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Abstract

One of the key performance-limiting factors in achieving the Quality of Services
(QoSs) in Vehicle-to-Infrastructure (V2I) communications over a heterogeneous net-
work is the increased number of unnecessary handovers. In heterogeneous network
environments, handovers consume a lot of network resources and consequently in-
crease end-to-end network latency. Other factors affecting the handover performance
are the traffic type and network loading. In this thesis, an efficient network selection
method for handover is investigated. In the study, a multi-tier, multi-RATs hetero-
geneous network is considered. We first propose a novel algorithm for selecting the
most suitable candidate network. We then propose a method for reducing the num-
ber of unnecessary handovers by considering the distance between the vehicle and
the target Base Station (BS). The short-list of the potential target networks includes
only those lying in the direction of movement and are determined based on the geo-
location of both vehicle and the candidate network BSs. Certainly, the better network
performance is achieved by reducing the scanning time of the candidate networks.
The surveyed literature has shown that the network load at the target network
has a significant impact on the handover performance due to an increased handover
drop probability. For example, a macro-cell BS could be regarded as a good candidate
network for V2I communication due to the reasonable sojourn time, however, in the
case, the BS is overloaded all handover requests are dropped. The integration of

mobility and network information can further improve handover performance. A

x1i



xlil

network selection method that applies the knowledge of both mobility and network
load information is proposed for further improving handover performance. The better
performance is achieved by optimizing the parameters such as cell dwelling time, load
index, and Received Signal Strength (RSS) values. The type of traffic such as safety-
related applications that require stringent QoS requirements and the network usage-
cost also influence the network selection for handover. The concept of multi-criteria
decision making which combines cell QoS metrics and user budget is investigated and
applied for developing an application- aware network selection for handover method.
Five application profiles are proposed based on the QoS metrics and network usage
monetary cost. It was observed that the QoS of V2I safety-related applications could
be guaranteed once they are allocated to the appropriate application profile.

The thesis includes three main contributions. First, the scanning time of all avail-
able networks in the direction of movement is reduced by geo-locating both the vehicle
and candidate network base stations. Second, by getting the knowledge of network
information and vehicle mobility we further improved the system performance. Third,
the overall network performance/utilization is improved by considering traffic type
and network usage-cost. The thesis concludes with network design guidelines and

deployment strategies for various practical network scenarios.
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Chapter 1

Introduction

Recently, there has been enormous growth in user demand for wireless services and ap-
plications due to the need for accessing information anywhere, anytime. This growth
was accelerated by the development of the Apple iPhone and Android applications
that came out in 2007 and 2008, respectively. Since then, the need for a system with
higher data capacity has been inevitable [1]. Furthermore, the need for higher data
capacity in wireless networks was exacerbated by the emerging vehicular network ap-
plications, namely, road safety, traffic management, and infortainment applications.
Vehicular network applications require seamless connectivity for moving vehicles. Fig-
ure 1.1 presents a vehicular network. Vehicles communicate with each other in the
form of an ad-hoc mode (vehicle-to-vehicle (V2V) communication) or connect to the
Internet through fixed roadside infrastructure components (vehicle-to-infrastructure
(V2I) communication).

While V2V applications are mostly designed for road safety, V2I applications
benefit in-vehicle users who spend considerable hours in private vehicles or public
transportation. Under the always-connected paradigm, the V2I network will provide
in-vehicle users with ubiquitous network connectivity at all times. V2I communica-
tion is useful for on-road vehicular applications such as safety and security, efficient

utilization of roads and intersections, infotainment applications, and payments.



ITS Servers

Figure 1.1: A typical V2V and V2I communications network configuration.

Despite these advantages of V2I applications, one of the challenges faced by V2I
communications is providing a seamless connectivity to moving vehicles. Currently,
available vehicular network infrastructures do not provide total coverage, thus pre-
venting in-vehicle users from accessing internet content such as news and weather
information continuously. Standardization efforts in vehicular networks have resulted
in Wireless Access for Vehicular Environment (WAVE) protocol. The WAVE protocol
integrates the IEEE802.11p at mac and physical layers; hence, its main limitation is
linked to scalability issues [2]. On the other hand, the automotive industry has been
building a fully featured vehicle On-Board Unit (OBU) that may integrate different
communication technologies such as Wi-Fi, UMTS, LTE and WiMAX to solve the



scalability issue and reinforce the communication systems of vehicles [3]. The multi-
homing vehicle OBU will have different alternatives for communications; however, the
primary challenge will be an increased number of frequent unnecessary handovers [4].

The research community has been making considerable progress towards the con-
vergence of the different radio access technologies. Consequently, there are numerous
proposals addressing heterogeneous networks in terms of handover management, pro-
cedures, and protocols. Furthermore, in addition, since 2008, in its Release 8, the
Third Generation Partnership Project (3GPP) Group has introduced the Access Net-
work Discovery and Selection Function (ANDSF) to enable a 3GPP compliant UE
to discover non-3GPP access networks (e.g., Wi-Fi and WiMAX). In latter 3GPP
Releases (1012) this has advanced to the extent of supporting the UE to discover,
select and connect to both non-3GPP and 3GPP access networks (UTRAN, LTE,
and HSPA).

1.1 Motivation

With the advancement of wireless technologies, mobile users demand ubiquitous in-
ternet connectivity anywhere and anytime. To achieve this, Fifth Generation (5G)
wireless networks will have a seamless coexistence of multi-tier heterogeneous radio
access technologies (e.g. LTE, Wi-Fi, WiMAX, ToT Low Power Wide Area Net-
works) [1]. There will be network densification with the macro-cells overlaying the
plethora of heterogeneous small cells of different coverage areas (femto and picocells).

For effective vehicle-to-infrastructure (V2I) communication in an urban multi-tier
heterogeneous network environment, vehicles on the move will need to perform fast
and successful handovers between macro and small cell networks, and among the var-
ious small cell networks, to ensure seamless mobility and communication. Currently,

there are various studies covering handover management over heterogeneous networks,



but most of them were proposed for low-speed mobile users and most only take into
account a few processes and parameters. This thesis presents QoS-aware handover al-
gorithms developed to facilitate seamless handover activities for V2I communications

over multi-tier, multi-RAT environments.

1.2 Research objectives

This research aims to identify relevant factors affecting the handover performance in
V2I communications over multi-tier heterogeneous networks, thus offering a strong
foundation to scientists interested in the vehicular network research area. Moreover,
the primary objective of this thesis is to develop handover algorithms capable of man-
aging different underlying radio access technologies by assessing diverse parameters
from numerous sources. These parameters include node mobility, network availabil-
ity and capacity, user profile and geo-location information to optimize the network
selection process for a near future handover. The primary objectives of this thesis

were to:

e Develop novel handover methods for efficient V2I communication over multi-

tier, multi-RAT networks.

o Create a multi-interface mobile node in OPNET modeler that is used to test

and evaluate the proposed handover algorithms.

1.3 Research methodology for investigation

The main objective of this thesis is to develop QoS-aware handover algorithms for
V2I communication over multi-tier heterogeneous networks. To achieve this objective,

both analytical models and simulations have been used to study system performance.



