RSU1.

3) Consequently, the connection between RSU1 and vehicle is established and Data
Exchange takes place.
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2) Beacons generated with Timing

2) Request Respond Beacons

4) Timing Advertisement

6) Handover Confirmation

5) Handover Request

Vehicle RSU 2 RSU 1 

A

C

T1

T3

3) DATA EXCHANGE

7) DATA EXCHANGE

T4

Fig. 3.3 Handover process and corresponding messages.

4) As the vehicle moves along, it receives timing advertisements from RSU2 after
entering the Time to Handover region i.e. T3 to T4.

5) Further into this region, the vehicle sends Handover request to both the RSUs.

6) Handover confirmation is sent from RSU2.

7) Finally Data Exchange starts with RSU2 as soon as the handover is finished.

3.4.1 Reception Power

The Reception power is the power at which vehicles will receive the beacons, but this
is dependent on the power at which the signal is transmitted. With low transmission
power, only the closest neighbor may receive the beacon, a more remote node might
not. With high transmission power, a significant number of vehicles might receive
the beacon, but the collision probability is also higher (Reinders et al., 2011) and
more vehicles will receive interference. The goal of transmission power control
is to increase spatial frequency reuse. The power control method must be fair: a
higher transmission power of a sender should not be selected at the expense of
preventing other vehicles to send/receive their beacons. In (Ganan et al., 2012) and
(Reinders et al., 2011) adaptive solutions to transmission power control are explored
in detail.
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The minimum received Power is calculated in the OMNeT++ simulation module
named Connection Manager (Andras Varga, 2014) i.e. it is the minimum power
level at the vehicle to be able to physically receive a signal from the RSU is as shown
below,

minRecvPow = 10sat/10 (3.1)

Where,
sat→Minimum signal attenuation threshold and;
minRecvPow →Minimum power to be able to physical recieve a signal.

3.4.2 Beaconing & Beacon Generation Rate

Beaconing can be used for reliability due to the lack of acknowledgements and
reservation by means of RTS/CTS (Ganan et al., 2012). Beacon messages are gener-
ated and issued periodically. The generation rate, λ, is the rate at which beacons
are sent to the MAC for transmission. Since they are used to create a Cooperative
Awareness, λ should be in the order of several beacons per second to provide the
system with accurate information about the close surroundings (Ganan et al., 2012),
(Chung et al., 2011), (Reinders et al., 2011) and (Campolo et al., 2011b). Though
some research efforts consider a fixed λ of 10Hz (Van Eenennaam et al., 2009), in
(Ganan et al., 2012) the generation rate adaptation as a network layer mechanism
is one of the instruments to make beaconing more scalable. Increasing λ results in
more beacons being sent and a higher temporal resolution. But this comes at the
price of an increase in collision probability, especially in dense traffic. Hence, an
adaptive beaconing is preferable.

3.4.3 Detection Range Formula

Calculation of the detection range (Christoph Sommer, 2014) and (Andras Varga,
2014) based on transmitter power, wavelength, path loss coefficient and a threshold
for minimal receives power for a communication to take place is shown below.

DR = ((Λ2 × pMax)/(16.0× π2 ×minRecvPow))1/α (3.2)

Where,
Λ →Wavelength = (speedOfLight/carrierFrequency)
pMax→Maximum Transmission Power Possible
Value = 16.0 → Constant (according to simulation based on lab test settings)
α →Minimum path loss coefficient
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minRecvPow →Minimum power level to be able to physically receive a signal.

3.5 Why Network Dwell Time (NDT)?

NDT is the time a vehicle spends in a RSU’s network range. NDT in a wireless
network is given by the reciprocal of the mobility leave rate. In the literature
(Shaikh et al., 2007), the mobility leave rate is given by

µml = Evel × P/(π × A) (3.3)

Where,
Evel = Vmax

2
→ Expected Velocity of the vehicle

P→ Perimeter of the cell, in this case = 2× π × r

A → Area of the cell, in this case = 2× π × r2

r→ Radius,

NDT = 1/µml = (π ×RH)/Vmax (3.4)

Where, µml →Mobility leave rate from equation (3.3)
RH → Handover radius
Vmax →Maximum velocity of the vehicle
In motor way context, the distance between two travelling points can be directly
calculated. Hence NDT is given as shown below

NDT = NDD/Evel (3.5)

Where, NDD is Network Dwell Distance travelled along a motorway that is in
coverage of a given network (Mapp et al., 2012). The exact distance between two
points on a motorway can be calculated using GPS.

ET = NDT − TEH (3.6)

Where,
TEH → Time taken to Handover to the next network.

For VANETs we assume that the RSU is alongside the road hence NDD is
approximately equal to 2R where R is the radius of coverage.
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3.6 Simulation Scenario, Results and Discussions

For the simulation experiments, the discrete event simulation environment OM-
NeT++ (Andras Varga, 2014) is used in conjunction with the Veins framework
(Christoph Sommer, 2014). This is a mobility simulation framework for wireless
and mobile networks. A beaconing model using IEEE 802.11p was implemented in
the Veins framework by (Christoph Sommer, 2014). A scenario as similar to the
Figure in 3.4 is created.

RSU 1 RSU 2

T1 T3 T4

A C

T2

B

Fig. 3.4 Handover Procedures in Simulation Scenario.

The simulation parameters with which the experiments were carried out are
shown in the Tables in 3.1 and 3.2.

Table 3.1 RSU Configuration Parameters.

Parameter Values
Transmission Power 20mW

Bit rate 18Mbps
Sensitivity -94.0dBm

Thermal Noise -110.0dBm
Header Length 256 bits
Beacon Length 400 bits
Send Data False

All the PHY and MAC properties used in the IEEE 802.11p simulation model
conform to (IEEE-Std., 2010) and (IEEE-Std., 2005). Two RSUs are placed such
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Table 3.2 OBU Configuration Parameters.

Parameter Values
Speed 10, 20, 30, 40, 50 m/s,

(36, 72, 108, 144, 180 Km/h)
Channel bandwidth 10MHz

OBU receiver sensitivity -94.0dBm

that the detection range of both RSU overlaps with each other in order to have a
soft handover. The nodes remain stationary during each simulation run. Another
mobile node (i.e., vehicle) is made to run over the ranges of two RSUs for collecting
various values for our study.

During simulation, the mobile node is run at different velocities and different
beacon generation rates. Beacons are sent to the vehicle from RSU at the rate of
λ, which is varied in the different simulation experiments. An overview of the
different simulation parameter values used is shown in Tables 3.1 and 3.2. Note that
these parameters contain the EDCA default values as highlighted in (Ganan et al.,
2012). The experiment is carried out with one vehicle and with different velocities
ranging from 10m/s to 50m/s. The remaining parameters are set according to the
default values used by the Veins framework (Christoph Sommer, 2014). The beacon
length was set to 656 bits. The data received in bits at the vehicle from RSU is
shown in the graph in Figure 3.5 for different velocities of vehicle.
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Fig. 3.5 Beacons Received at Vehicle.
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The graph in Figure 3.5 clearly shows that the amount of beacons received for a
fixed distance is reduced as the velocity of the vehicle increases. This is because the
time spent in the data exchange region is significantly reduced at higher velocities.
Hence more priority must be given to high velocity vehicles compared with low
speed moving vehicles to achieve fairness.
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Fig. 3.6 Received Power at Vehicle.

The power received at the vehicle from the RSU is shown in the graph in
Figure 3.6 for different velocities of the vehicle. While, the graph in Figure 3.7
shows the time spent in the overlapping region between the two RSUs, which is a
much enhanced version of the graph presented in Figure 3.6, where the handover
should take place. However, this is greatly reduced as the velocity increases.

Hence, the reception of packets is less. Thus a fast and an efficient handover is
required in order to achieve an ubiquitous communication.
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Fig. 3.7 Received Power at the Vehicle in the Overlapping Region.

3.6.1 Simulation Detection Range

Based on the simulation parameters, the detection range is calculated in the simu-
lation. The outcome from the formula suggests 907.84 meters i.e. the radius (R) of
the coverage. This confirms the radius using the original analysis for NDTi.

3.6.2 Analysis of Network Dwell Time (NDT)

In Intelligent Transport Systems, we assume that the RSUs are placed very close
to the road infrastructure so that NDD is approximately equal to 2R (where R is
the radius of coverage). So the NDT formula in equation in represents a way of
calculating an upper bound on the value of NDT at different speeds.

Table 3.3 shows the NDT values from simulation experiments with different λ
at the RSU and using the formula in equation 3.5 to calculate the upper bound. This
upper bound does not consider any factors like contention, it assumes the medium
or channel is ideal and that the only loss is due to propagation. A more accurate
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Table 3.3 Comparison of Network Dwell Time from Simulation vs. Theoretical
Calculation.

Speed NDTi NDTr
λ=1Hz λ=5Hz λ=10Hz λ=20Hz λ=40Hz

0-108 km/h 60s 54s 55s 57s 57s 57s
144 km/h 45s 37s 39s 43s 43s 43s
180 km/h 36s 30s 31s 34s 34s 34s

analytical calculation of NDT is dependent on the exact position of the RSU with
respect to the road infrastructure as shown in (Mapp et al., 2012). However, we
know that any simulation results should not exceed the upper bound for a given
speed.

The NDT in simulation is calculated by measuring the time between the first
reception of packet in a coverage area when a mobile node moves in and the last
packet received in that coverage area, i.e. (T4-T1).

The NDT increases as the λ increases i.e. reaching closer to the upper bound
value. But increasing λ beyond 10 Hz clearly shows that there is no increase in
NDT and simulation results show that there is an increase in packet loss. Therefore,
for handover management it is good to only consider λ from 1 to 10. This finding
is different from other papers that have considered much higher values of beacon
frequencies.

3.6.3 Analysis of Exit Time (ET)

The table in 3.4 shows the Time to Handover (TEH ) and the Exit Time (ET) values
from simulation. The results show that increasing the beacon frequency results in
a reduced handover time which in turn increases the Exit time including the Data
Exchange region.

Table 3.4 Exit Time from Simulation.

Speed TEH (Simulation) ET (Simulation)
λ=1Hz λ=5Hz λ=10Hz λ=1Hz λ=5Hz λ=10Hz

0-108 km/h 6.98s 2.19s 1.89s 47.01s 52.80s 55.10s
144 km/h 5.98s 1.99s 0.89s 31.01s 37.00s 42.10s
180 km/h 3.98s 0.99s 0.69s 26.01s 30.00s 33.03s

However, the way TEH is calculated from the simulation is that the two RSU’s
were moved close enough in order to receive a fair amount of beacons at the moving
vehicle in the overlapping region from both the RSU’s simultaneously. In order
to have a reliable communication between both the RSUs, it was made sure that
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at least a minimum average of five beacons were successfully received from the
second RSU in order to handover. Therefore, it is this time in seconds which is
the TEH (please refer to Figure 3.2), the time taken to handover which has been
illustrated in table 3.4.

3.6.4 Minimum Overlapping distance for a soft handover

The simulation experiments were conducted for three different beacon generation
rates at RSU and with different velocities of the vehicle. Here the two RSU’s were
moved closer from a far distance until a fair amount of beacons are received by
the moving vehicle in the overlapping region from both the RSU’s simultaneously
which will ensure a soft handover.

Table 3.5 Overlapping Distance (λ=1Hz).

Speed Min. Overlapping Data Total Packets Total Packets
Needed Recieved Recieved Lost

0-108 km/h 415m 64944 bits 99 22
144 km/h 445m 50512 bits 77 13
180 km/h 525m 38048 bits 58 15

Table 3.6 Overlapping Distance (λ=5Hz).

Speed Min. Overlapping Data Total Packets Total Packets
Needed Recieved Recieved Lost

0-108 km/h 215m 329968 bits 503 102
144 km/h 285m 251904 bits 384 69
180 km/h 315m 200736 bits 306 58

Table 3.7 Overlapping Distance (λ=10Hz).

Speed Min. Overlapping Data Total Packets Total Packets
Needed Recieved Recieved Lost

0-108 km/h 136m 662560 bits 1010 200
144 km/h 186m 497248 bits 758 147
180 km/h 206m 398848 bits 608 117

The above tables (i.e. Tables 3.5, 3.6 and 3.7) show the result of the simulation
experiments with beacon generation rates of 1Hz, 5 Hz and 10 Hz. It is clearly
evident that when the beacon generation rate is increased then the overlapping
distance needed for soft handover is decreased.
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3.7 Summary

In this Chapter, a preliminary investigation into communication mechanisms in
VANETs was carried out to determine the parameters that need to be considered
in order to achieve a seamless communication. The results, however, highlight
the need to consider these factors in order to achieve ubiquitous connectivity
requires a proactive approach which takes into account the nature of the wireless
communications such as the location of the Roadside Units (RSUs), the velocity the
vehicle as well as operational issues such as the beaconing frequency.

It is therefore, necessary to look at how these factors interact with each other
and to develop good analytical models to help in the implementation of intelligent
mechanisms that would ensure ubiquitous communication. This is discussed in the
next Chapter of this work.
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Chapter 4

Detailed Investigation of the
Communication Mechanisms in
VANET Systems

4.1 Introduction

I n the previous Chapter, we investigated the issues involved in providing ubiq-
uitous connectivity in VANET systems. We concluded that the velocity of the

vehicle and the effects of beaconing played a major role in the communication be-
tween the vehicle and the RSU. In this Chapter, these findings are further explored.
Firstly, we break down this communication into several distinct interactions in the
PHY and MAC layers of the network stack. Secondly, the probability of successful
handover is used to explain how communication is achieved within these regions.
Finally, we introduce the concept of cumulative probability to take into account
the effects of beacon frequency on communication dynamics.

4.2 Further Analysis of Coverage Range

4.2.1 Calculation of Successful Packet Reception in Simula-
tion

In Figure 4.1, T1 and T2 is the time when the first packet at PHY and MAC layer are
received respectively. Between T3 and T4 is the region where the packet is always
successfully received i.e., where Probability (P) of successful packet reception is
‘1’. T5 and T6 is the time when the last packet at MAC and PHY layer are received.
All the packets between T1 - T2 and T5 - T6 are lost due to bit errors. Figure 4.1
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also shows that the reliable communication starts only when the packet reaches
the MAC layer. The reason and the way the packets are dropped by the simulation
in the PHY layer is explained below.