Figure 1.2 outlines the methodology adopted in this thesis. Both analytical and
simulation models were used to develop three handover methods: (1) the distance
based handover method (Chapter 4), (2) the mobility and network load aware han-
dover method (Chapter 5) and the application-aware handover method (Chapter 6).
The advantage of these three handover methods is that the best candidate network for
a future handover is selected based on the combination of the knowledge about node
mobility (e.g. speed and direction), some information about the candidate network
such as network load and the QoS requirements (e.g. bit-rate, delay, and packet loss)
of the on-going applications. This provides an optimized decision for network selection
and facilitates reliable handover performance estimation. Furthermore, a customized
mobile node that integrates multiple network interfaces is created (Chapter 5) for
simulation set up and the performance study of these handover methods.

Given the characteristic of this research work, setting a real world experiment is
highly expensive. Thus, computer simulation is used to analyze and evaluate the
developed handover schemes. The OPNET (Riverbed) simulator [5], was used exten-
sively as a primary tool for the simulation set up and performance evaluation. The
OPNET modeler is selected due to its ability to support various wireless radio access
technologies including cellular, WiMAX, and WLAN. Moreover, the OPNET is flex-
ible in terms of creating different movement trajectories, which is a key requirement
for V2I communications. Besides, MATLAB was used to evaluate the performance of
the mathematical concepts of the designed algorithm (only in chapter 5). OPNET is
a credible simulation tool, OPNET ranks at the third position among various simula-
tion tools used in communication studies published in 2007 to 2009 [6]. Simulations
were also used for validation of our proposals by comparing simulation results with

conventional handover methods and related studies in the literature.
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Figure 1.2: Block diagram of the adopted methodology.



1.4 Contributions and the structure of this thesis

The overall structure of this thesis is shown in Fig. 1.3. Providing a seamless and
efficient connectivity for V2I communications over a multi-tier heterogeneous wireless
network requires a basic understanding of different radio access technologies and V2I
applications. Chapters 2 and 3 of the thesis present the background material for these
areas.

Chapter 2 covers a detailed overview of wireless technologies (candidates to sup-
port V2I communications) and the viability to support V2I communications. Also in
this chapter, V2I applications are introduced.

Chapter 3 provides a deep review of research issues in V2I communication over
multi-tier multi-RAT heterogeneous networks. In a review, the existing vehicular
network-related studies which include mobility management and data dissemination
are investigated and were also published in [7]. Most of the identified key challenges
are associated with mobility management and have led to the development of the
novel handover approaches, the main contributions of this thesis.

The original contributions of the thesis are presented in Chapters 4 to 6, which are
primarily concerned with network selection algorithms that are mainly designed to
meet high mobility features of vehicular networks, particularly V2I communications.
These algorithms are developed in a sequential and incremental method. Published
papers associated with this work include references [8,9]. This thesis includes three
network selection methods. Each network selection method is associated with a par-
ticular handover algorithm. Consequently, in this thesis, the network selection method
and the handover algorithm are used interchangeably. We proceed to describe these

network selection methods briefly:

e Distance-based Network Selection Method for V2I communications

Network selection is a key procedure for successful handover activities. Due to
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Figure 1.3: The structure of this thesis.

the high speed of vehicles, vehicular networks over the multi-tier heterogeneous



wireless network will experience an increased number of handovers. The con-
ventional /traditional handover procedure is based on the value of the received
signal strength (RSS) measurements of the target network AP/BS measured by
the UE (User Equipment). Due to the lack of information about the coverage
area of the candidate networks, the vehicle is likely to select the target AP /
BS with the highest RSS value, but this may not be so appropriate in terms of

how much time the vehicle spends in its service area.

To enhance the network selection process, the proposed method pro-actively
evaluates all candidate networks, first based on their geo-locations relative to
the movement direction and secondly based their proximity to the vehicle trajec-
tory (road). The shorter the distance between AP and the vehicles movement
trajectory, the higher the selection probability of a candidate network. The
contribution of this algorithm is twofold: it reduces the number of unneces-
sary handovers and it also improves the overall handover delays by limiting
the number of candidates AP/BS to be scanned. The implementation of this
method is detailed in Chapter 4 and the handover algorithm produced is named
Distance-based Handover Algorithm for V2I communications (V2I-DHA).

Node Mobility and Network Load-aware Network Selection Method

for V2I communications

This network selection method extends the idea proposed in V2I-DHA by con-
sidering both UE mobility and network resources available before sending a
handover request. Moreover, this method considers both downward (vehicle
switches its connectivity from a large scale to small-scale network) and upward
(vehicle switches its connectivity from a small scale to a wide scale network)
network selections. For downward network selection, the method considers the

dwelling (residence) time (the time a UE spends within the coverage area of the
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selected BS/AP), the network load, which represents the capability of the tar-
get AP/BS to accommodate handed sessions, and the RSSI value of the target
AP/BS. On the other hand, an upward handover is mandatory to prevent the
UE from losing its ongoing connection as it moves out of the coverage area of
the serving small cell AP/BS. This algorithm reduces the handover dropping
probability, by limiting vehicles to select the candidates with an increased load.
The implementation of this method is detailed in Chapter 5 and the handover
algorithm produced is named Mobility and network Load-aware Handover Al-

gorithm for V2I communications (V2I-MoLoHA).

Multi-Criteria Cell Selection Algorithm for V2I communication

This is an extension of its predecessor, V2I-MoLoHA. Once the filters in V2I-
MoLoHA have filtered out inappropriate candidate networks, this algorithm
applies the multi-criteria decision-making method to make sure that the can-
didate network is selected based on application requirements. The proposed
method is expected to provide an improved network resource management due
to the different user profiles defined based on various sets of criteria. Similar
to V2I-MoLoHA, this method considers both handover directions: downward
and upward network selection. Moreover, this method also considers network
selection among small cells. While the previous algorithms can select the best
AP/BS, regardless of how many network resources are required for the current
applications, the key contribution of this network selection method is to im-
prove the overall network resource management by enabling the mobile node
to select a target AP/BS based on the traffic type of an ongoing application.
The implementation of this method is detailed in Chapter 6 and the handover
algorithm produced is named Multi-criteria based Handover Algorithm for V2I
communications (V2I-MHA).
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e The handover algorithms are coded and tested in OPNET modeler. Currently,
OPNET modeler does not have any multi-interface nodes. Thus, we have con-
tributed to the existing OPNET codes by customizing a traditional user equip-
ment (UE) according to the developed algorithms. Moreover, Wi-Fi AP, LTE
eNB and core network are enhanced to accommodate the new features of the

proposed handover algorithms.

Finally, the thesis is summarized and concluded in Chapter 7.