RSU 

Interference Region 

P = 1 

Starts 

Receiving 

Packet at 

PHY 

Starts 

Receiving 

Packet at 

MAC 

T1 T2 T3 T4 T5 T6 

Fig. 4.1 PHY and MAC Segmentation.

In the simulation, T2 is the time where the actual communication starts and we
know that we receive packet at T1 but these received packets are discarded due
to bit errors, hence the question which has to be asked here is, can this time T2
be determined given that the vehicle receives the first packet in PHY layer at time
T1? To analyse this effect, we further carefully investigate the calculation of the
successful packet reception. Figure 4.1 shows that the communication starts only
when the packet reaches the MAC layer.

The graph, shown in Figure 4.2, has been simulated in OMNeT++ using the
Veins Framework. The graph shows the PacketOk and a randomly generated double
number. This simulation was carried out with only one RSU and one vehicle moving
at 30m/s as depicted in the scenario in Figure 4.1. Each beacon is of size 100 bytes
with a beacon generation frequency of 1Hz, generated by the RSU. The PacketOk
is calculated and defined as shown in equations 4.1 and 4.2:

PacketReceptionProbability = [1− 1.5erfc(0.45
√
SNR)]L (4.1)

where,
SNR(SignaltoNoiseRatio) = 10SNRdB/10 (4.2)
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and
L→ Length of the packet.

In Figure 4.2 the lower (red) line is the randomly generated double number and
the upper (blue) line is the computed PacketOk. The PacketOk number below the
randomly generated number curve is assumed as error and is dropped at the PHY
layer. Packet Reception Probability Ratio in Veins for 18Mbps bit rate is calculated
using the formula in 4.1 which has been modeled using (Fuxjager et al., 2010). For
each beacon received at the PHY layer, a PacketOk number is computed which is
a packet reception ratio. This number is computed based on Bit Error Rate (BER)
and length of the beacon. This computed double number is then compared against
a randomly generated double number ranging between 0 and 1. If the computed
number is less than the randomly generated number then that respective beacon is
dropped at the PHY layer, reason assumed that there is an error in the packet.
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Fig. 4.2 PacketOK vs DblRand.

In Figure 4.2, from the graph we can observe that as the vehicle is heading
towards the RSU, the packet reception probability increases and reaches to a point
until 1, which means there is no possibility of error in the packet. In other words,
we can say that the region where the P = 1 is a very reliable communication region.
This is the time T3 to T4 which has been shown in the Figure 4.1.

In Chapter 3, Network Dwell Time (NDT) is defined as the time a vehicle spends
in a RSU’s network range. In this Chapter, we will now examine these concepts in
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more detail and the concepts of idealised NDT (NDTi) and measured NDT, (NDTr)
are introduced.

RSU 

NDTr 

PHY PHY MAC 

RSU 

NDTi 

Fig. 4.3 NDTi vs NDTr.

With ideal NDT denoted as (NDTi), it is assumed that the communication starts
as soon as the vehicle hits the edge of the coverage of a communication range.
However, in real time the measured definition of NDT, which is denoted by NDTr,
can be defined as the time between the first and the last beacon reaching the MAC
layer without being dropped in the PHY layer due to bit error as shown in Figure 4.3.
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The graph in Figure 4.4 shows the NDTr for different size of beacon broadcasted
to the vehicle moving at a constant speed (10m/s) with different λ. Figure 4.5
shows the same but with different speed (30 m/s). The NDTi is also plotted in this
graph. It shows that as the size of the beacon increases the NDTr is reduced i.e. the
communication time is reduced. NDT also reduces (comparing Figures 4.4 & 4.5) as
the velocity of the vehicle increases.
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Fig. 4.5 NDTr with different Beacon Sizes (30m/s).

This clearly shows that the size of the packet is an important factor in deter-
mining the NDTr. The graphs also illustrate that there is no peak increase in NDTr
after 10Hz and it is also evident that some beacons are being dropped which causes
this difference between NDTr and NDTi. The reason and the way the beacons are
dropped by the simulation in the PHY layer is explained in the next section.
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4.2.2 Further Investigation into PHY layer in relation to Bea-
con size

Hence for further investigation, simulation was carried out but this time monitoring
the beacons received at the lower layer (i.e., PHY). We considered different beacon
sizes for the simulation experiments. This is due to the fact that each beacon in

30

25

20

15

10

5

1
140 145 150 155 160 165 170 175

F
re

q
u

en
cy

 (
H

z)

Time (Seconds)

 

 

Max Interference

PHY First Beacon100 bytes

MAC First Beacon 100 bytes

PHY First Beacon 300 bytes

MAC First Beacon 300 bytes

PHY First Beacon 500 bytes

MAC First Beacon 500 bytes

PHY First Beacon 723 bytes

MAC First Beacon 723 bytes

PHY First Beacon 1574 bytes

MAC First Beacon 1574 bytes

Fig. 4.6 Entry Side of Coverage Area (10m/s).

general contains the PHY and MAC parameters, however, it may also contain some
additional information based on the message type and the application. Hence, this
may vary in length. Therefore, in this thesis we considered a wide range of beacon
sizes (in bytes) in order to achieve a complete understanding of different beacon
lengths for imitating different message types used in different applications. The
graphs in Figures 4.6 and 4.7 show the first beacon reception at both PHY and
MAC layers against simulation time during the entry by the vehicle in the coverage
region.

The simulation was carried out for different sizes of beacon with different
beacon frequencies with two different velocities of the vehicle. It also shows the
actual interference range or detection range calculated in the Veins framework
comparing with actual time the beacon was received. This clearly showed that
the vehicle starts receiving the beacon at the PHY layer as soon as it enters the
detection range. This detection range is the place where the minimum criteria for
the communication to happen are met. The time delay between the PHY layer first
beacon and the MAC layer first beacon is due to the loss of those beacons i.e. those
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Fig. 4.7 Entry Side of Coverage Area (30m/s).

beacons are received by the PHY layer but with errors in the beacon and hence
dropped at the PHY layers as depicted in Figure 4.8.
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Fig. 4.8 First & Last Beacon received at PHY & MAC layers.

We can also see that when there is an increase in size of the beacon there is a
delay in reception of the beacon at MAC layer i.e., more beacons are lost due to
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error at the PHY layer. When comparing the graphs in Figures 4.6 and 4.7 with the
graphs in Figures 4.4 and 4.5 respectively, we can conclude that the increase in size
of beacon will push the NDT down.
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Figures 4.9 and 4.10 show the last beacon reception at both PHY and MAC layers
against simulation time during the Exit by the vehicle from the coverage region.
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4.3 Summary

In this Chapter, a more in-depth analysis was conducted by investigating the effects
of beacon size and beacon frequency as well as the velocity of the vehicle in order to
achieve seamless handover. This was done by further exploration of the estimated
Network Dwell Time for different beacon sizes, frequency and velocity of the
vehicle. The PacketOK formula appears to directly take into account only the size
of the beacon but the results from this chapter show that the frequency of the
beacon and the velocity of the vehicle does also need to be taken into account.

In order to look at how the frequency of beaconing affects overall communi-
cation, it is necessary to consider a cumulative probability approach, rather than
just individual probabilities. This is challenging because the probability of a suc-
cessful reception increases as the vehicle get closer to the RSU and hence this is a
non-stationary scenario. This is explored fully in the next Chapter.
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Chapter 5

Exploring Cummulative
Probability to understand
Communication Dynamics in
VANETs

5.1 Introduction

I n the previous Chapter, it was established that a cumulative approach needs
to be considered in order to take into account the frequency of beaconing.

This is explored in detail in this Chapter. The results show that a more probabilistic
approach to handover using cumulative probabilities would give better understand-
ing of how seamless handover can be achieved in highly mobile environments such
as VANETs.

5.2 OverviewofCumulative ProbabilityApproach

In order to investigate the effect of beacon frequency we also need to look at the
cumulative probability of a successful packet reception, in addition to calculating
the probability of a successful packet reception for an individual packet at a given
time ’t’. Since we know the single packet reception probability using equation (5.1)
from the simulation, the cumulative probability can be calculated.

Therefore, if P is the probability of receiving one successful beacon and (1-
P) is the probability of not successfully receiving a beacon then the cumulative
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probability for a sequence of N receptions is given by:

P + (1− P )P + (1− P )2P + ......+ (1− P )N−1P (5.1)

In probability theory P is constant and cumulative probability (CP) tends to 1 as
N tends to infinity. In this case it means that successful reception of the beacon
is guaranteed once the CP reaches 1. But in this scenario because the vehicle is
moving towards the RSU, P increases for every sequence. Therefore for N receptions
the CP is:

CP = P1 + (1− P1)P2 + (1− P1)(1− P2)P3 + .... (5.2)

Where, PN is greater than PN−1

Since P is increasing because the vehicle is moving towards the RSU, hence
the cumulative probability reaches 1 long before infinity and therefore affects the
successful reception of the beacon. This analysis applies to when the vehicle enters
the network.

For Exit times we consider the probability of not receiving the packetPn = 1−P

from the RSU as we drive away i.e., the negative cumulative probability. If P is the
probability of successful reception the negative cumulative probability (CPn) is
given by:

CPn = (1− P1) + P1(1− P2) + P1.P2(1− P3) + .... (5.3)

For the Exit scenario P the probability of the successful reception decreases as we
move away from the RSU, hence 1-P is increasing. Once the vehicle does not hear
the beacon after the period T, the inverse of the beacon frequency, it immediately
hands over to the next RSU. Our results considers the effect of the cumulative
probability on entrance and exit region of RSU coverage.
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5.2.1 The Effect of Beacon Frequency on Cumulative Proba-
bility

To understand the effect of frequency in determining the NDTr, the cumulative
probability (CP) of the packet reception rate reaching 1 (i.e., vehicle moving towards
RSU) has been calculated for different frequencies and different sizes of beacon
for the entry region. The cumulative probability (CP) of this entry region for two
different velocities (10 m/s and30 m/s) of vehicle is as shown in Figures 5.1 and5.2
respectively.
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Fig. 5.1 CP reaching 1 (Entry Region - 10m/s).

The result presented as graphs in Figures 5.1 and 5.2 show that the cumulative
probability reaches 1 long before the probability of an individual successful beacon
reception and therefore this parameter better explains the relationship between
beacon frequency and successful reception and not the individual probability.

The graphs in 5.3 and 5.4 show that as the frequency increases the cumulative
probability (CP) is reaching 1 much before the actual probability. Here after 10Hz to
15Hz there is not much decrease in the time. This shows the impact of the frequency
on the NDT. The first result shows that the cumulative probability reaches 1 long
before the probability of an individual successful reception and therefore it is the
parameter that explains the relationship between beacon frequency and successful
reception and not the individual probability.

The negative cumulative probability is the cumulative probability of no longer
hearing (i.e., Vehicle driving away from RSU) the beacon as the vehicle exits the
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Fig. 5.2 CP reaching 1 (Entry Region - 30m/s).

coverage area. It could be thought of as the opposite of the positive cumulative
probability when the vehicle enters the area. So the negative cumulative probability
is the cumulative probability of (1-P) where P is the probability of successful
packet reception. The graphs in Figures 5.3 and 5.4 shows the negative cumulative
probability and single packet reception probability for two velocities of vehicle.
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The exit graphs shown in Figure 5.3 and 5.4 also depict exit times for different
frequencies and different sizes so they clearly show that the size of the packet
affects the exit times due to fact that the probability of error and hence not hearing
the packet increases with packet size and so the larger the packet size, the lower
the exit times.
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To obtain the NDT from our model, we subtract the exit times from the entry
times of CP reaching 1 and this NDT is called as Cumulative Probability NDT
(NDTCP ) (i.e., NDT derived from CP). This means that NDT is being calculated
based on the cumulative and single packet reception probabilities (NDTP ) with
the above results and depicted as a graphs in Figures 5.5 and 5.6.
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The graphs in Figures 5.7 and 5.8 show NDTr, NDTi, NDTP and NDTCP

for two different sizes of beacon. It is clear that these values are affected by the
sizes of beacon. For relatively small beacon sizes, the difference between NDTCP

and NDTP is greater but for larger beacon sizes, the trend seems to be much
smaller. For beacon sizes around 723 bytes the NDTCP and NDTP are almost
equal. This indicates that for handover where predictability is important, maximum
beacon sizes around 600 – 800 bytes (approx.) could give best chance for seamless
communication.
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5.2.2 The Change in Probability of Successful Beacon Recep-
tion (∆P)

5.2.2.1 The Change (∆P) at Entry

For the Entry Region the rate of change in P i.e. Probability of successful beacon
reception is shown in the equation (5.4).

∆PENTRY = PN − PN−1 (5.4)

∆P is significant because the SNR changes more rapidly with the increased velocity
of the vehicle. Hence, ∆P increases significantly as the velocity of the vehicle
increases. Where, PN is the probability of packet reception of an individual packet
‘N’ and ‘N-1’ is the previous packet. ∆P is calculated until P reaches 1.

5.2.2.2 The Change (∆P) at Exit

For the Exit Region the rate of change in P is as shown in the equation (5.5).

∆PEXIT = PN − PN+1 (5.5)

Where, PN is the probability of packet reception of an individual packet ‘N’ and
‘N+1’ is the next packet. ∆P is calculated until P reaches 0.

The change in probability of successful beacon reception, i.e. ∆P vs SNR (dB),
for beacon sizes 300 bytes and 723 bytes is illustrated as a graph in Figure 5.9. The
graph is generated using the equation (5.6) which do not take into account the
velocity of vehicle. We know that ∆P for second packet (i.e, N+1) with respect to
first packet (i.e, N) can be calculated as,

⇒ ∆P = P2 − P1

We know the formula for P i.e.

Hence,

∆P = [1− 1.5erfc(0.45
√
SNR2)]

L − [1− 1.5erfc(0.45
√

SNR1)]
L (5.6)

The simulation experiments were conducted to analyze the change in P with
respect to different velocities and different beacon frequencies.
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Fig. 5.9 ∆P vs SNR.

The results highlighted in graphs from Figures 5.1 through to 5.8 show the
effects of the size of the beacon, the velocity of the vehicle as well as the beacon
frequency. Therefore, if a formula is being modeled based on these results then
for a given velocity of the vehicle, for a given beacon size and for a given beacon
frequency; the rate of change of P can be calculated using the modeled formula in
equation (5.6). With this rate of change being known the P and CP at any given
point can be calculated, which can be used to predict the NDTr more accurately.
Hence, this approach will allow us to further explore how it can be used to achieve
a better handover policy.

5.3 Handover Policy Based on Cumulative Proba-

bility Approach

Handover in mobile environments such as VANETs can be depicted as shown in
Figure 5.10 (a). There is a hard handover threshold circle depicted by hard barrier
and there is a dotted circle within the hard barrier representing the exit threshold.
The exit threshold circle is the boundary to start the handover in order to finish
the handover before reaching the hard barrier, which is needed for a successful
soft handover. If the handover is not successful before the hard barrier then there
is a break in the communication which leads to a hard handover. Though this
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Fig. 5.10 Traditional and Probabilistic Segmentation.

approach is currently being used for mobile communications, in highly mobile
environments such as VANETs, it presents two challenges: firstly, the exit radius is
dependent on the velocity of the MN and hence at high velocities there will be no
time to do a soft handover. Secondly, the hard or fixed handover circle represents
the area of coverage but at this outer region, actual communication is difficult due

96



5.3. HANDOVER POLICY BASED ON CP APPROACH Chapter 5

to the probability of packets been received with error due to low Signal to Noise
(SNR) ratio. Hence a more probabilistic approach is required which makes use of
Cumulative Probability to provide a realistic boundary for handover (Ghosh et al.,
2015).

Let the probability (P) represent the probability of a successful reception of
beacon at the Physical (PHY) layer. This probability can be calculated for each
beacon with the knowledge of the SNR and the length of the beacon (Sjöberg et al.,
2010), (Fuxjager et al., 2010). In probability theory, P has a stationary distribution i.e.,
the possible outcomes are constant over time. Hence, we can define the Cumulative
Probability as the probability of the event occurring - in this case, a successful
beacon reception - before a given time or sequence number. In addition, when CP is
1, then we are sure that the event has occurred. If P is constant, then CP is normally
1 at infinity. In this case however, P does not have a stationary distribution because
as the MN moves towards the RSU, P increases significantly and hence, CP will
become 1 long before infinity and, in fact, may become 1 before P becomes 1. Hence
this shows that we can be certain of receiving a successful transmission before P
becomes 1 due to CP. This means that it is necessary to use the CP approach to
determine the regions of reliable communication. Therefore, we need to calculate
CP for a sequence of N beacon receptions and compare it to when P is 1.

P = 1

NDTr

NDTcp

NDD or 2R

NDTp

RSU

First Beacon

P = 1

Last Beacon

P = 1

Beacon 

where CPEN = 1

Beacon 

where CPEX = 1

NDTt

First Beacon

Received 

in MAC

Last Beacon

Received

in MAC

First 

Beacon

Received 

in PHY

Last

Beacon

Received 

in PHY

Fig. 5.11 NDT - From Concept to Reality
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We define, the CP as the vehicle enters a new network as the Cumulative
Entrance Probability (CPEN ). For Exit scenarios, we consider the probability of not
receiving the beacon Pn from the RSU as we drive away i.e., the Exit Cumulative
Probability, (CPEX ). For the Exit side, P the probability of the successful reception
decreases as we move away from the RSU, hence 1-P is increasing. Our results
therefore consider the effect of the cumulative frequencies on entrance and exit
regions of RSU coverage.

To obtain the Network Dwell Times from our model, we subtract the exit times
from the entry times to obtain the values forNDTCP . This means thatNDTCP and
NDTP are being calculated based on the cumulative and single beacon reception
probability respectively with the approach described above. Figure 5.11 represents
a conical view of NDTr, NDTt, the single beacon probability NDTP and the
cumulative probability NDT NDTCP in order to understand the difference.

NDTP shown in Figure 5.11, is the time when the vehicle travels in a coverage
receives the beacon with Probabilty (P) = 1 where the communication is highly
reliable.

Table 5.1 presents the communication time between the segments or regions
named as Reg1, Reg2, Reg3, Reg4 and Reg5 as shown in Figure 5.10 (b). These
regions are the communication times i.e., the time duration when beacons are
received by the vehicle in a particular segment of RSU coverage.

Table 5.1 Communication Time in Seconds between the Segments.

S.No Beacon Size Beacon Frequency Reg1 Reg2 Reg3 Reg4 Reg5
(bytes) (Hz) (seconds) (seconds) (seconds) (seconds) (seconds)

10 m/s
1 300 10 41.8 8.9 80.5 46.1 4.6
2 300 15 38.46 12.73 81.26 43.73 7.4
3 300 20 35.85 14.75 80.5 41.5 9.1
4 500 10 43.3 7.9 79.5 43.2 8.0
5 500 15 40.13 11.53 80.33 41 10.6
6 500 20 37.6 13.5 79.5 38.95 12.15
7 723 10 44.2 7.5 78.5 41.4 10.3
8 723 15 41.26 10.93 79.26 39.4 12.73
9 723 20 38.75 12.85 78.5 37.45 14.15

30 m/s
10 300 10 17.1 0.0 26.5 17.1 0.0
11 300 15 16.46 0.86 26.73 17.26 0.0
12 300 20 15.3 1.8 26.5 16.55 0.55
13 500 10 17.1 0.0 26.5 17.1 0.0
14 500 15 16.83 0.46 26.73 16.13 1.2
15 500 20 15.7 1.4 26.5 15.3 1.8
16 723 10 17.1 0.0 26.5 16.1 1.1
17 723 15 17.13 0.2 26.73 15.26 2.06
18 723 20 16 1.1 26.5 14.5 2.6
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• Reg1: Is the region between the first beacon being heard in the PHY layer
and the point when CPEN=1.

• Reg2: Is the region between CPEN=1 and the point where P is first equal to
1.

• Reg3: Is the region where P is always equal to 1.

• Reg4: Is the region between the last beacon where P = 1 and CPEX=1

• Reg5: Is the region between CPEX=1 and the last beacon being heard at the
PHY layer for that RSU.

Another important observation which is perceived from the Probabilistic Seg-
mentation as shown in Figure 5.10 (b) and from table 5.1, is that the CP on exit and
entry regions (i.e. Reg1 = "Entry Region for the vehicle" and Reg5 = "Exit Region
for the vehicle") are not symmetrical. Hence, once we have different values of P, it
will be asymmetric. In addition, the key factor in the Probabilistic Segmentation is
that at any given time the P and (1-P) are not equal and the CP reaches 1 before
P. However, this is even more significant with increased velocity of the vehicle,
therefore, CP has a positive effect at the entry region as the vehicles enter the
coverage area and a negative effect at the exit region as the vehicle leaves the
coverage area, hence the different times observed particularly in regions Reg1 and
Reg5 unlike in regions Reg2 and Reg4.

In order to explore these concepts, a simulation was carried out with one RSU
and one vehicle moving along the road using Veins Framework in OMNeT++.
The Framework supports IEEE 802.11p and the coverage radius of the RSU was
907m with 20mW transmission power and the minimum receiver gain was set to
-94 dBm (Sommer et al., 2011). For the simulation two different velocities were
considered, 10 m/s (i.e., 36km/h) for urban speed and 30 m/s (i.e.,108km/h) for
motorway speed. The results in (Ghosh et al., 2014b) also showed that for handover,
a maximum beacon size between approximately 600 to 800 bytes as shown in
Table 5.1 could give the best chance for seamless communication. Hence, beacon
sizes of 300, 500 and 723 bytes have been considered to conduct our study.

In addition to this, the work in (Ghosh et al., 2014b) also showed that an ideal
range of beacon frequency for vehicular communication is between 10 to 20 Hz.
Hence beacon frequencies of 10, 15 and 20 Hz are considered in this article. When
there is an increase in beacon frequency, a considerable amount of communication
time is achieved between CPEN = 1 and P = 1 (i.e. Reg2) and between CPEX = 1
and P = 0 (i.e. Reg5). This clearly indicates that a high beacon frequency should
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result in an increased NDT as the beacon is heard almost as soon the vehicle enters
the coverage area.

5.4 Analysis of Overlapping Region

In order to verify our handover policy based on the CP approach, we have come up
with three different scenarios of overlapping two RSUs as shown in Figure 5.12. A
mobile node (i.e. in our case a vehicle) is made to travel over the coverage range of
these two RSUs with velocities of 10 m/s and 30 m/s for collecting various values
for our study. The same parameter settings were used as done for the one RSU
simulation experiment setup for calculating CP.

Case (i) The two RSUs are overlapped such that RSU 1’s last beacon received
by the vehicle with P = 1 and RSU 2’s first beacon with P = 1 are received one after
another. The time difference between these two beacons is very small and hence
the Figure 5.12 shows these two beacons at the same point.

Case (ii) The two RSUs are overlapped such that RSU 1’s last beacon with P =
1 and RSU 2’s first beacon reaching CPEN = 1 are received one after another.

Case (iii) The two RSUs are overlapped such that RSU 1’s beacon reaching
CPEX = 1 and RSU 2’s beacon reaching CPEN = 1 are received one after another.

Since the transmission power of the RSU is set 20mW, themaximum interference
distance according to Veins framework is 907.843m (Andras Varga, 2014) and (Ghosh
et al., 2014b). Hence all the mathematical calculations in this work has considered
907 m as the radius of the coverage. During simulation, the RSU broadcasts the
beacon with different beacon generation rates and with different beacon sizes as
considered in Table 5.1.

The simulation results for each case are illustrated as graphs in Figure 5.12. In
Case (i) as mentioned earlier the overlapping of two RSUs are setup such that P
is 1 for both RSUs at the overlapping region. Hence it is clearly evident from the
graph that once the vehicle reaches the region where P = 1 of RSU 1, there is no
drop in P till the vehicle exits the RSU2’s P = 1 region, i.e. P is always 1 as shown
in Figure 5.12. From this observation it is clear that, this is the most reliable way of
overlapping adjacent RSUs which ensures seamless handover. But this reliability
comes at the cost of more overlapping distance as shown in the graph in Figure 5.12
and high interference issues as indicated in (Ganan et al., 2012) as both RSUs are in
communication range of each other.
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In Case (ii) as the RSUs are setup such that of RSU 1’s last beacon with P = 1 and
CPEN of RSU2 is 1 at the overlapping region. This way of overlapping yields us less
overlapping distance as shown in Figure 5.13 compared to case (i), however there
is a very negligible amount of drop in P at the overlapping region i.e., 0.99<P<1,
Figure 5.12. According to (Vinel et al., 2009a) P should be greater than 0.99 for
the safety related applications. Hence, case (ii) is equally reliable and also ensures
seamless handover.

In Case (iii), the RSUs are setup considering CPEX of RSU 1 and CPEN of RSU2
for overlapping. This way of overlapping gives an advantage of a much smaller
overlapping distance as compared to cases (i) and (ii). This also benefits the network
with less interference as indicated in (Ganan et al., 2012). In the overlapping region,
P reduces to less than 0.7 which is not suitable for seamless communication or
safety critical applications.

As shown above case (ii) performs equally good as case (i), therefore this
approach can be adopted for a scenario where critical life-safety application are
given higher priority. By contrast, the Case (iii) approach is more suitable for a
scenario where optimal coverage is required and where non-safety applications are
used.

Fig. 5.13 Overlapping Distance.

In addition, the CP approach can be used to improve handover since CPEN =
1 tells us when we are certain to have received at least one beacon from the new
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RSU. Hence, we should ensure that handover can occur before CPEN = 1. Similarly,
CPEX = 1 indicates when we are sure not to have heard a beacon from the current
RSU and hence, we need to ensure that the MN should have been handed over to the
next RSU before this point. It is therefore no longer necessary to manage handover
using the hard handover circle as this probabilistic approach based on CP should
yield more reliable results. Therefore, the CP approach should be incorporated into
the handover mechanism for MNs.

5.5 Summary

In this Chapter, we investigated the impact of beaconing on Network Dwell Time
using Cumulative probability and individual successful beacon reception. The re-
sults demonstrated that the size of the beacon directly affects the individual packet
reception probability (i.e., the value of P changes), especially the probability distri-
bution of the first packet P1 and hence it affects both single reception probability
as well as the cumulative reception probability. However, our results also show
that the frequency of the beacon only affects the cumulative probability and hence
it verifies our argument that they affect different aspects of the probability space of
with regard to the Network Dwell Time. Furthermore, we have shown how these
results can be used to develop a probabilistic proactive handover approach based
on cumulative effects of beaconing.

In the next Chapter, we will look at developing of approximate models for
Communications in VANET Systems with respect to length of the beacon and
velocity of the vehicle. This will then complete our investigation of communications
in VANET systems at the network level which we have shown is dependant on the
frequency of the beacon, the length of the beacon and the velocity of the vehicle.
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Chapter 6

Development of an Approximate
Model of Communications in
VANET Systems

6.1 Introduction

F rom the previous Chapter, we showed how the dynamics of cumulative ap-
proach is needed to explore beaconing by taking into account the frequency

and how the results suggested that a more probabilistic approach using cumula-
tive probabilities to handover would give better understanding of how seamless
handover can be achieved in highly mobile environments such as VANETs. In
this Chapter, we focus on re-examining the calculations for Delta P (∆P) equation.
We then use key parameters of this analysis and apply them to the vehicular en-
vironment by comparing theoretical and measured values from simulation. An
investigation is then performed to explain the differences obtained. This leads
to a new model of the handover process based on cumulative probability, which
is explored using an analytical model showing how communication changes as
the vehicle approaches a new RSU. An approximate model is then developed to
examine these issues further. These results clearly show the effects of length of the
beacon, velocity of the vehicle and frequency of the beacon. This Chapter, further
evaluates, that if at any given point velocity of the vehicle, the beacon length and
the frequency are known then a formula can be modelled based on the results;
also the rate of change of P can be calculated using the modelled formula. Further,
with this rate of change being known the P and CP at any point can be calculated,
which in turn can be used to predict the NDTr more accurately. In this Chapter,
we investigate an approximate model, first by looking into the effects of how the
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length of the beacon affects the individual beacon reception probability. In addition,
we also highlight how the velocity of the vehicle affects the difference between the
individual probability P and cumulative probability CP as the velocity increases.
Finally, this Chapter summarises the need to develop a prototype VANET Testbed to
test the simulation and analytical models and compels for a probabilistic approach
based on accurate real-time values resulting from propagation models used in the
Testbed.