Chapter 2

V21 Communications and Wireless
Technologies

2.1 Introduction

In Chapter 1, the motivation for utilizing heterogeneous wireless networks to under-
lay V2I communications was presented. In a heterogeneous network environment,
handover is the key challenge to provide a mobile user with a reliable and seamless
connectivity. Hence, the primary objectives of this thesis were to identify the key
factors that affect handover performance and to propose a system that can provide
an acceptable QoS level when a user performs a handover activity. To achieve this
objective, a brief review of wireless technologies and V2I communications is required,
and is included in this chapter. In Section 2.2, the basics of wireless technologies are
discussed. Also, this section includes a discussion of the viability of each presented
technology to support vehicular networks. Moreover, the concept of multi-tier multi-
RAT heterogeneous networks is presented.

Section 2.3 describes V2I communications applications and the possibility of sup-
porting them in a multi-tier multi-RAT network environment. It also presents the key

challenges related to the high mobility characteristic of vehicular networks. Section

12
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2.4 discusses the research methodology adopted in this thesis. Finally, the chapter is

summarized in Section 2.5.

2.2 Wireless Technologies

Wireless technologies have been advancing in terms of data rates, efficient spectrum
management and the range of service areas as well as the number of supported users.
With respect to the data rate, the wireless network has improved from a few Kbps up
to Gbps nowadays. Moreover, to increase the communication range and to support an
increased number of users, various mechanisms have been deployed including a multi-
tier (also known as multi-layer) network architecture and an integration of multi-radio
access technologies (Multi-RATs).

In this section, we will portray the essentials of the wireless technologies (Wire-
less fidelity (Wi-Fi), Worldwide Interoperability for Microwave Access (WiMAX) Ad-
vanced Long-Term Evolved (LTE-A)), candidates to support V2I communications.

2.2.1 Wi-Fi

Wireless Fidelity (Wi-Fi) is a technology for WLAN and Wi-Fi devices based on IEEE
802.11 standards. Wi-Fi has achieved a big market due to high market penetration;
it supports a relatively high data rate and covers a short-range distance. The recent
version, IEEE 802.11n, offers about 100Mbps, however, some studies have revealed its
performance reduction due to interference [10]. Several studies confirmed the viabil-
ity of the Wi-Fi technology to support moving nodes at the vehicular speed. On the
other hand, its short-range transmission resulting in frequent transmission interrup-

tion becomes a big challenge, particularly when vehicles are moving at high speed. [11]
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discussed the use of WLANs (IEEE 802.11) to support vehicle-to-infrastructure com-
munications. The author focused on the innovations in the legacy 802.11 handover
procedures. Throughout this research, some experiments were done to prove the ar-
guments of the researcher. Though WLANs APs are widely distributed, the challenge
is the handover latency between APs compared to the time a vehicle node will spend
in its range. To overcome this challenge, the physical layer of the Wi-Fi protocol has
been modified resulting in the two well-known vehicular network standards DSRC

and WAVE that are discussed in the subsequent sections.
e Dedicated Short Range Communication (DSRC)

DSRC has been developed and standardized in the USA [2] and is derived from
the IEEE 802.x family using licensed spectrum at 5.9 GHz with seven channels of
10 MHz bandwidth (5.850-5.925 GHz). This is half of the bandwidth used in IEEE
802.11a. Among the seven channels, two at the ends are reserved for special uses;
one in the centre is the control channel (CCH) limited to safety applications, and the
rest are service channels (SCH) available for both safety and non-safety usage. It is
worth noting that the regional (USA, Japan and Europe) standardization of DSRC
was slightly different in terms of selected radio frequencies, allocated bandwidth,
number of channels, data transmission rate, and coverage. The details of the DSRC

specification can be found in [12].
e WAVE

As previously mentioned, DSRC is derived from IEEE 802.11a. The major mod-
ification was made at the physical layer, where the authentication process was sup-
pressed to speed up the network discovery and selection processes. However, DSRC
suffers from multiple overheads inherited from the MAC layer and this fact makes it

difficult to provide the fast data exchange compulsory for vehicular networks [2]. To
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address this issue, the American Society for Testing and Materials (ASTM) working
group, ASTM 2313, migrated the DSRC effort to IEEE802.11p WAVE, which inte-
grates both the MAC and physical layers [2]. WAVE defines two classes of devices:
OBU and RSU. The former is essentially used as a stationary device, while the latter
is used as a mobile device. WAVE uses Orthogonal Frequency Division Multiplexing
(OFDM) to divide the signal into a number of narrow band channels. In the WAVE
stack, the access media and physical layers are derived from IEEE802.11a, while the
operational functions and channel planning are handled by IEEE 1609 standards [13]
IEEE P1609.1 defines resource management, IEEE P1609.2 works on security, IEEE
P1609.3 works at the network layer and IEEE P1609.4 defines a standard for the me-
dia access control extension sub-layer (Layer 2) that defines interfaces between these
multiple applications and communication stacks that interface with ASTM 2213-02
(IEEE 802.11a). Despite the efforts invested in improving WAVE functions to meet
the high-speed and dynamic topology changing nature of vehicular networks, a re-
cent study in [14] has listed various challenges requiring further research. That list
includes latency and capacity requirements for safety applications, security, and scal-

ability, to mention a few.

2.2.2 WiMAX

Worldwide Interoperability for Microwave Access (WiMAX) or IEEE 802.16 is de-
signed to solve IEEE 802.11 short-range transmission and to deliver a high data rate
to end-users. Theoretically, WiMAX covers a large geographical area, up to 50 km,
and, to deliver significant bandwidth to end-users, up to 70 Mbps theoretically. The
first release of WiMAX was in 2004 and it was only to support fixed broadband wire-
less communications. The second release named IEEE 802.16e or mobile WiMAX

was released in 2005 [15]. Mobile WiMAX can support high speed nodes up to 160
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km/h and guaranteed services for data, voice, and video, even for non-line-of-sight
transmissions [16]. WiMAX works with many bands: 2.3 GHz, 2.5 GHz and 3.5 GHz
and it can use any available spectrum from 1.25 MHz to 28 MHz. While WLAN uses a
contention-based channel access mechanism, WiMAX has got a scheduling algorithm
for which the subscriber nodes need to compete only once for initial entry into the
network; after that, they are allocated an access slot by the BS [17]. Various papers
have proved WiMAX viability to support vehicular networks [15,18]. The author
of [18] confirmed that WiMAX technology could be used to connect moving vehicles

on highways to peers at home or in office.

2.2.3 LTE & LTE-A

Mobile data growth was accelerated by the development of the Apple iPhone and
Android applications that came out in 2007 and 2008, respectively. Since then, the
need for a system with higher data capacity was inevitable [1].To cope with those
changes in mobile data demand, Long Term Evolution (LTE) was designed in a project
named 3GPP (Third Generation Partnership Project) founded by a collaboration of
national and regional telecommunication standard bodies [19]. Initially, the effort
of 3GPP produced a system named Universal Mobile Terrestrial Systems (UMTS),
which was an evolution from the GSM system. UMTS itself was an advancement
from the GSM frameworks.