6.2 The Essence of Signal-to-Noise Ratio (SNR) on

∆P with respect to Cumulative Probability

The simulation experiments in chapter 3 were conducted to analyse the change
in P with respect to different velocities and different beacon frequencies. These
results clearly show the effect of size of beacon, velocity of vehicle and frequency
of beacon. If a formula is being modelled based on these results then for a given
velocity of the vehicle, for a given beacon size and frequency; the rate of change
of P can be calculated using the modelled formula. With this rate of change being
known the P and CP at any point can be calculated, which in turn can be used to
predict the NDTr more accurately.

Differentiation of P (Equation 6.20) with respect to SNR (i.e., dP
dSNR

) will yield us
the∆P for any given SNR which can be used to find the CP and when to Handover
based on the prediction.

6.2.1 Full Calculations for: dP
dSNR

PacketReceptionProbability(PRP ) = [1− 1.5erfc(0.45
√
SNR)]L

BER = 1.5erfc(0.45
√
SNR)

(6.1)

So for a beacon of L Bits

PRP = [1−BER]L (6.2)

The complementary error function, denoted erfc, is defined as

erfc(x) = 1− erf(x)

=
2√
π

∫ x

0

e−t2dt

= e−x2

erfcx(x)

(6.3)
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d

dx
× erfc(x) =

−2e−x2

√
π

d

dx
(erfc(x)) =

−2e−x2

√
π

(6.4)

Where,

x = 0.45
√
SNR (6.5)

Hence,
⇒ P = [1− 1.5erfc(x)]L (6.6)

Now, Let

⇒ z = (1− 1.5erfcx) (6.7)

Therefore,
⇒ P = ZL (6.8)

dP

dx
=

dP

dz
× dz

dx
(6.9)

dP

dx
= LzL−1 × dz

dx
(6.10)

dz

dx
=

1.5× 2e−x2

√
π

(6.11)

dz

dx
= LzL−1.

3e−x2

√
π

(6.12)

⇒ dP

dSNR
=

dP

dx
× dx

dSNR
(6.13)
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dx

dSNR
=

0.45
√
SNR

dSNR
=

0.45(SNR)
1
2

dSNR
(6.14)

= 0.45× 1

2
(SNR)−

1
2 (6.15)

Therefore,

dP

dSNR
= LzL−1 × 3e−(0.45

√
SNR)2

√
π

× 0.45
1

2
(SNR)−

1
2 (6.16)

= LzL−1 × 3e−(0.452SNR)

√
π

× 0.45
1

2
(SNR)−

1
2 (6.17)

dP

dSNR
= L(1− 1.5erfc(0.45

√
SNR))L−1 × 3e−(0.452SNR)

√
π

× 0.45
1

2
(SNR)−

1
2 (6.18)

⇒ dP

dSNR
=

3L√
π
(1− 1.5erfc(0.45

√
SNR))L−1 × 3e−(0.452SNR)

√
π

× 0.45
1

2
(SNR)−

1
2 (6.19)

∴
dP

dSNR
= L

0.675√
π

SNR− 1
2 (1− 1.5erfc(0.45

√
SNR))L−1e−((0.45)2SNR) (6.20)
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These analytical results are shown Figure 6.1 and compared with results from
the simulation. From the Figure, there is a fairly close match between the results
measured using the simulation and those calculated using the equation. Hence, we
can explore the situation further using the analytical approach.
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Fig. 6.1 Comparison of Simulation vs. Analytical Model.

6.3 The Impact of Beacon Length on Delta P (∆P)

From both the simulation and calculated values of the dP
dSNR

, we see that when P
approaches 1, dP

dSNR
approaches 0. Furthermore, we know that as P approaches 1

i.e., (1− 1.5erfc(0.45
√
SNR) goes to 1. This means that in the region of interest

is,
dP

dSNR
≈ L

0.675√
π

SNR− 1
2 e−((0.45)2SNR)) ≈ 0 (6.21)

This approximation is compared to the analytical model in Figure 6.2. The
results clearly indicate that the approximate equation captures the change of SNR
as the vehicle approaches the RSU.

We then use the approximate equation to compare the results for different
packet lengths of 1556, 2856, 5456 bits (about 200, 325 and 752 bytes). The results
are shown in Figure 6.3.

The graph in Figure 6.3 shows that the length of beacon does affect the rate of
change of SNR but these values converge as the Packet OK approaches 1. However,
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Fig. 6.2 Comparison of Analytical Model vs. Approximation.

when we plot dP/dSNR, approximate the rate of change of dP/dSNR vs. Packet
Length we get a straight line that indicates that there is a linear relationship between
the rate of change of the SNR and the length of the beacon at those points in the
network as the vehicle approaches the RSU. This line can be represented using a
simple line equation (Equation 6.22)
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Fig. 6.3 Approximate with different Packet Lengths.
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y = mx+ b (6.22)

where, x and y are the coordinates of the line, m is the slope of the line and b is the
y intercept.

Equation 6.22 can be represented in terms of length of beacon and dP/dSNR

as shown in Equation 6.23.

dP/dSNR = mL+ b (6.23)

Here, L is the length of the beacon, m = 6.1172E-11 per bit and b = -1.00E-13 for
SNR = 100 because according to equation in 6.21 dP/dSNR is dependant on the
instantaneous value of SNR.
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Fig. 6.4 Rate of change vs. Packet Length.

The result in Figure 6.4 where SNR = 100 shows that the dP/dSNR of the
approximation results are very close to the real results and hence the values of m,
which is the change of dP/dSNR per bit length of the beacon is an useful value to
estimate the change of dP/dSNR as the vehicle approaches the RSU.

We can define SNR by the following equation as defined in the next section
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6.4 The relationship of Delta P with respect to ve-

locity

In order to full investigate the effects of velocity, it is necessary to find out how P
varies with the distance from the RSU given by radius (R). We begin by using our
result for dp/dSNR but since it possible using a propagation model to define the
relationship between SNR and R, we can simply take the following approach.

⇒ dP

dSNR
=

dP

dx
× dx

dSNR
(6.24)

⇒ dP

dR
=

dP

dSNR
× dSNR

dR
(6.25)

Where, we know:-
SNR =

PS

PN

(6.26)

PS =
PT

PL

(6.27)

Hence, SNR =
PT

PLPN

(6.28)

For Free Space Path Loss

⇒ PL =

(
4πrf

c

)2

(6.29)

⇒ SNR =
PT

PN

(
c

4πrf

)2

(6.30)

∴
dSNR

dR
=

PT

PN

(
c

4πf

)2(−2

r3

)
(6.31)

Therefore, the Full Equation:

∴
dP

dR
=

3L
√
π
(1− 1.5erfc(0.45

√
SNR))L−1 × e−(0.452SNR)√π × 0.45

1

2
(SNR)−

1
2 ×

PT

PN

(
c

4πf

)2(
−2

r3

)
(6.32)
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The graph in Figures 6.5 and 6.6 shows the relation of how delta P can be defined
with respect to SNR and radius R from the equation defined in 6.20 and 6.32.
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Fig. 6.5 Comparison of dSNR vs. dR.

However, the graph in Figures 6.5 and 6.6 model’s the movement of the vehicle
relative to the RSU as the vehicle tends to move to and away from the RSU. Thus,
the distance needs to be on the x-axis in order to appropriately demonstrate the
comparison of dSNR vs. dR and dP vs. dR (i.e. in meters, moving to and away from
the RSU).
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Fig. 6.6 Comparison of dP vs. dR.
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6.4.1 Calculation for Probability P with respect to velocity
using dP/dR

In order to model this we define the following parameters:
Let R1 is the first the beacon is heard from a particular RSU in a new network

that the vehicle is heading towards.
Let P1 be the Probability of successful transmission at R1.
Let V be the velocity of the vehicle.
Let F be the frequency of the beacon as shown below:

T = PeriodoftheBeacon i.e., T = 1
f
, where 1

f
is the frequency of the

Beacon.

Let R1 be the next time the beacon is heard, then:

R2 = R1 + V T

P2 = P1 +

∫
R1+V T

R1

dP
dR

Then at the third time of hearing the beacon:

R3 = R1 + 2V T

P3 = P1 +

∫
R1+2V T

R1

dP
dR

Hence, ast the nth time of hearing the beacon :

Rn = R1 + (n− 1)V T

Pn = P1 +

∫
R1+(n−1)V T

R1

dP
dR
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Thus, the calculation for Cumulative Probability CP with respect to dP/dR is as
follows:

where, Pn =
{
P1 +

∫
R1+(n−1)V T

R1

dP
dR

}
, hence the equation is represented as:

So, the Cumulative Probability at n:

=⇒ CPn = P1 + (1− P1)P2 + (1− P1)(1− P2)P3 + · · ·+ Pn−1 (6.33)

Thus, the series can be expanded in the form of:

∴ CPn =

{
P1 +

(
1− P1

)(
P1 +

∫ R1+V T

R1

dP

dR

)}

+

{(
1− P1

)(
1− P1 +

∫ R1+V T

R1

dP

dR

)(
P1 +

∫ R1+2V T

R1

dP

dR

)}

+ · · ·+

{
P1 +

∫ R1+(n−1)V T

R1

dP

dR

} (6.34)

This analysis shows that both the individual probability as well as the cumula-
tive probability is affected by the velocity of the vehicle when the beacon is heard.
This is further discussed in the next section.

6.5 Impact of Velocity of the Vehicle on P and CP

This analysis above shows that both the individual probability as well as the cumula-
tive probability are affected by the velocity of the vehicle when the beacon is heard.
Thus, it is necessary to look at the impact of velocity on individual and cumulative
probabilities at the times the beacon is heard. Therefore, it is necessary to focus
on the number of times the beacon is heard before the individual probability and
cumulative probability become 1 as shown in Figure 6.7.
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Fig. 6.7 Comparison of P and CP for 30 m/sec.

This graph clearly shows that the CP becomes 1 much earlier (N = 5) compared
to the individual probability where (N = 9). Therefore, the difference in N between
CP = 1 and P = 1 for different velocities is an appropriate way of investigating
the effects of velocity on the overall system. We first look at the difference in N
between P and CP when P = 1 and CP = 1 for 1Hz at different velocities.
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Fig. 6.8 Comparing P and CP for 1Hz.

The graph in Figure 6.8 clearly shows that for low speed there is a large dif-
ference. It is in the order of 165 beacons. However as the velocity increases this
narrows significantly such that at 180 km/hr they are almost equal but at 360 km/hr
they are exactly equal. This clearly shows that the benefits of cumulative frequency
is reduced for greater speeds. Hence, for greater velocities we need to look at
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Fig. 6.9 Comparison of P and CP for 10Hz.

greater beacon frequency in order to negate the effect of velocity on the CP and
this is shown in Figure 6.9.

We further compare the different values of P and CP at beaconing frequencies of
1 and 10Hz as shown in Figure 6.10, taking the value of the number of beacons heard
when the probability (P) is 1. It should be noted that there is a more significant
drop in the difference for individual probability at 1 and 10Hz respectively as the
velocity increases.
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Fig. 6.10 Comparison of P of 1Hz and 10Hz.

This is not seen when we compare the CP at 1 and 10Hz respectively as the
velocity increases as shown in graph in Figure 6.11.
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Fig. 6.11 Comparison of CP of 1Hz and 10Hz.

This indicates that in terms of velocity, the probabilistic approach to handover
based on CP would represent a more stable handover policy over many velocities
since the CP does not decreases much as the individual probability.

This result also verifies that in order the slow down the negative effects of high
velocity between P and CP it is necessary to increase the frequency of beaconing.
So the higher the velocity of the vehicle, the higher the beacon frequency, as we
have previously noted.

6.6 Summary

In this Chapter, we investigated effects of the length of the beacon and the velocity
of the vehicle. This was achieved by firstly looking at the Signal-to-Noise Ratio
(SNR) on∆P with respect to CP, i.e. dP

dSNR
, where analytical results were presented.

The results have shown that the length of the beacon contributes significantly to
the rate of change of P (the individual probability) as the vehicle approaches the
RSU.

Secondly, further investigation were carried out to explain the differences
obtained in the analytical and simulation results. This lead to a formation of a new
mathematical model, which then explored how the communication changes as the
vehicle approaches a new RSU.

Thirdly, this lead to a new approximate model which further helped us to
highlight the impact of the beacon length with respect to ∆P . This approximate
model was then compared to the analytical model, which evidently indicated that
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the approximate equation captures the change of SNR as the vehicle approaches
the RSU. In addition, the result from the approximate model, the rate of change of
dP/dSNR vs. Packet Length, produced a straight line that indicated that there is
a linear relationship between the rate of change of the SNR and the length of the
beacon at those points, as the vehicle approaches the RSU.

Finally, in the case of the velocity of the vehicle, we have shown that there
is also a strong relationship of ∆P with repect to the velocity of the vehicle i.e.
dP/dR. Not only that, but the results from the comparision of dP/dR, suggested
that there is a relation of how delta P can be defined with respect to SNR and
radius R from the equations as defined in 6.20 and 6.32. In addition, we have also
shown how the velocity of the vehicle affects the difference between the individual
probability P and cumulative probability CP as the velocity increases.
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Chapter 7

MDX-VANET TESTBED

7.1 Introduction

I n the last Chapter, our analytical model for the system was shown to be
dependant on the type of propagation model used. The Free Space Path Loss

model was used in our calculations, but in order to get a more useful model it is
necessary to explore propagation models for VANET systems based on real results.
Hence, a testbed is needed to explore this phenomenon.