The Figure 2.1 presents the architecture of the LTE system. While the UMTS
and GSM systems deploy both circuit switching (CS) to handle voice application and
packet switching (PS) for data communication, the LTE system deploys the evolved
packet core (EPC) to distribute all types of information (voice and data) to the UE
using the packet switching technologies. The Evolved UMTS Terrestrial Radio Access
Network (E-UTRAN) handles the EPCs radio communication with the UE, and the
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Figure 2.1: The system architecture of LTE.

mobile terminal is named user equipment (UE).

The LTE system was required to provide an improved data rate, reduced end-to-
end latency, wider coverage area and mobility support. With respect to data rate, the
target was to deliver 100 Mbps in the downlink and 50 Mbps in the uplink; however,
these requirements were eventually exceeded, the developed LTE system delivering
300 Mbps and 75 Mbps peak data rate in downlink and uplink, respectively [1]. In
terms of latency, LTE provides considerably less end-to-end delay due to the reduced
amount of communicating equipment required in the core network. Also, LTE is
optimized in terms of cell coverage and mobility, it can support a wider cell size up
to 10 km and the mobile nodes can speed up to 350 km/hr over LTE networks [1].

Motivated by the exponential increase of mobile data traffic demand and Interna-
tional Telecommunication Union (ITU) requirements, the cellular network technolo-
gies have been upgrading over time from the second generation Global system for
mobile (GSM) up to the current Long Term Evolution Advanced (LTE-A) [1]. While
the specifications of the regular LTE system are well defined in 3GPP Release 9, LTE-
A is defined in 3GPP Release 10 and this is an upgraded version of LTE technology
which increased the peak data rates to about 1Gbps in the downlink and 500Mbps
in the uplink. LTE-A utilizes a higher number of antennas to increase the data rates
and provide carrier aggregation features. Table 2.1 compares LTE and LTE-A based

on selected key specifications.
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Specifications LTE LTE-A

Standard 3GPP Release 9 3GPP Release 10

Bandwidth supports 1.4MHz, 70MHz Down-
3.0MHz, 5MHz, link(DL), 40MHz
10MHz, 15MHz, Uplink(UL)
20MHz

Data rate 300 Mbps Down- 1Gbps Downlink(DL),
link(DL)  4x4MIMO 500 Mbps Uplink(UL)
and 20MHz, 75 Mbps
Uplink(UL)

Theoretical Through-
put

Modulation schemes

supported

Access technique

Carrier aggregation

About 100Mbps for
single chain, 400Mbps
for 4x4 MIMO. 25% of
this is used for control
overhead

QPSK,
64QAM

OFDMA (DL),DFTS-
OFDM (UL)

16QAM,

Not supported

2 times than LTE

QPSK,
64QAM

Hybrid OFDMA (DL),
SC-FDMA (UL)

16QAM,

Supported
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e LTE-A for V2X

There are more than 30 studies in the anticipated LTE release 14 [20]. LTE-
V2X is one of them. LTE mobile networks are fast becoming the preferred mode of
communication between vehicles and roadside infrastructure. With respect to V2I
communication, LTE offers superior network capacity, higher coverage, and greater
mobility support but suffers from higher latency in comparison to 802.11p with an
increase in network load [21]. Moreover, to facilitate the availability of real broadband
for end users even in areas of high vehicle density, the deployment of small LTE base
stations forming microcells is required on top of the existing LTE infrastructure that
can be used to provide V2I communication through LTE-enabled vehicular on-board
units (OBU) or smartphones [21]. One such example of LTE OBU is QUALCOMM
Snapdragon X5 LTE modems for vehicles. In terms of LTE-V2X standardization, LTE
device-to-device (LTE-D2D) has paved the way for V2X communication and 3GPP
SA1 started Rel-14 LTE-V2X SI from February 2015 with support from a significant
number of companies [22]. Hybrid approaches combining LTE and 802.11p can also

be suitable for V2I communication as proposed in [23].

2.2.4 Multi-tier, multi-RATSs heterogeneous networks

The evolution of 4G technology has made it possible to integrate non-3GPP technolo-
gies, including Wi-Fi and WiMAX into the 3GPP designated Evolved Packet Core
(EPC) eventually providing access to packet data networks (PDN). Moreover, this
integration is also known as a heterogeneous network. A heterogeneous network uses
a variety of radio access technologies and different cell formats, each having different
functionalities, capabilities, and constraints [24]. The concept of heterogeneity can be
defined either in terms of various network sizes (or cell sizes) or in terms of coexisting

wireless networks using different radio access technologies (RATs). The actual term
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multi-tier is utilized to portray the different sizes with BSs/APs of various transmit-
ting power, capacity (supported number of subscribers) and BS/AP density [25]. As
illustrated in Figure 2.2, the biggest level cell is named the macro-cell and its cell cov-
erage area provides the widest range. The macro-cell is found in most rustic regions
and can be situated along major highways. The next relatively smaller size cell is
named the micro-cell, also known as a small cell [1]. It is mostly utilised in populated
areas including shopping centers, It is mostly utilized in populated areas including
shopping centres, industrial places, and large office structures. The smallest cell is the
femtocell. The femtocell is an indoor low power BS used to provide radio access in a
relatively small area such as an individual office or home. Moreover, Wi-Fi cells also
belong to the microcell type due to their limited transmit power area. Furthermore,
a network environment, which integrates multiple radio access technologies (RATSs)
of various cell sizes, is referred as a multi-tier, multi-RAT network.

Recently, LTE-Advanced [25] has introduced the concept of multi-tier networks
where small cells are overlaid on the macro-cells in order to overcome the challenges
related to network resource management and coverage gaps. The study in [24] has
mentioned the effectiveness of such BS densification methodology to enhance net-
work performance in terms of capacity, coverage, spectral efficiency, and power con-
sumption. However, increasing the number of small cells introduces the following

challenges [24]:

e Co-tier interferences : due to unplanned small cells deployment and lack of

coordination between different tiers.

e Handover : due to small coverage distance, mobile users frequently move in or
out of coverage area, resulting in a high number of handovers with an increase

in ping-pong effects.

e Back-hauling: the key challenge is to design the back-haul network to connect
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Figure 2.2: Multi-tier, multi-RAT network environment.

complex topologies of the various types of coexisting cells.

Besides, LTE-Advanced architecture [26] includes heterogeneous networks, known
as HetNEts that combine conventional outdoor cell towers with the newer concept
of small cells located on buildings or even light poles. Also, to take advantage of
unlicensed spectrum, in its releases 13 and 14, the 3GPP project introduced the
LTE- WLAN aggregation (LWA) standard that anticipates the integration of LTE
and Wi-Fi technologies in the same mobile devices and the device can be configured
to utilize both the LTE and Wi-Fi links simultaneously [27].