In this Chapter, we will look at deployment of RSUs as part of a VANET Testbed
which is set-out at Middlesex University, Hendon Campus. This is to achieve a
better understanding of VANET systems operating in an urban environment for
capturing real-time constraints i.e., propagation models needed for highly mobile
environments such as VANETs. In addition, environmental factors have to be
taken into consideration for real-time deployment studies to see how they affect
the performance of VANET systems under different scenarios. This eventually
facilitates a comprehensive feasibility study in order to develop efficient propagation
models for VANET systems. The MDX-VANET Testbed emphasises more on the
infrastructure to vehicle (I2V) communications, since the data is being collected at
a Middlesex University central server using the MDX network.

Additionally, two applications are developed based on the concept of Client-
Server application model to facilitate communications between OBU and RSU.
Previous papers have looked into simulation studies in VANET and very few papers
focus on practical studies of VANET systems. This Chapter focuses on the deploy-
ment of VANET technology from the infrastructure point of view and the physical
deployment of the RSUs around the Middlesex University, Hendon campus. It also
highlights on the uniqueness of the testbed from previous VANET testbed studies
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carried out by other academic institutions around the world. As well as focusing on
physical constraints and real-time deployment aspects of the VANET technology.

In previous chapters, we had been more focused on carrying out several sim-
ulation experiments but in this Chapter we particularly compare our simulation
and analytical results with the Testbed real-time measurements. The focus of this
Testbed was to find out the coverage range of the RSUs in what is a very challenging
environments in terms of complexity of building designs and street layouts.

7.2 MDX-VANET Testbed

In order to further explore the analytical and simulation models, a prototype
VANET Testbed is being deployed at the Hendon Campus of Middlesex University
as depicted in Figure 7.1. This testbed will enable us to correctly evaluate these
models thus giving us better insight into the deployment of real transport networks.

Fig. 7.1 MDX VANET Testbed.

7.3 Investigating previous deployments in VANET

To investigate and study VANET systems, a Test-bed environment is set-up at
Middlesex University for the sole purpose of achieving real-time results. This
includes outside field tests of VANET systems allowing us to achieve fundamental
readings based on real-time results as well as exploring various parameters of
VANET systems. Ultimately, we can make significant contributions to this emerging
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technology. Middlesex University is one of the very few universities in the UK
owning VANET systems and doing test experiments. A VANET infrastructure
will be built that will consist of Road side Units (RSU) located at specific locations
and On-Board Units (OBU) in vehicles. Previous research efforts as highlighted
in (Gozalvez et al., 2012), where authors conducted extensive field trials around
the city of Bologna in order to collect real-time data. These real-time datasets
were collected in order to investigate the environmental factors affecting the IEEE
802.11p in order to achieve V2I communication. The authors aimed at analysing
the impact of existing propagation models in an urban setting for RSU deployment
strategy and how it affects the quality and reliability of communication. This work
contains real-time experimental results of V2I communication ranges and how
various urban environmental factors can affect the communication range in V2I
scenario.

Additionally, computer simulation and comprehensive field trials were con-
ducted in an internationally standardized laboratory, at the ARTC in Taiwan (Lin
et al., 2012), to look at possible issues that occur in V2I communication scenarios.
The results achieved gave us an indication of the performance of vehicular net-
works. The authors highlighted the computer simulation techniques which were
used to analyse the relation between bit error rate performance along with signal
to noise ratio. On the other hand, field trails were conducted on a simulated vehic-
ular environment operating in a controlled laboratory to investigate the impact of
DSCR communication; To do so, a variety of parameters were measured to look at
communication performance such as packet loss, latency and spread delay.

In the past few years, many research efforts in relation to V2V, V2I and I2I
have been investigated due to the fact that their roles are extremely crucial in the
Intelligent Transport System (ITS). As a matter of fact, numerous VANET projects
have been executed by different governments, academic institutions and industries
around various parts of the world in the last decade (Zeadally et al., 2012).

Although propagation models is not one of the main focus of this research work,
it has to be often taken into consideration for field trial studies in order to build a
sustainable testbed. Thus factors like, line of sight, distance, wavelength, antenna
height, velocity of vehicle, obstructions, topography of the road, and many other
such factors can be calculated depending on what type of propagation model is
used. Ideally, propagation models should take into account every of the necessary
factors and potential hindrances(Rappaport, 2012).
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7.4 Initial Steps before the Actual Deployment of

the MDX VANET Testbed

VANET presents new technical challenges and unveils an exciting network environ-
ment to work in. However, one of the main characteristics of VANET systems is it
encourages the concept of ubiquitous communication allowing us to have seamless
connectivity and optimal coverage range (Ghosh et al., 2014b). Testing of VANET
systems is carried out at Middlesex University. To do so, a VANET infrastructure
was built which consists of Road Side Units (RSU) located at specific locations and
On-Board Units (OBU) in vehicles. This initial coverage testing will greatly enhance
our understandings of VANET in terms of performance e.g. we can find out the
precise coverage area of a RSU. We believe that from the experiments and results
we will be able to develop a better system and a model that we can apply to real
world scenarios.

Real-time measurements from field tests for final deployment of VANET systems
is crucial, allowing us to achieve fundamental readings based on real-time results
as well as exploring various parameters of VANET systems, eventually, this will
enable us to make significant contributions to this emerging technology. MDX
VANET Testbed gives us the opportunity to demonstrate the important role of
the vehicular testbed in validating such systems before deployment of large scale
scenarios. Therefore, to further our understandings of VANET systems we undergo
real-time testing around the university.

7.4.1 Initial scenario problem - The Effects of physical ob-
structions on wireless signal propagation

Wireless signal attenuation occurs due to physical obstructions, such as walls,
blocking signals transmitted from one device to another, consequently, reduction
of signal strength or in some cases a complete signal loss is experienced meaning
communication cannot take place. Essentially one of the first issues we faced, as
shown in the picture, was the two RSUs were not able to overlap each other due to
the Sheppard library building, in-between the two device, blocking the signals of
the two RSUs.

7.4.2 Initial testbed Coverage Analysis

The main priority of our testbed is to evaluate the performances of our systems
in the form of V2I known as Infrastructure to Vehicle. In these experiments, a
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single RSU is used on top of four different building while it continuously transmits
beacons to the OBU which is moved around outside the campus. A laptop is used
at the RSU to access and run the commands using command prompt to transmit
data while another laptop is used at the other end with the OBU as an interface to
see the data we receive at the OBU - the laptop communicates with the OBU via
Bluetooth interface. The two performance characteristics we would like to explore
during the testbed are:

• Reliability: This is the most important characteristics of the network as it
makes the systems unique to other alternative networks. Transmitting high
numbers of beacons make it possible for a reliable communication to take
place between RSUs and OBUs.

• Coverage Range: The testbed enhances our understandings in terms of
coverage range. We assume we get around 1 km range from our devices,
however this testbed will prove that whether we are able to get such high
coverage range.

Fig. 7.2 Map with Coverage Range with respect to Spots of each RSUs.

7.4.3 Description of the testbedDeployment for the Field Study

After the RSU locations were decided, we conducted a field study for taking signal
strength values of the initial RSU coverage at their existing locations. To do this,
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instead of taking the reading of few spots, we took the Received Signal Strength
Index (RSSI) values for every 10 meters till the signal strength dropped to 0. More-
over, this helped us to calculate the coverage distances between the four of the
RSUs and the spots. Further to this, taking readings every 10 meters gives us an
idea of where the signal was dropped and what was the main cause for instance any
obstacle between the RSU and the vehicle. The map in Figure 7.2 shows a glimpse
of the readings taken on each spots and the coverage area of the individual RSUs.

In each spot, we have taken three readings of the RSSI values, considering
the fact that we need to take an average of the RSSI values and then convert it
into dBm unit for comparison. The equipment, used for this experiment, is from
a company called Arada Systems (AradaSystems, 2015) and according to Arada
system’s equipments specifications, in order to calculate the RSSI values in dBm,
we need to adding -95 to the RSSI value which in turn should give us the received
signal strength in dBm.

In this thesis, we compared the real time results against the calculated values
from simple path loss models, which are used as the traditional propagation models
in wireless communication. So far, to the best of our knowledge all the the prop-
agation models used in this research work had been taken from the simulation
and there are some active research going on using the same propagation models
for real time field tests. This work, highlights some of the results by comparing
the field test results against the propagation models, which will then enable us to
have an understanding of how the traditional propagation models are different
from the real-time values obtained from the field tests. And, hence the require-
ment for a a more modern and comprehensive propagation models for dense urban
environments in VANET systems.

The results collected from the field test were then exported to put in tables
for calculation purposes. During this field test, not only RSSI values were taken
but considering the fact of how the RSSI values fluctuate between spots, therefore,
each spot is uniquely identified with serial numbers and the location name. It
also along with distances between each spot were recorded seperately. But mostly
spots were 10m away from each other. This was required for reasoning purposes
in terms of how the line of sight and non line of sight affect such readings. Also
additional information such as description of the spot or what was causing this
NLOS. Finally, measurements as shown in tables 7.1, 7.2, 7.3, 7.4, 7.5, 7.6 and 7.7
a column containing distance information was provided in order to calculate the
accurate distances between transmitter and receiver.
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7.4.4 FSPL calculations for our MDX testbed

The Free Space Path Loss model used in mobile and wireless communication to
predict the signal strength between the transmitter and receiver, where there is
a clear line of sight (Rappaport, 2012). This propagation model will be compared
with the real time result that we have collected during the testbed. The formula for
free space path loss model are widely used in textbooks and online e.g.,(Christoph
Sommer, 2014).

The diagram in Figure 7.3 shows a typical example of scenario with line of sight
between transmitter and the receiver with no obstruction during transmission.

Fig. 7.3 An Example: Free Space Pathloss Model in Line-of-Sight (Rappaport, 2012).

FSPL =

(
4πd

λ

)2

=

(
4πdf

c

)2
(7.1)

where:
λ is the signal wavelength (in metres), in this case→ λ = c

f
or c = f × λ,

f is the signal frequency (in hertz),
d is the distance from the transmitter (in metres),
c is the speed of light in a vacuum, 2.99792458 × 108 metres per second.

This equation is only accurate in the far field where spherical spreading can be
assumed; it does not hold close to the transmitter.
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The formula shown above will give the result in watts but our calculations are
in dBm, Therefore, the results were converted to the same units, which included
logarithmic conversions. This log based formula below was taken into considera-
tion for calculating the path loss during transmission and to calculate the received
power by adding the antenna gain to transmit power which is then subtracted
by path loss to add the receiver gain to the path loss which in turn will give the
received power in dBm.

FSLP (dB) = 10log10

((
4πdf

c

)2)
= 20log10

(
4πdf

c

)
= 20log10(d) + 20log10(f) + 20log10

(
4π

c

)
= 20log10(d) + 20log10(f)− 147.55

(7.2)

where the units are as before.

For typical radio applications, it is common to find frequency (f) measured
in units of GHz and the distance (d) in km, in which case the FSPL equation is
represented as:

FSLP (dB) = 20log10(d) + 20log10(f) + 92.45 (7.3)

• For d, f in meters and kilohertz, respectively, the constant becomes -87.55.

• For d, f in meters and megahertz, respectively, the constant becomes -27.55.

• For d, f in kilometers and megahertz, respectively, the constant becomes
32.45.

In order to use this formula the distance needed to be calculated in meters and
the frequency in GHz, hence the constant becomes 92.45. But for our calculation
purposes we used the distance in meters as VANET operates in the frequency band
of 5.9 GHz. Therefore, in order to perform this calculation we had to convert the
band of 5.9 GHz into MHz, therefore, the frequency becomes 5900 MHz and hence
the constant changes to -27.55.
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An Example of the calculation is illustrated below:

FSLP (dB) = 20log10(37.75) + 20log10(5900) + (−27.55) = 79.40 (7.4)

Therefore, to calculate the received RSSI by the given formula:
Transmitted power (Tr) + antenna gain at transmitter (Gt) – path loss value (PL )+ receiver antenna

gain (Gr)

Hence,
RSSI = 23 + 0− 79.40 + 0 = −56.4 (7.5)
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7.5 Analysis from the Initial Coverage Testing be-

fore Deployment

This part of the thesis is to analyse the results that have been collected during the
field tests. The following parts will show how the free space path loss work when
compared with real time results. Also it discusses how there is line of sight (LOS)
and Non line of sight (NLOS) occurring and what is the reason for them to cause
this occurrence?

7.5.1 Hatchcroft Building

Following graph in Figure 7.4 shows the average received power in dBm and it is
then compared against Free Space Path Loss model along with the reading from
the physical measured values from the VANET testbed.
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Fig. 7.4 Comparision of RSSI values from testbed and FSPL Model for Hatchcroft
Building.

The Hatchcroft building reading were taken in two parts, the first part of the
reading was taken on the main road and the graph show the result. Second reading
was taken inside MDX pathway. The reason was to see the coverage distance and
also to see how trees affecting the line of sight.

The graph in Figure 7.4 shows the combined results of received power from the
testbed and Free Space Path Loss model predict received power. The spot where
we started our experiment demonstrated a non line of sight (NLOS). This can also

135



7.5. INITIAL COVERAGE TESTING BEFORE DEPLOYMENT Chapter 7

be seen as the spot no: 1 received dBm was recorded at -80 dBm but according
Free space path loss the power calculated is supposed to be -62 dBm, therefore, the
NLOS affecting is about 18 dBm.

7.5.2 William Building

The second building where the RSU was deployed for testing purposes was William
Building and the following graphs show the reading which has been taken from
William building and also the Free Space Path Loss model graphs. The graph in
Figure 7.5 shows the free space path loss dBm and actual real time reading together.
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Fig. 7.5 Comparision of RSSI values from testbed and FSPL Model for Williams
Building.