The deployment of multi-tier, multi-RAT networks is fueled by the cellular net-
work as an instrument to meet the higher increase of data demand. The main ad-
vantages of deploying small cells include solving network capacity issues, eliminating

dead zones present in macro-cell coverage areas, and better throughput, to mention
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a few. Small cells solve network capacity issues by offloading macro-cell base stations
where the unlicensed Wi-Fi is integrated with cellular technologies for offloading pur-
poses. Secondly, small cells are deployed in areas of poor coverage such as cell edge
or indoor areas. The distance between the user and small cell base station is rel-
atively small and this translates into the higher signal quality that leads to better
throughput. Further- more, deploying small cells reduces the number of macrocell
towers which consume high power, and thus they are environmentally friendly as
they provide a cleaner signal at less transmitting power. However, small cell deploy-
ment has met various challenges from a technical perspective. The increased number
of small cell base stations leads to frequent handovers, particularly for medium to
high-speed mobile nodes. Most of these handovers result in handover failure due to
the limited coverage area of the small cell BS and thus implies an increased number
of packet drops that may affect the service quality of the on-going communication
sessions. Moreover, multi-tier networks require some optimized engineering mecha-
nism to eliminate interference since small cell BSs are deployed by users in arbitrary
locations.

Needless to mention, network operators need innovative techniques to handle ever-
increasing data demands. The precipitous growth in IoT will create an exponential
increase in data demand which cannot be met with todays network capacity. In or-
der to provide the necessary coverage for IoT, small cells must be densely deployed
on a wide-scale basis, and this calls for a new innovative network selection mecha-
nism, which will optimize handover management in multi-tier, multi-RAT network
environments. The following subsection discusses two standard mechanisms, which
were developed to facilitate network selection in a heterogeneous wireless network

environment composed of various access technologies.
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2.2.5 Network selection standards

To facilitate fast and seamless handover in an area with overlapping multi-RATs,
two standard protocols were independently proposed by IEEE and 3GPP: Media
Independent Handover (MIH) proposed by IEEE and Access Network Discovery and
Selection Function (ANDSF) proposed by 3GPP [28]. Both MIH and ANDSF are
utilized for providing a mobile node with rich information about neighbouring cells

for a fast handover.
e Media Independent Handover (MIH)

The MIH (IEEE 802.21) protocol defines procedures and methods to facilitate
neighbourhood network discovery, as well as the selection and handover activities
between heterogeneous networks [29]. MIH lists all available radio access technolo-
gies in the vicinity along with their operator ID, security mechanisms; cost, QoS,
capabilities (such as emergency services) etc. This protocol was primarily defined to
support handovers between IEEE 802.x networks and cellular technologies, which are
the main candidate V2I communication underlying network technologies [30].

The MIH defines three main services: Media Independent Event Service (MIES),
Media Independent Information Service (MIIS) and Media Independent Command
Service (MICS). While the MIES detects the changes on the lower layers, the MIIS
allows the MIH to discover its network environment by gathering information that
the upper layers use to make decisions. This information includes the location of
neighbouring PoA, operator ID, roaming partners, cost, security, QoS, PoA capabil-
ities, and vendor-specific information, among others. Finally, the MICS allows the
MIH client to take control over the lower layers through a set of commands. The
MIH client decides to switch from one PoA to another based on the information
gathered by these three services. The primary design principles of the MIH standard
are defined in [31].
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Concerning V2I communications over heterogeneous networks, MIH will not only
provide a list of available RATs, but also the relevant information to enable the vehicle
to select the appropriate target network [32]. However, the MIH function in its current
form will not assist the vehicle with providing a prioritized list of candidates RAT's
(e.g., those RATS lying in the future vehicle direction). Consequently, the vehicle will
spend much time scanning all available candidate RATs, while only a few of them
could be potential candidates to which, the vehicle may handoff to, in the near future.
This may result in increased overall handover latency, which implies more packet loss,
and affects the required service quality. Thus, the current MIHF needs modifications

to fit V2I communication requirements.
e Access Network Discovery and Selection Function (ANDSF)

The Third Generation Partnership Project (3GPP) Release 8 has introduced the
Access Network Discovery and Selection Function (ANDSF) entity within an Evolved
Packet Core (EPC) of the System Architecture Evolution (SAE) for 3GPP compliant
user equipment (UE) to automatically discover and select the most suitable underly-
ing wireless access network based on certain priorities and policies that are predeter-
mined by network operators. Although, ANDSF was introduced primarily to discover
non-3GPP access networks (e.g., Wi-Fi and WiMAX), in latter 3GPP Releases (10-
12) [33], this has advanced to the extent of supporting the UE to discover, select and
connect to both non-3GPP and 3GPP access networks (UTRAN, LTE and HSPA)
UE [34]. ANDSF protocol makes network transitions seamless for end users and net-
work traffic manageable for service providers. Unlike traditionally preferred roaming
lists (applied on the 3G network) which were static, ANDSF is a HetNEt solution
which determines the most appropriate network to select based on rules evaluation
and operator objectives [35]. ANDSF provides not only a list of networks that may

possibly be in its service area but also suggests a network priority list, to the UE [34].
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The ANDSF server is able to interact with it through the OMADM (Open Mobile
Alliance Device Management) protocol over the S14 interface in the 3GPP EPC [33].
This interface supports both push and pull data communication methods [36].

For efficient communication between the ANDSF client and the ANDSF server,
ANDSF protocol consists of various ANDSF management objects. Among these ob-
jects, three are frequently used: the UE location management object (UEL-MO),
Network Discovery Information (NDI) Management Object (NDI-MO), and ISMP
Rules management object (ISMP-MO). The UEL-MO dynamically monitors and re-
ports the devices actual network location to the ANDSF server. This enables the
optimal usage of heterogeneous network resources, as well as improving the user
experience by enabling the best connection at any moment or any location. The
NDI-MO contains access and location information which expedites the connection to
the desired network. However, NDI information does not specify when or how the
device should use the network. Finally, the ISMP-MO defines the policy rules for the
device to discover, select and establish a connection into a network using guidance

such as validity conditions and access priority [37].

e MHI Vs. ANDSF

Unlike the MIH protocol, ANDSF provides UEs with a list of networks that may
possibly be in its service area, along with their geographical coordinates, which may
enable the mobile node to pre-select and store potential target networks, to which it
may likely handoff to in the near future. Consequently, with respect to V2I commu-
nication of heterogeneous wireless networks, we consider that ANDSF must be taken
into account while designing a vertical handover architecture.

The objective of this thesis was to develop novel network selection mechanisms
suitable for high-speed mobile nodes, such as vehicles. The following sections discuss

the viability of HWN to support V2I applications.
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2.3 V2I Communications

As was stated in the introductory chapter, in V2I communication, vehicles exchange
data or connect to the Internet through fixed roadside infrastructure components,
called Road Side Units (RSU). The RSUs, connected to the backbone IP networks,
communicate with the vehicle on-board units (OBU) to receive and transmit dif-
ferent on-road information (e.g., on-road traffic calculations, accident warnings etc.)
from and to nearby vehicles as they pass by [3]. Based on the type of transmitted
information, V2I communications define three main applications that are discussed
in this section. Furthermore, the viability of the integrated multi-tier, multi-RAT
heterogeneous networks to support V2I communications is discussed and the related

challenges are presented in Chapter 3.