7.5.3 Middlesex University Car Park

The next RSU was placed on the car park area in Middlesex University and this
RSU could cover the back area of the university. Another reason for us to place
the RSU around the car park area was, to create an overlapping effect with the
Williams building and the following graph in Figure 7.6 shows the comparison of
the calculated Free Space Path Loss value and real time test-bed result.
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Fig. 7.6 Comparision of RSSI values from testbed and FSPL Model for Car Park.

7.5.4 Grove Building

Finally the fourth RSU was placed at Grove building at Middlesex University. The
main purpose of this RSU to have a over lap region with other RSU. Also this RSU
will cover most of the pathways inside the university. Most of the RSSI values
collected inside the MDX University. The graph in Figure 7.7 shows the reading
taken and also by looking at the graphs we can see where the line of site and non
line of sight and compare with Free Space Path Loss model.

The first reading was taken near the back gate of MDX car park and it is bit far
from the RSU and it was NLOS so, as expected, we received the dBm value as -89
and according to FSPL the dBm should be -74 that -15 dBm affect on the spot, due
to NLOS. Picture 12 will shows NLOS below and most of the spots for this RSU are
NLOS caused by trees and buildings.

The graph illustrated in Figures 7.4, 7.5, 7.6 and 7.7 where blue line represents
the real-time measurements from the testbed, show some high peaks in the graphs.
This is due to physical constraints and not due to the actual values, i.e. these effects
are due to the multi-path spreads or fads (i.e. scattering effects of the signals).
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Fig. 7.7 Comparision of RSSI values from testbed and FSPLModel for Grove Building.

7.6 Overlapping Regions in MDX VANET testbed

One of the main goal of the testbed was to find out the coverage range of the RSU
and if we know the coverage of the RSU we can come to a conclusion about the
performances of the devices. RSUs were places at four different locations within the
university with the sole purpose of providing full coverage for the entire campus.
Three of the RSUs were places at height on three different buildings while the other
one was places on ground level at the car park. There were less building around
the car park so placing the RSU on ground level did not have a significant effect
performance wise.

As shown in Figure 7.8 on the map above, each RSU has its own unique colour
making each RSU different from one another. The map also shows the overlap
regions in slightly darker colour. The most important thing to note is that each RSU
is overlapping the coverage range of the other RSUs. This make for a well-planned
testbed and also reflects on how strong the devices are as they are able to provide
such a big coverage range, i.e. the RSU uses 200 mW transmission power. The
testbed was successful as we managed to cover not only inside the university but
the two main road which are The Borough Road and also coverage for the Church
End Road - two roads which consistently have traffic and pedestrians around.
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Fig. 7.8 Map with Overlapping Coverage Ranges of all RSUs.

In this thesis, some the previous testbed work had been carried out by members
of the Middlesex University VANET team, taking into consideration the effect of
the velocity, beacon frequency and size of the beacon. This was done making use
of simulations, live test-beds and mathematical calculations. Therefore, from the
given results derived from experiments carried out by MDX VANET team, it was
observed that the Signal-to-Noise ratio which is totally dependent on the path-loss
model used and this plays a highly important role in arriving at a mathematical
equation to help calculate the packet delivery ratio which in turn provides a good
prediction and reliable communication of the life-critical safety applications for the
VANET systems, a potential solution for future intelligent transportation system. In
addition, another very key observation was made from the results highlighted the
packet delivery ratio, which was observed and highlighted in the previous chapters,
that as soon as a the vehicle moves into the detection range of a RSU, the probability
of successfully receiving a packet is very low but the probability gets closer to
one as the distance between the vehicle and the RSU reduces. These observations
forced us to believe that the Free Space Path Loss (FSPL) radio propagation model
used for our MDX VANET testbed comparison is not 100% efficient and due to the
high reliability needed for the safety messages, VANET can not afford to have any
packet losses. Therefore, there is a significant need for an adaptive yet reliable
radio propagation model for VANET systems.

139



7.7. THE FINAL DEPLOYMENT OF THE MDX VANET TESBED Chapter 7

7.7 The Final Deployment of theMDXVANETTes-

bed

The objective of this task was to design MDX VANET Research Testbed and this
section details the challenges that were addressed. The first objective was to test
the equipment in the laboratory conditions to ensure there was no interference
with other communication systems and to understand the basic elements of the
technology such as beaconing. The next challenge was to identify the best locations
to mount the RSUs in order to cover most of the Hendon Campus and the sur-
rounding roads. This involved making a detailed coverage map based on proposed
locations of the RSUs. This was done manually and with the assistance of the
undergraduate students. In order to determine the best location for the RSU, it was
important to minimise the distance between the RSU and the router elements in
the university network. This enabled us to directly backhaul data from the RSU
to the central MDX VANET Server located in the basement of Sheppard’s library
using the university network.

Fig. 7.9 NETWORK DIAGRAM.
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Figure 7.9 shows the network diagram of the MDX VANET Testbed for the
Hendon campus. Four RSUs have been deployed on top of the Hatchcroft building,
Williams building, Sheppard’s library building and Grove building. Figure 7.9 also
shows the applications running at the respective devices. Wave Short Message
Protocol (WSMP) Tx is an application used by the OBU to broadcast the packets
containing Basic Safety Messages (BSM) and the RSU receives these packets using
WSMP Rx application. The received packets are forwarded to the server using
the WSMP Forward application via an IPv6 address of the server. Since, the MDX
Network is not IPv6 enabled; an IPv6 to IPv4 conversion application was developed.

Fig. 7.10 Data forwarding from RSU to Server.

This application was made to run on the RSU and it receives the IPv6 addressed
packets on the bridge address of the RSU and redirects the packets to the IPv4
address of MDX VANET Server’s. The MDX VANET Server uses WSMP Server
application to receive the packets and will save the data. At this stage additional
information such as a timestamp and RSU’s IP address are stored along with the
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message received. The received data was saved in three different files: trace.kml,
live.kml and Database.csv. trace.kml contains the whole trace of the GPS coordinates
contained in the received packet, live.kml contains the live or current positions
of each OBU through the packets received from those OBU and this file is saved
in the Apache Web Server space for remote access as shown in Figure 7.10. Using
Google earth, adding a network link to the live.kml file, the live tracking of the
OBUs was achieved. The third file Database.csv contains the most of the available
information in the packets such as the OBU’s MAC address, the received signal
strength indicator (RSSI) Value of the received packet, GPS coordinates along with
the time stamp of the packet and IP address of the RSU by which the packet has
been forwarded. Every day the Database.csv file was backed up for analysis through
MySQL.

One of the major problem that had to be solved occured when the RSU on
the Williams Building was deployed and it was found not to be able to achieve
the expected coverage area. We, therefore had to raise the height of the RSU by
approximately five meters.

7.8 MDX VANET Trial

With the successful deployment of the Testbed it was now possible to move to
the second objective of the project which was to conduct an extenssive trial of
the VANET Testbed. In order to do this, we first had to publicise the trial to
obtain volunteered drivers who were willing to have OBUs placed in the cars for
at least a day. This was achieved through the development of a VANET webpage
(www.vanet.mdx.ac.uk), emails and the deployment of a blog via the University’s
website. The trial was originally intended to last for one week i.e., Jan 4th to Jan
11th 2016 but was extended to 15th Jan 2016.

Around ten people volunteered for the trial and OBUs were placed in their
cars over several days. Each OBU contained very simple instructions about the
trial showing how to operate such that successful readings could be obtained. In
addition, an addtional OBU was placed in a small utility vehicle belonging to the
Middlesex University. This utility vehicle enabled us to obtain continuous readings
of the vehicles position within the Hendon campus. However the other participants
drove around different roads in the surrounding area including Watford Way (A41)
at different times so as to obtain to get a picture of the traffic patterns in the area.
Photos of the trial are shown in Figure 7.11.
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Fig. 7.11 MDX VANET Trial Photos.
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7.9 Results - MDX VANET Testbed Deployment

7.9.1 Coverage Graph

The image in Figure 7.12 shows the unique GPS coordinates from the packets
received by the MDX VANET Server, sent by the OBUs which were placed in the
cars of the volunteers. Figure 7.12 displays the trial data for a 24 hour period which
was collected on 8th January 2016 and a total of 390653 packets (around 17.14 MB)
was received in that period. The coverage was better than anticipated but this was
only because of the height of the RSU deployment. There are some blind spots that
can be observed; these were purely due to effects of surrounding buildings. By these
observations it is clear that we need more RSUs alongside the road to be deployed
in an urban area, but if deployed on high raise buildings the advantages can be
seen and might need less RSU. The dense line indicate very reliable communication
and random spots indicate only few packets were received and not a continuous
reliable communication is happening.

Fig. 7.12 Coverage Map.

The farthest point from where the packets were sent by the vehicles and success-
fully received by the RSU was approximately 1.15 Km from the Williams Building
RSU to a point on the East side of Watford way close to where the A41 and A1
divide! This was achieved purely due to the very high elevation of the RSU on
the Williams Building hence allowing Line of Sight communication over a great
distance.
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The Figure 7.13 shows the individual coverage achieved by the RSU located
on each building. We can observe that the more coverage is achieved for the
RSUs deployed at higher heights and also which have clear Line of Sight for the
intended roads around. In Figure 7.13 we can observe some blind spots i.e., there
are spots were the red dots are not continuous. For example the coverage map of
RSU deployed at Grove building has almost no coverage on the A504 due to the
blockade of signal propagation because of the buildings.

7.9.2 Live Vehicle Tracking

Figure 7.14 shows a screen shots with three cars moving around. Google Earth
was used and the web address of the live.kml file was used for displaying and live
tracking of multiple cars remotely. This test was performed by fixing an OBUs in
one of our volunteer’s car, one on the MDX Electric Cart which is used to collect
rubbish inside university and one carried by a pedestrian. The movement of the
vehicles was updated periodically every one second (least time interval that can be
set in Google earth). Each vehicle was labelled and displayed with their respective
MAC address of the OBU.

Fig. 7.14 Live Tracking Screen shot.

These were the primary results of the initial trial of the MDX VANET Testbed.
Further observations are discussed in the next section.
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7.10 General Observations from the MDX VANET

Trial

For the most part, the technology worked in the sense that we got substantial
readings over a large coverage area. However, there were some issues including
the need for better cooperation between the various stakeholders of the project
including Middlesex University, Barnet Council, Transport for London and the
Department for Transport. This means that in order to take this research further
in terms of a larger deployment, a powerful strategic team from all parties will be
needed to significantly increase the scale of deployment of VANET technology.

The actual results were interesting on several levels. Firstly, we were suprised
at the coverage of the RSUs that were mounted on the buildings of the Hendon
campus because we were able to get readings from quite a far distance on Watford
way (A41). This leads to the need to investigate both roadside and non-roadside
locations for the RSU deployment. For example, it would be good to compare RSUs
along the roadside with RSUs mounted on a conventional cellular mast.

In both cases however, this project clearly shows the need to better understand
the communication/propagation models in order to work out the best position for
the RSUs to achieve good coverage in all types of environments, both urban and
motorway. In this trial, determining the best place of deployment of the RSUs was
done manually, better communication/propagation models would allow us to semi
automate this process leading to more rapid deployment.

In terms of hardware, we found that the firmware of the devices was not stable
and we had to do various updates and sometimes we had to revert to older versions
due to bugs being introduced because of lack of testing. This was time consuming
because we did not have enough information, from manuals etc., to quickly fix
the problem. A lot of these problems reflect the fact that VANET is still a very
new technology hence, it will take some time for the hardware platform to work
seamlessly. In addition, a low level software platform should be defined to drive the
hardware functionality. In essence, we were too dependent on the manufacturers,
in this case ARADA Systems, and so we were unable to get some program code for
key functions on the RSU.

Because the equipment were purchased from ARADA Systems, which is a US
based company, it was necessary to adjust the operational frequency parameters in
order to comply with EU standard requirements. For this trial, this was a minor
inconvenience, however, going forward the difference in Standards may have a
significant impact on the applications since the EU Standard has dedicated service
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channels for both safety critical and non-safety critical applications but the US
standard does not. Hence, there will be a need to have one standard in the future.

7.11 ExtendedTestbedProject -Department forTrans-

port (DfT)

This Project is innovative for several reasons, firstly it allows the deployment of
new networking technology which will provide greater information about the use
of the transport system and hence enable a platform for new algorithms to be devel-
oped to improve traffic efficiency. This technology integrates several networking
technologies enabling a complete information platform within the vehicle such
as GPS (less than 1 meter accuracy), Bluetooth and high-power 802.11p radios. It
also allows simple integration with mobile phone technology. The information
that can be provided from the vehicle to the central traffic management system
include location data (GPS cordinates), speed of the vehicle, braking information
and vehicle health data including engine efficiency and the state of electrical and
electronic subsystems. In turn, the central system can provide information to the
vehicle on transport infrastructure such traffic lights status, congestion, accidents
and road management situations.

Fig. 7.15 Extended Scenario for MDX VANET testbed.

We at Middlesex University have taken the initiative and have currently de-
ployed a VANET testbed on the Hendon Campus. However, we would like to extend
the initial Middlesex testbed to cover more roads including the Burroughs (A504),
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Greyhound Hill, the Barnet By-Pass (where the A1 and A41 converge) and along
Watford way(A41) to A504 as shown in Figure 7.15.

7.11.1 Next Step/Recommendations for Future Testing and
Implementation

It is quite clear that the next step for this project should be a deployment along
a significant motorway in this country. This will allow a detailed understanding
of VANET systems in such environments to be obtained leading to wide scale
deployment of VANETs regionally and nationally.

Once the extended testbed has been built, we intend to conduct an extensive
trial of road users and pedestrians as the extended network will have twenty OBUs.
We intend to place these OBUs in the vehicles of different users; each OBU will
used for one day by one user. Hence, we intend to gather over 1250 sets of readings
about day journeys in the area over the period of the trial. These readings will be
housed on our dedicated storage server. This is a file server for applications and
provides redundancy in the face of hardware and network failures. The Middlesex
Cloud (MDX Cloud) is a Cloud system running OpenStack (which is a Cloud
Management system) and Hadoop, which is used to proccess data on the Cloud,
will be employed to generate real-time results. As previously mentioned this would
require a complete roll-out strategy between all the stakeholders. If we consider
London in particular, local Boroughs should be working with the Transport for
London (TfL) and the Department for Transport (DfT) to do more trials on VANET
technology.

Fig. 7.16 Network Diagram of a LTE Backhauled Mobile RSU.
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We are also building a Mobile RSU as shown in Figure 7.16 which will allow us
to move the RSU setup anywhere required for future tests. The physical setup is
shown in 7.17. In order to backhaul the data received by the RSU, an LTE Outdoor
Router will be interfaced to the RSU. Hence, Internet will be used to forward the data
to the MDX VANET Server. For powering both RSU and the LTE Outdoor Router, a
battery along with a solar panel to recharge the battery will be customized, built
and used. This further allows us to measure the power consumption and identify
the challenges in building such green energy systems for ITS.

Fig. 7.17 Building LTE Backhauled Mobile RSU in Lab.
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7.12 Summary

Intelligent Transport Systems (ITS) benefits a lot from VANET research and part of
that progress relies on the simulation approach. Over time many tools have been
developed to allow create various scenarios which have reduced costs of real-time
tests. However there is still a limitation of a complete simulation software. Our
experimentation shows that several tools have to be used in order to obtain close
to real world results. The privilege of developing the MDX VANET TESTBED has
led us to be a proving ground for VANET research.

At the MDX University, RSU were located at four different locations including
one RSU on the ground floor. The highest coverage range we achieved in the
testbed was 300 meters under None-line-of-sight. One of the aim of the testbed was
to provide full RSU coverage for the campus. However, the results were beyond
expectations as four RSU managed to provide coverage to surrounding outside the
university such as The Burroughs Road and Church End Road. The OBU acts as a
client while the RSU as a server. As a result we managed to successfully set-up a
testbed and achieve communications between the devices using the applications
developed.

Therefore, this chapter clearly shows that VANET technology can be used to
form an Intelligent Information Platform for Smart Cities. It has also highlighted
the weaknesses and strengths of this new technology and the key issues to be
addressed in its wide scale deployment. Hence, the evolution of this technology and
its potential to transform Smart Cities need to be fully understood by the transport
authorities.
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Chapter 8

Conclusion and Future Works

In this chapter, a complete summary of the work done in this thesis is given and
the major contributions are highlighted. This is followed by conclusions resulting
from this work and a discussion on the directions for future research is presented.

8.0.1 Summary of the Work Done

I n this thesis, we have investigated the factors that affect seamless communi-
cation in VANET systems using the concepts of Network Dwell Time (NDT),

Exit Times (ET) and Time Before Handover (TBH). Initial investigation showed that
effects communication was dependent on the frequency, the length of the beacon
and the velocity of the vehicle. These parameters were further investigated in detail
to show how communication dynamics change with these parameters. The effect
of frequency of the beacon was examined using cumulative probability approach.
This resulted in the development of a new probabilistic handover mechanism. In
addition, we have shown that the length of the beacon significantly affects the
rate of change of the individual probability as the vehicle approaches the RSU.
Furthermore, this work showed that the velocity of the vehicle affects the difference
between the Cumulative and the individual probabilities. Finally, a new VANET
Testbed was developed which highlighted the need for better propagation model
for seamless communication in the urban environment.

8.0.2 Contribution to Knowledge

This research contribution of this thesis can be summarised as follows:

1. In Chapter 1, we began by motivating the need to look at VANET systems,
and how it is being proposed as a long-term solution for Intelligent Transport
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Systems. For this purpose, we first began to explore the use of simulation
tools such as OMNeT++ and Veins framework (a framework used especially
for Vehicles in Network Simulation) for highly mobile environments such
as VANET systems. In Chapter 2, a thorough analysis of critical review
of the literature was presented which opens new horizons for research by
highlighting some of the key research questions. In addition, Chapter 2 also
contained a detailed a literature survey of the standard and protocols in use,
the state of art VANET applications and related work being used in this thesis.
Some of the concepts used from the Y-Comm framework was explained in
detail along with handover classification adapted from Y-Comm architecture.

2. In Chapter 3, preliminary investigations into communication mechanisms
in VANETs were carried out to determine the parameters that affect the
seamless communication because the current research has not adequately
captured the real-world constraints in VANET handover techniques. The
initial investigations was done by looking at a simple scenario to understand
the communication mechanism in a VANET environment using ideal and
measured values of the NDT. This showed that the communication dynamics
was dependant on these three factors: the frequency and length of the beacon
as well as the velocity of the vehicle.

3. In Chapter 4, a more in-depth analysis was conducted by investigating the
effects of beacon size and beacon frequency as well as the velocity of the
vehicle in order to achieve seamless handover. This was done by further
exploration of the estimated Network Dwell Time for different beacon sizes,
frequency and velocity of the vehicle. In this chapter, a PacketOK number is
computed from the OMNeT++ simulation used. This PacketOK formula in
this Chapter appears to directly take into account only the size of the beacon
but the results from this chapter show that the frequency of the beacon and
the velocity of the vehicle does also need to be taken into account. This work
suggested that a cumulative probability approach is needed rather than just
individual probabilities.

4. In Chapter 5, the cumulative approach and the analytical framework were
examined in more detail. In Chapter 5, we further investigated the impact of
beaconing on Network Dwell Time using the cumulative probability and the
probability of individual successful beacon reception. However, the results
also showed that the frequency of the beacon only affects the cumulative
probability and hence it verifies the argument that they affect different aspects
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of the probability space with regard to the Network Dwell Time. Compara-
tive simulation results were presented in order to validate the accuracy of
the models presented. Furthermore, these results can be used to develop a
probabilistic proactive handover approach based on cumulative effects of
beaconing. This was challenging because the probability of a successful
reception increase as the vehicle get closer to the RSU and hence this is a
non-stationary scenario.

5. Chapter 6, presented an important framework for the research by presenting
an approximate model of communications in VANET systems with respect to
length of the beacon and velocity of the vehicle. The equation for Delta P (∆P)
was re-examined with respect to the rate of change in the SNR (i.e., dp/dSNR).
This showed that dp/dSNR was directly proportional to length of the beacon
as the vehicle approaches the RSU. The length of the beacon severely affects
the individual probability as the vehicle approaches and moves away from
the RSU. In addition, by looking at the difference in the number of beacons
between CP = 1 and P = 1, allows us to capture the effects of velocity on the
overall system. Our finding show that the difference in these two parameters
decreases sharply as the velocity of the vehicle increases. Therefore, higher
beacon frequencies are necessary to support handover for higher speeds.

6. In Chapter 7, we looked at deployment of RSUs as part of a VANET Testbed
which is set-up at Middlesex University, Hendon Campus. This was done
in order to achieve a better understanding of VANET systems operating in
an urban environments for capturing real-time constraints i.e., propagation
models needed for highly mobile environments such as VANETs. In addition,
environmental factors needed to be considered for real-time deployment stud-
ies to see how they affect the performance of VANET systems under different
scenarios. This was to eventually facilitate a comprehensive feasibility study
in order to develop efficient propagation models for VANET systems. Our
initial findings indicate the need for better propagation models because the
Free Space Path Loss model does appear to capture all the parameters in the
urban environment.
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8.0.3 Thesis Contributions

Some of the significant contributions that have been highlighted in this thesis are
as follows:

• To show the differences in the ideal NDT and the measured NDT based on
the frequency and size of the beacon for two different velocities of vehicle.

• To investigate the relationship of cumulative probability distribution and its
effect on measured NDT.

• To show that the frequency and size of the beacon have different effects on
the cumulative and the individual probabilities.

• To investigate how the probability distribution of successful beacon reception
changes with velocity.

Some of the key Research Questions that have been answered by way of contribu-
tions that have been highlighted in this thesis are as follows:

• To develop a comprehensive Analytical Model to model a realistic NDT.

• Implementation of an Analytical Model and comparison against simulation
results to evaluate how realistic it is?

• To test the NDT Model in complex scenarios in terms of V2I communication
types and also take into account density, Interference issues.

• To implement VANET-TESTBED for realistic comparison of results against
theoretical NDT and simulation NDT.

For seamless communication we need NDT as we use Y-Comm concepts. There-
fore our aim was to model the NDT for getting a realistic values and to find
mechanism for seamless handover in order to achieve Seamless Communication
in VANETs. Our main objective was to analytically model the NDT, which will
suit a real-time scenario, in-line comparisons with simulation results and real-time
calculations from the VANET Testbed at Middlesex University campus.

8.0.4 Summary

The research work demonstrated in this thesis suggests some important future
directions in this field of study. The investigation clearly indicates that probabilistic
approach based on cumulative probabilities can optimize the way handover is
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currently dealt for achieving seamless connectivity in highly mobile environments
such as VANETs. Thus, the analysis shown by means of simulation and an approxi-
mate model how the beaconing frequency, the length of the beacon and the velocity
of the vehicle affect communication dynamics in highly mobile environments. The
real-time experimental observations using the testbed demonstrated that there is a
strong need to develop a more vibrant and focused propagation model for dense
urban environments where buildings and objects are the main factors. In addition,
the results obtained from the proposed models in this thesis, offer themselves as
essential findings for identifying the key parameters to examine optimal coverage
required for seamless connectivity. Also, these models which are helpful in under-
standing the complex interaction between the RSU and the vehicle, are vital factors
such as handover and mobility.

8.1 Conclusion

In conclusion, the thesis showed a comprehensive analysis to identify the three
main parameters i.e., the beacon frequency, the length of the beacon and the velocity
of the vehicle which can be used to develop a probabilistic proactive handover
approach based on cumulative effects of the beaconing. This was further proved by
ways of extensive packet-level simulation and through our approximate models
considering proactive handover phenomenon needed for seamless communication
in VANET systems. The thesis provides a more comprehensive view of all three
techniques used in order to conduct a strong research such as simulation techniques,
developing analytical models and realistic values from the prototype VANET testbed,
which answers the research questions in this thesis.

8.2 Suggestions for Future Work

Cooperative applications for VANET will require seamless communication between
Vehicle to Infrastructure and Vehicle to Vehicle. In order to have seamless commu-
nication for these applications, it is necessary to look at handover as vehicles move
between Road-side Units. Traditional models of handover used in normal mobile
environments are unable to cope with the high velocity of the vehicle and the rela-
tively small area of coverage with regard to vehicular environments. The Y-Comm
framework has yielded techniques to calculate the Time Before Vertical Handover
and the Network Dwell Time for any given network topology. Furthermore, by
knowing these two parameters, it is also possible to improve channel allocation

156



8.2. SUGGESTIONS FOR FUTURE WORK Chapter 8

and resource management in network infrastructure such as base-stations, relays,
etc. In this thesis, we explained our overall approach by describing the VANET
Testbed and show that in Vehicular environments it is necessary to consider a new
handover model which is based on a probabilistic rather than a fixed coverage
approach and show how the effects of the length of the beacon and the velocity of
the vehicle are displayed.

The Future work has been highlighted below :-

1. This thesis has introduced the new concept of probabilistic handover based
on cumulative entrance and exit probabilities. It is hoped that this work can
be included in an overall system of handover techniques as explored in the
Y-Comm architecture. This will help us in developing realistic techniques of
estimating∆P, P, CP and NDTr which will be incorporated into the handover
policy management mechanisms in mobile devices which will allow proactive
seamless handover in both urban and motorway context.

2. This work points to the need to look at proactive handover for highly mobile
environments and also their effects on the allocation of resources. This is
being pursued by (Paranthaman et al., 2015).

3. This work concentrated on relatively a less complex scenario but going
forward we need to look at more complex situations such as:

(a) For example, Vehicle-to-Vehicle (V2V) scenario and also Pedestrian-to-
Infrastructure (P2I) scenario.

(b) To investigate the interference issues in the above mentioned scenarios.

(c) In the long term, we are seeking to develop a comprehensive framework
that includes types of modulation being used as well as traffic density
in order to handle seamless handover in both urban and motorway
contexts.

4. To extend our Initial Testbed at Middlesex University in and around Barnet
surrounding area in order to understand the urban context. And further
extend the research by comparing the results attained from the extended
testbed by comparing it against enhanced simulation experiments in order to
examine new propagation models leading to more effective handover policies.
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8.3 Final Statement

It is predicted that in the near future all the vehicles will be manufactured with
an in-vehicle on-board system (On-Board Units) which will facilitate services like
real-time traffic reporting, real-time vehicle navigation, social networking, video
streaming, online-gaming, internet access and moreover vehicle safety applications
preventing accidents. This phenomenon will not only revolutionize the automotive
industry, but with the every growing interest of such technologies for vehicular
communications, it is determined that about 50-70% of the vehicles by 2016 will
be connected either by embedded systems or by using of in house apps developed
for the auto industry. Global companies like Google (Google, 2016), Microsoft (Mi-
crosoft, 2016), Apple (Apple, 2016) and Blackberry (Blackberry, 2016) have already
developed and released their mobile operating systems for the connected-cars
theme.

Impelled by the increased demand and due to enormous market penetration
of mobile apps as the current trend setter, it has now become a serious challenge
for cellular industry to provide frameworks in order to meet this huge demand
of vehicular networking. Therefore, it is envisioned that although the IEEE is
committed to further optimise and enhance 802.11p as the main communications
for vehicular networking. In addition, it would be worthwhile to consider cellular
networks for providing the infrastructural support for the non-safety applications
(i.e. infotainment applications) which require more bandwidth and the low-cost
cellular networks to the vehicles.