2.3.1 V2I Applications

Vehicular network applications include both safety and non-safety-related applica-
tions. Safety applications may include driver assistance and road hazard warning
applications. The non-safety applications could be road traffic management, remote
vehicle diagnostics, air pollution monitoring, and onboard comfort and entertainment
[2]. These applications are supported through V2V and/or V2I communications using
various underlying wireless technologies. The V2I applications and related use case

examples are discussed next.

2.3.2 Safety-related applications

These applications provide drivers of vehicles with information about different hazards
and situations they generally cannot see. These applications include hard safety

(time-critical) and soft safety (less time-critical) applications [38]. While the former
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Table 2.2: V2I safety applications.

Type of Applica-
tion

Brief description

Potential benefits

SWIW/OVW
[39]

RSZW [39]

RCVW [39]

SVW [39]

This application warns drivers
about severe weather conditions
that may impact travel conditions

RSZW increases the vehicles
driver awareness about the posted
speed limit in reduced speed
zones and changed roadway con-

figurations.

RCVW is designed to warn
drivers about railroad crossing lo-
cations

SVW increases vehicle’s driver

The driver takes extra
care to avoid any weather-
related accidents

Avoids any possible acci-
dents for pedestrian or in-
frastructure destruction at
work zones

Avoids any possible crash
between a vehicle and train

No Stop-sign violation

awareness about stop-sign loca-
tions

aim to avoid imminent hazards/crashes and minimize damage when crashes become
unavoidable (mainly supported by V2V Communications), the later primarily enhance
driver safety awareness without requiring any instantaneous reactions. In V2I safety-
related applications, achieving the required low latency which generally varies from
under 100ms, is the typical challenge [39]. Thus, V2I communications are expected
to support soft safety applications, which include intelligent traffic signs, weather
conditions, construction zones and traffic congestion. The study in [39] has explored
various cases of V2I road safety applications, which are summarized in Table 2.2.

Additional work on V2I safety applications can be found in [40].
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2.3.3 Traffic efficiency and management applications

These important applications aim to improve the management of traffic on the roads
by providing users with traffic assistance and by updating local traffic information. A
vehicle or RSU collects information about traffic conditions, passes this information to
other vehicles either directly or through a remote server, enabling them to choose an
alternate route, which optimizes the travel time. Speed management (e.g., regulatory
contextual speed limit notification and greenlight optimal speed advisory) and co-
operative navigation are the primary examples of traffic management applications
[41]. Typical actions in response to traffic management messages would be to proceed

with caution or to take an alternative route to avoid the dangerous conditions ahead.

2.3.4 Entertainment and personalized applications

These applications may help to extend internet access to the moving vehicle so that
passengers may continue working on their office work while on the move. Passengers
are not only able to access different web applications, but also applications relating to
VoIP, video, multimedia streaming, navigation and localization services [42]. Exam-
ples of such applications include searching for the nearest gas station or looking for the
nearest McDonalds restaurant. These applications do not usually suffer from strin-
gent communication constraints, like restricted latency or packet loss, although high
data throughput may be occasionally required. The effectiveness of these applications
depends on the capability of V2I communications underlying network technologies.
While the WAVE enabled RSUs to provide reduced latency for V2I communications,
the development of cellular technologies has extended their capabilities to provide
reduced latency for safety applications [43]. The study in [44] has shown that the
recent version of Long Term Evolution (LTE) provides low transmission latency, very

high data rate (> 100Mb/s) and it can tolerate high mobility. Both of these features
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are imperative for road safety applications. Radio Access technologies (RATSs) such
as Wi-Fi, WIMAX, 3G and 4G networks can work cooperatively to support these

applications.

2.3.5 QoS requirements of applications-based on V2I com-
munications

Different vehicular network applications require a different quality of services. Safety
related applications, which include driver assistance and road hazard warning applica-
tions, are highly delay-sensitive. Safety messages must be delivered to neighbourhoods
within 100ms [41]. The non-safety applications, which comprise road traffic manage-
ment, remote vehicle diagnostics, air pollution monitoring, and on-board comfort and
entertainment, do not usually suffer from stringent communication constraints like
restricted latency or packet loss, although high data throughput may be occasionally
required. Moreover, the passengers on board are not limited to some real-time appli-
cations such as video conferencing and VoIP, which requires less end-to-end latency
and jitter. Table 2.3 summarizes one-way end-to-end latency requirements and the

traffic characteristics of delay-sensitive applications defined by ITU [45].

2.3.6 V2I in multi-tier, multi-RAT environment

WAVE (IEEE 802.11p/1609) (discussed in Section 2.2) is currently the primary stan-
dard to support vehicular networks. However, its main weakness lies in intermittent
connectivity, especially during low vehicle density (during non-peak traffic hours or
on rural roads where vehicles are far apart). The WAVE protocol can be used for
V2I communication if RSUs are ubiquitously deployed along the roads. However,

that may incur high infrastructural costs. The best way forward is the incorporation

of the WAVE protocol in heterogenecous RATs such as Wi-Fi, WiMAX, 3G and 4G
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Table 2.3: Latency requirements for delay-sensitive applications.

Applications Latency Require- Traffic characteris-
ments (ms) tics
Safety applications Critical safety < 100  Event-Driven

Safety warning < 100  Periodic

Video Conference preferred: < 150 continuous traffic
acceptable 150-400

VoIP preferred < 150 continuous traffic
acceptable: 150-400

Game action: < 80 continuous traffic
Interactive: < 250

cellular networks to support V2I communications [17]. As shown in Figure 2.3, the
WAVE-enabled RSU is located at road intersections for relaying and broadcasting
communication traffic. Because RSU setups are expensive, they cannot be deployed
throughout the road. Consequently, numerous researchers have suggested the use of
heterogeneous networks for V21 communications [17,42,43,46].

As was discussed in the previous section, the future generation of heterogeneous
networks integrates different access technologies characterized by various cell sizes
which add a number of opportunities and challenges associated with the inter-system
handover. Smaller network deployments, with reduced distances between receivers
and transmitters, provide an efficient solution to scarce radio resources by improving
spectral reuse and link quality. V2I communication can enjoy the following benefits
from networks with smaller cell sizes: improved quality of received signal due to a
reduction of the distance between transmitter and receiver, and ubiquitous coverage

at certain points of interest like road intersections and bus stops. On the other hand,
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Traffic sgrver
Internet

Figure 2.3: Integration of WAVE protocol and evolving RATs to support V2I com-
munication.

vehicle speed will be a problem for multi-tier networks. For a vehicle moving at high
speed in a multi-tier network environment having multiple low coverage underlying
cells, it will lead to unavoidably frequent handovers, thereby increasing the chances
of ping-pong activities. For example, in the scenario shown in Figure 2.4, multiple
small cells are deployed under the coverage area of an overlaid macro-cell to boost
the traffic capacity and communication link quality, especially at the edge of the
macro-cell.