Therefore, this will enable both vehicular and cellular networks achieve both
scalable and cost-effective solutions for the future vehicle communications. This
would also enable them to connect the vehicular networking environment to the
existing Internet framework and applications, such as video streaming, content
downloading via cloud computing. Further, this can be regarded as the most
practical and convenient solution for enabling ubiquitous and reliable connection
to vehicles in the densely urban environments. Therefore, this convergence of
vehicular networking and existing cellular infrastructure will become one of the
key issues for the next-generation networks efficiently.
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Appendix A

A.1 Equations

A.1.1 Full derivation of dP
dSNR with respect to radius (R)

PacketReceptionProbability(PRP ) = [1− 1.5erfc(0.45
√
SNR)]L

BER = 1.5erfc(0.45
√
SNR)

(A.1)

So for a beacon of L Bits

PRP = [1−BER]L (A.2)

The complementary error function, denoted erfc, is defined as

erfc(x) = 1− erf(x)

=
2√
π

∫ x

0

e−t2dt

= e−x2

erfcx(x)

(A.3)

d

dx
× erfc(x) =

−2e−x2

√
π

d

dx
(erfc(x)) =

−2e−x2

√
π

(A.4)

Where,

x = 0.45
√
SNR (A.5)
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Hence,
⇒ P = [1− 1.5erfc(x)]L (A.6)

Now, Let

⇒ z = (1− 1.5erfcx) (A.7)

Therefore,
⇒ P = ZL (A.8)

dP

dx
=

dP

dz
× dz

dx
(A.9)

dP

dx
= LzL−1 × dz

dx
(A.10)

dz

dx
=

1.5× 2e−x2

√
π

(A.11)

dz

dx
= LzL−1.

3e−x2

√
π

(A.12)

⇒ dP

dSNR
=

dP

dx
× dx

dSNR
(A.13)

dx

dSNR
=

0.45
√
SNR

dSNR
=

0.45(SNR)
1
2

dSNR
(A.14)

= 0.45× 1

2
(SNR)−

1
2 (A.15)

Therefore,

dP

dSNR
= LzL−1 × 3e−(0.45

√
SNR)2

√
π

× 0.45
1

2
(SNR)−

1
2 (A.16)

= LzL−1 × 3e−(0.452SNR)

√
π

× 0.45
1

2
(SNR)−

1
2 (A.17)
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dP

dSNR
= L(1−1.5erfc(0.45

√
SNR))L−1× 3e−(0.452SNR)

√
π

×0.45
1

2
(SNR)−

1
2 (A.18)

∴
dP

dSNR
=

3L√
π
(1− 1.5erfc(0.45

√
SNR))L−1 × 3e−(0.452SNR)

√
π

× 0.45
1

2
(SNR)−

1
2 (A.19)

⇒ dP

dR
=

dP

dSNR
× dSNR

dR
(A.20)

We know,
SNR =

PS

PN

PS =
PT

PL

(A.21)

For Free Space Path Loss

PL =

(
4.π.r.f

c

)2

(A.22)

∴ SNR =
PT

PL.PN

(A.23)

SNR =
PT

PN

(
c

4.π.r.f

)2

(A.24)

∴
dSNR

dR
=

PT

PN

(
c

4.π.f

)2

.

(
−2

r3

)
(A.25)

Therefore, the Full Equation:

∴
dP

dR
=

3L
√
π
(1−1.5erfc(0.45

√
SNR))L−1×e−(0.452SNR)√π×0.45

1

2
(SNR)−

1
2 ×

PT

PN

(
c

4.π.f

)2

.

(
−2

r3

)
(A.26)
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A.1.2 Calculation for Probability P with respect to velocity
using dP/dR

In order to model this we define the following parameters:
Let R1 is the first the beacon is heard from a particular RSU in a new network

that the vehicle is heading towards.
Let P1 be the Probability of successful transmission at R1.
Let V be the velocity of the vehicle.
Let F be the frequency of the beacon as shown below:

T = PeriodoftheBeacon i.e., T = 1
f
, where 1

f
is the frequency of the

Beacon.

Let R1 be the next time the beacon is heard, then:

R2 = R1 + V T

P2 = P1 +

∫
R1+V T

R1

dP
dR

Then at the third time of hearing the beacon:

R3 = R1 + 2V T

P3 = P1 +

∫
R1+2V T

R1

dP
dR

Hence, as the nth time of hearing the beacon :

Rn = R1 + (n− 1)V T

Pn = P1 +

∫
R1+(n−1)V T

R1

dP
dR
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Thus, the calculation for Cumulative Probability CP with respect to dP/dR is as
follows:

where, Pn =
{
P1 +

∫
R1+(n−1)V T

R1

dP
dR

}
, hence the equation is represented as:

So, the Cumulative Probability at n:

=⇒ CPn = P1 + (1− P1)P2 + (1− P1)(1− P2)P3 + · · ·+ Pn−1 (A.27)

Thus, the series can be expanded in the form of:

∴ CPn =

{
P1 +

(
1− P1

)(
P1 +

∫ R1+V T

R1

dP

dR

)}

+

{(
1− P1

)(
1− P1 +

∫ R1+V T

R1

dP

dR

)(
P1 +

∫ R1+2V T

R1

dP

dR

)}

+ · · ·+

{
P1 +

∫ R1+(n−1)V T

R1

dP

dR

} (A.28)

The calculated analysis shows that both the individual probability as well as the
cumulative probability is affected by the velocity of the vehicle when the beacon is
heard. This has further been explained in chapter 6.
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B.1 Abstract of Publications

Abstracts of the published conference papers & journals:

Building a Prototype VANET Testbed to Explore Communication Dy-
namics in Highly Mobile Environments (Springer/EAI Endorsed Transactions
on Future Internet)

Applications for VANETs will require seamless communication between vehicle-to-
infrastructure and vehicle-to-vehicle. However, this is challenging because it is being
done in the context of a highly mobile environment. Therefore, traditional handover
techniques are inadequate due to the high velocity of the vehicle and the small coverage
radius of Road-side Units. Hence in order to have seamless communication for these
applications, a proactive approach needs to be carefully investigated. This requires
measurements from a real testbed in order to enhance our understanding of the
communication dynamics. This paper is about building and evaluating a prototype
VANET network on the Middlesex University Hendon Campus, London to explore these
issues. The testbed is being used to investigate better propagation models, road-critical
safety applications as well as algorithms for traffic management. In addition, the
Network Dwell Time of vehicles traveling in the coverage of the RSUs is measured to
explore proactive handover and resource allocation mechanisms.
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Enabling Seamless V2I Communications: Towards Developing Cooper-
ative Automotive Applications in VANET Systems (IEEE Communications
Magazine)

Cooperative applications for VANET will require seamless communication between
Vehicle to Infrastructure and Vehicle to Vehicle. IEEE 802.11p has been developed to
facilitate this effort. However, in order to have seamless communication for these
applications, it is necessary to look at handover as vehicles move between Road-side
Units. Traditional models of handover used in normal mobile environments are unable
to cope with the high velocity of the vehicle and the relatively small area of coverage
with regard to vehicular environments. The Y-Comm framework has yielded tech-
niques to calculate the Time Before Vertical Handover and the Network Dwell Time
for any given network topology. Furthermore, by knowing these two parameters, it
is also possible to improve channel allocation and resource management in network
infrastructure such as base-stations, relays, etc. In this article we explain our overall
approach by describing the VANET Testbed and show that in Vehicular environments
it is necessary to consider a new handover model which is based on a probabilistic
rather than a fixed coverage approach. Finally, we show a new performance model for
proactive handover which is then compared with traditional approaches.

Exploring Seamless Connectivity and Proactive Handover Techniques
in VANET System (Springer - Book Chapter)

In order to provide Dependable Vehicular Communications for Improved Road
Safety, it is necessary to have reliable Vehicular-to-Infrastructure (V2I) and Vehicle-to-
Vehicle (V2V) communication. Such requirements demand that the handover process
as vehicles move between adjacent Roadside Units (RSUs) be examined in detail to
understand how seamless communication can be achieved. Since the use of beacons
is a key part of VANETs, it is necessary to investigate how the beaconing process
affects the opportunities to effect handovers. A framework is needed to be able to
calculate the regions of overlap in adjacent RSU coverage ranges to guarantee ubiq-
uitous connectivity. A highly mobile environment, therefore, makes this a serious
challenge and points to the need to look at proactive handover techniques. This chapter,
therefore, explores the development of the proactive handover mechanisms required to
provide seamless connectivity and dependable communication in VANET environments.
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ExploringMarkovModels for the Allocation of Resources for Proactive
Handover in a Mobile Environment (IEEE - 40th Local Computer Networks
(LCN) Conference)

Proactive handover, in which mobile nodes attempt to determine the best time and
place to handover to local networks, has been studied in the context of new architectures
such as the Y-Comm Framework. Y-Comm research has yielded techniques to calculate
the Time Before Vertical Handover and the Network Dwell Time, for any given network
topology. However, by knowing Time Before Vertical Handover and Network Dwell
Time for mobile nodes as they move around, it is also possible to improve channel
allocation and resource management in network infrastructure such as base-stations,
relays, etc. This should greatly enhance overall system efficiency including the physi-
cal and medium access control layers of mobile networks, such as LTE. In this paper
queuing models based on Markov chains are explored to represent channel allocation
in proactive handover scenarios. The results are compared with classical handover
queuing models. The results indicate that the proactive model is beneficial over a wide
range but it is necessary to explore an operational space in which proactive handover
techniques can be used in real networks.

Exploring Efficient Seamless Handover in VANET Systems Using Net-
work Dwell Time (EURASIP Journal)

Vehicular Ad Hoc Networks are a long-term solution contributing significantly
towards Intelligent Transport Systems in providing access to critical life-safety ap-
plications and services. Although Vehicular Ad Hoc Networks are attracting greater
commercial interest, current research has not adequately captured the real-world
constraints in Vehicular Ad Hoc Network handover techniques. Therefore, in order to
have the best practice for Vehicular Ad Hoc Network services, it is necessary to have
seamless connectivity for optimal coverage and ideal channel utilization. Due to the
high velocity of vehicles and smaller coverage distances, there are serious challenges
in providing seamless handover from one Road Side Unit to another. Though other
research efforts have looked at many issues in VANET networks, very few research
work have looked at handover issues. Most literature assume that handover does
not take a significant time and does not affect the overall VANET operation. In our
previous work, we started to investigate these issues. This journal provides a more
comprehensive analysis involving the beacon frequency, size of beacon and the ve-
locity of the vehicle. We used some of the concepts of Y-Comm architecture such as
Network Dwell Time, Time before Handover and Exit Time to provide a framework to
investigate handover issues. Further simulation studies were used to investigate the
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relation between beaconing, velocity and the Network Dwell Time. Our results show
that there is a need to understand the cumulative effect of beaconing in addition to the
probability of successful reception as well as how these probability distributions are
affected by the velocity of the vehicle. This provides more insight into how to support
life critical applications using proactive handover techniques.

Providing Ubiquitous Communication Using Handover Techniques in
VANET Systems (IEEE/IFIP - 13th International Med-Hoc-Nets Conference)

Vehicular Ad hoc Networks are a long-term solution contributing significantly
towards Intelligent Transport Systems in providing access to critical life-safety ap-
plications and services. Although Vehicular Ad hoc Networks are attracting greater
commercial interest, current research has not adequately captured the real-world con-
straints in Vehicular Ad hoc Network handover techniques. This is necessary in order
to provide seamless connectivity for optimal coverage and ideal channel utilization.
Our previous work highlighted the challenges in providing ubiquitous communication
using Road Side Unit in Vehicular Ad hoc Network. We used some of the concepts of
the Y-Comm architecture such as Network Dwell Time, Time before Handover and Exit
Time to provide a framework to investigate handover issues concentrating on essential
parameters such beaconing and velocity of the vehicle. The results clearly showed that
the Network Dwell Time was affected by the size and frequency the beacon and as
well as the velocity of the vehicle. In this paper we conducted simulation studies to
further examine the relation between these parameters. Simulation of VANET systems
depends critically upon the calculation of the probability of a successful transmission.
The current formulas used to calculate this parameter do not take into account the fre-
quency of the beacon or velocity of the vehicle. This paper shows that these factors are
significant and point to the need for a more complete analytical model for estimating
the Network Dwell Time.

ProvidingUbiquitousCommunicationUsingRoad SideUnits inVANET
systems: Unveiling the Challenges (IEEE - 13th International ITST Conference)

Vehicular Ad-Hoc Networks (VANETs) are a long-term solution contributing sig-
nificantly towards Intelligent Transport Systems (ITS) in providing access to critical
life-safety applications and services. Although Vehicular Ad Hoc Networks (VANETs)
are attracting greater commercial interest, current research has not adequately cap-
tured the real-world constraints in VANET handover techniques. Therefore, in order to
have the best practice for VANET services, it is necessary to have seamless connectivity
for optimal coverage and ideal channel utilization: this comes at the cost of overlapping
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signals of adjacent RSUs. This overlapping effect can be investigated using concepts
such Network Dwell Time, Time Before Handover and Exit Times. In this simulation
study we investigate the feasibility and benefits of providing a ubiquitous communi-
cation in VANET under different mobile environments. We also study the impact of
beacon frequency and velocity on Network Dwell Time, Time Before Handover and
Exit Times, which will help us to predict the handover times and thus make proactive
handover possible. Therefore understanding handover issues is critical in supporting
life-safety applications and services in VANETs.

Analysis of Inter-RSUBeaconing Interference in VANETs (Springer - Lec-
ture Notes in Computer Science Series)

Vehicular ad Hoc Networks (VANETs) have emerged as a key technology serving
community of peoples in various applications. Providing infotainment and safety
services requires the existence of roadside units (RSU) to access to the desired resources.
Ideally, the infrastructure should be deployed permeatively to provide continuous
connectivity and optimal coverage. This deployment technique increases capacity and
coverage at expenses of increasing interference that can severely degrade the perfor-
mance of the VANET. Moreover, malicious vehicles could mimic the signals of RSUs
causing significant performance degradation. In this paper we study the impact of the
inter-RSU interference on the beacon broadcasting due to both inefficient deployment
and potential RSU emulation attacks (REA). Extensive packet-level simulations have
been performed to support the observations made.
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