A vehicle moving within such a networking environment will have to cross the
coverage areas of all these cells, which may even be governed by different service
providers. Such movements may result in multiple handovers from macro to pico or

pico to femto or femto to macro with the considerable possibility of increasing ping-
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Figure 2.4: V2I communication in a multi-tier scenario. Green lines represent back-
haul, red lines represent macro-to-pico-cell communications and arrows show wireless

links.

pong effects. These effects not only waste valuable network resources but also hamper
the handover performance. Under such circumstances, the communication system in
the vehicle will have to decide whether the best choice is to connect to the macrocells
BS or to a picocell/femtocells BS. By connecting to a picocell/femtocells BS, the
transmission distance between the vehicles OBU and RSU (picocells BS) is relatively
small, resulting in improved link quality. From the point of view of achieving high

link quality, vehicles located at the cell edges are better off connecting to available
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small cell BSs. However, as the travelling duration under small cell coverage areas is
relatively less, a vehicle will frequently switch cells performing unwanted handovers,
which may lead to packet losses. These unnecessary handovers become a potential
challenge for real-time applications. In the context of such situations, one may sug-
gest the use of small cells only for delay tolerant applications and moving the delay
sensitive application users from small cells to the macro-cell. For instance, a vehicle
under the coverage of a small cell may download and cache more bandwidth-hungry
data, e.g. delay tolerant multimedia data, such that passengers can keep using the
cached data when the vehicle moves out of small cell coverage areas. On the other
hand, for delay sensitive on-going real-time applications (e.g., VoIP, on-line gaming
and video conferencing), it is beneficial for the vehicle to stay connected to macro- cell
BSs. While Table 2.4 presents the notable features of candidate RATS to support V2I
communication, Table 2.5 shows different technologies used in different proposals. As
it can be seen from Table 4, apart from DSRC (IEEE 802.11p) dedicated for vehicular
communications, LTE was the most proposed to support V2I communication.

The decision to switch to an available small cell or remain connected to the macro-
cell may also require a multi-parameter (e.g., speed, coverage, and data rate) based
algorithm. This algorithm would calculate the time required to cross the cell coverage
area, then compare that computed time with the estimated handover latency, and
finally, make the decision based on the computed results. In this context, it is also
worth noting that small cells are more beneficial to fixed or nomadic network users

rather than to high-speed mobile users traveling in vehicles.

2.4 Adopted Handover Performance Approach

The primary factors that affect service quality of V2I communications over the multi-

tier multi-RAT heterogeneous networks are associated with handover activities due to
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Table 2.4: Wireless technologies for on-the-road communications.
Feature Wi-F1 802.11p UMTS LTE LTE-A
Channel width 20 MHz 10 MHz 5 MHz 1.4, 3, 5, Up to 100
10, 15, MHz
20MHz
Frequency 2.4  GHz, 5.865.92 7002600 7002690 450
band(s) 5.2 GHz GHz Hz MHz MHz4.99
GHz
Bit rate 6-54 Mb/s 327 Mb/s 2 Mb/s Up to 300 Up to 1
Mb/s Gb/s
Range Up to 100 Uptolkm Up to 10 Up to 30 Up to 30
m km km km
Coverage Intermittent Intermittent Ubiquitous Ubiquitous Ubiquitous
Mobility ~ sup- Low Medium High Up to 350 Very high
port km /h) (up to 350
km /h)
QoS support EDCA EDCA QoS QCI QCI
classes
V2I support Yes Yes Yes Yes Yes
V2V support A-hoc Ad-hoc No No D2D
Market penetra- High Low High Potentially Potentially
tion high high
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Table 2.5: Wireless network technologies used for V2I communications.

Proposals DSRC Wi-FI WiMAX UMTS LTE & LTE-A

Multi-RAT based V2I - X X X -
(6]

LTE for Vehicular net- - - - - X
work [42]

Vehicle safety commu- X - - - X
nications [30]

WiMA X-based - - X - -
V2I [15,18]

WAVE [2] X ; ; ; ]

Hybrid HTE & WAVE X - - - X
23]

LTE-V2X [22] - - - - X




36

high mobility characteristic of vehicular networks. Consequently, the performance of
a typical handover mechanism can be measured with respect to the handover latency,
the number of handovers as well as handover failure probability. This section depicts
methods for QoS performance adopted in this thesis.

It would be very costly to actually implement a realistic multi-tier multi-RAT het-
erogeneous network and get a smart vehicle with OBU embedded with multiple RAT
interfaces. Thus, this research will adopt computer simulation to test and evaluate
the performance of the proposed handover approaches for V2I communications over
multi-tier heterogeneous wireless networks. Moreover, simulation methods provide
means of varying different network metrics leading to a generalization of the research
findings.

Various simulators have been surveyed including OPNET (Optimized Network
Engineering Tools) Modeler which is widely used as a simulator tool for modelling
telecommunications networks [5], RUNE (Rudimentary Network Emulator) which
is a number of MATLAB functions that together make it possible to simulate a
cellular radio network [47] and VeinS (Vehicle in network Simulation) which is an
open source framework for running vehicular network simulations [48]. Both OPNET
(Riverbed) and MATLAB will be used for system performance evaluation. While
OPNET is used to study the performance of the whole network, MATLAB is used to
evaluate the performance of the mathematical algorithms primarily owing to the ease
of integrating Google Map with it. The proposed methodology is appropriate for my
work, which is supported by key network researchers [6,49].

In this thesis, the performance evaluation is presented for all proposed handover
algorithms, presented in Chapters 4, 5 and 6. While all proposed handover meth-
ods are simulated in the same network environment (integrated LTE-A and Wi-FI
technologies), it is considered that for each algorithm a multi-interface mobile node

(vehicle OBU) is modelled according to the proposed network selection approach.
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Furthermore, the effectiveness of the proposed algorithms is evaluated in comparison
with the performance of the conventional handover scheme that select the target net-
work based on received signal strength and one handover method selected from the

existing related studies.

2.5 Summary

This chapter discussed different radio access technologies that are candidates to un-
derlay V2I communications. While Table 2.4 presented the notable features of can-
didate RATSs to support V2I communication, Table 2.5 showed different technologies
used in different proposals. As can be seen from Table 2.5 | apart from DSRC (IEEE
802.11p) dedicated for vehicular communications, LTE was the most favoured tech-
nology proposed to support V2I communication. Besides, it is now believed that
V2I applications will be supported by heterogeneous multi-RAT networks to provide
vehicles with a ubiquitous connectivity anywhere, any time. However, the primary
challenge of V2I communication in multi-RAT environments is the occurrence of fre-
quent vertical handovers due to the high mobility of vehicles. Deployment of a system
selection and mobility management agent (SSMMA) on both vehicles and networks
was proposed as a solution to handover issues [17]. The existing handover approaches
for multi-tier heterogeneous networks are reviewed in Chapter 3. Also, the challenges
which may arise by applying those approaches for V2I communication scenarios are

discussed.



Chapter 3

V2I Over Heterogeneous
Networks: a Review

3.1 Introduction

Chapter 2 has discussed different technologies that could be utilized to underlay V2I
communications. In addition, the interoperability of these technologies, also known
as a heterogeneous network was discussed. A primary objective of this thesis is to
optimize handover decision in multi-tier heterogeneous wireless network (HWN) in
terms of reducing handover latency as well as the number of unnecessary handovers.
To achieve this objective, a clear understanding of the existing related studies is re-
quired. These studies are reviewed in perspective of different challenges in supporting
V2I communications over HWNs. This chapter explores challenges related to han-
dover processes such as detecting available networks, selecting and connecting to an
optimal network as well as maintaining acceptable QoS for an ongoing session during

handover.

38
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3.2 Efficient Network Discovery

In the near future, the world will experience the commercial deployment of 5G net-
works constituting heterogeneous multi-tier, multi-RAT networks that will support
V2I communication-based diversified services. Maintaining effective QoS and Quality
of Experience (QoE) for those services will require the fast and efficient discovery of
available underlying networks by vehicles [46]. While moving from one location to
another, vehicles will need to cross a number of heterogeneous small networks and,
due to their very high-speed of movement, vehicles may quickly move in and out of
the coverage areas of underlying networks performing handover activities. Ensur-
ing seamless network connectivity requires faster and seamless vehicular handovers
with the underlying network systems. Thus, more network discovery time implies
more overall handover delay and deteriorated communication performance, which in-
cludes packet loss and potential session disruptions. Therefore, the efficient discovery
of underlying networks is one of the key challenges in V2I communication over 5G
networks.

Potential Research Solutions: A considerable number of research activities
have been carried out in this context. In addition to MIH [29] and ANDSF [33]
discussed in 2.2.5, this subsection discusses notable solutions proposed to improve
network discovery process including Hotspot 2.0 and some other studies available in
the literature.

The emerging industry initiative, the Hotspot 2.0 introduced by the Wi-Fi Al-
liance uses the IEEE 802.11u standard to improve the users experience of Wi-Fi
roaming [50]. Hotspot 2.0 aims to assist Wi-Fi devices to automate the process of
underlying network discovery, selection, authentication, registration and connection
to the most suitable and available Wi-Fi hotspots in the region. In the context of V2I

communications, this could make Wi-Fi technology a suitable underlying network,
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once ubiquitously deployed. However, most of these approaches consider multi-mode
or multi-SIM UEs, which are more expensive.

In addition to different standard solution [34,46] that facilitate the UE to ef-
fectively discover neighbour networks that are available in its vicinity, numerous re-
searchers invested effort in developing various approaches, which improve the network
discovery procedure in terms of energy and time that the UE spends during the net-
work discovery phase [51-53]. To minimize the power consumed by the UE while
scanning neighbouring cells for a future handover, a recent study [51] applied graph
theory to devise a network scanning mechanism which limits the potential candidate
networks to only those share cell boundaries with the serving cell. Thus, the UE
can save some energy by only scanning a few BS/APs. Additionally, this approach
reduces the overall handover latency due to a reduced number of candidate BSs to
be scanned. Similarly, the authors of [52] proposed an approach that considers the
use of UE mobility state estimation for small cells discovery in multi-layer networks.
This goal was achieved by prolonging the measurement periods which resulted in
infrequent measurements of small cells.

While energy is a critical issue for normal ad hoc networks, with respect to V2I
communications, vehicles provide continuous power supply, therefore; power is not
considered a constraint in vehicular networks. Also the study in [53] utilised the
historical movement pattern, current path and digital map to predict the next move-
ment direction, hence the best candidate network is selected from those located in the
movement direction. The direct drawback of this mechanism is that the UE should
keep the database of previously visited AP/BSs which requires significant storage
capacity, and increases the equipments price.

On the other hand, network discovery activities are more challenging when mobile
terminals or UEs are equipped with single access technology interfaces. In [54] a new

Hybrid Unit (HU) located at network access points is proposed. In this study, two
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Table 3.1: Main approaches for network discovery with strengths and limitations.

Approaches Strengths Limitations

MIH [46] Supports heterogeneous Does not advise the best
handover between 802.x network
and cellular networks

ANDSF [34] Improves seamless connec- Congestion in core network

Hotspot 2.0 [50]

Cooperative architec-
ture [H4]

Energy based [51-53]

tivity between non-3GPP
UEs and the 3GPP net-
work.  Beneficial to V2I
communication

Improved handover latency
between Wi-Fi cells, suit-
able for V2I communication
once ubiquitously deployed.

The new node, HU coordi-
nate WLAN and WiMAX

interoperability.

Proposed network discovery
mechanism which improves
the usage of UE battery

due to high data rate from
non-3GPP UEs

Limited to Wi-Fi APs only

High delays for real-time
applications

Not directly applicable in
V2I communications.

networks (WiMAX and WLAN) are involved and the HU does the network selection
between the two. A software defined radio (SDR) platform to coordinate between
different wireless accesses technologies in vehicular networks is proposed in [55]. Table

3.1 lists the main approaches for network discovery.
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3.3 Underlying Network Selection

Selecting the most suitable available network technology is important for maintaining
a satisfactory QoS for an ongoing communication. Optimal selection of underlying
networks in the case of V2I communication in a heterogeneous multi-tier environment
is always challenging and depends on various parameters, such as: the received signal
strength indicator (RSSI), the speed and movement direction of the vehicle, network
bandwidth and traffic load, delay, usage cost, etc., to name a few. RSSI is by far the
most commonly used selection parameter for a suitable underlying network. Direction
and speed of the moving vehicle are also considerably important. Each radio access
technology has a maximum mobility limit that it can handle. For example, theres no
point for a high-speed vehicle moving at over 120km/h on a free-way to even consider
scanning short-ranged Wi-Fi networks or pico-cells with small coverage as that would
lead to another network selection very quickly. Similarly, there is no point in consid-
ering underlying networks lying in the opposite direction of its movement trajectory.
Apart from these, a few other influencing factors include: network bandwidth that
varies with types of on-going applications and their requirements, network traffic load
to determine the accommodation capability of users, the initial delay that defines the
required setup time for a new connection, and usage costs since users would prefer
the lower cost when the available networks offer an equivalent QoS.

Potential Research Solutions: Considerable contributions have been made
towards proposing different solutions for selecting the appropriate underlying network
for a V2I communication. This subsection discusses various approaches that are
frequently used in the literature to devise network selection algorithms.

Two mathematical theories, namely: game theory and MCDM or multi-criteria
decision making have been applied by a number of researchers for proposing an effi-

cient decision for selecting the suitable network handover in a heterogeneous network
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environment. Game theory deals with strategic decision-making when multiple agents
(players) have conflicting interests or goals [56]. In V2I communication, a vehicle gen-
erally tries to select a suitable network offering acceptable QoS and the lowest usage
cost. The possibility of multiple vehicles selecting the same underlying network al-
ways exists, which may result in poor performance owing to network congestion. This
is because the demand for vehicular communication bandwidth will be higher than
the traffic handling capacity of the roadside infrastructure. As a potential solution to
problems like these, a game theoretic selection of RSUs is proposed in [57] to ensure
that all vehicles receive identical resources from the available road side base stations
(RSBs). Apart from bandwidth allocation, game theory has been used to analyse
various conflicts which may rise in vehicular networks. Refer, for instance, to [58].
On the other hand, MCDM algorithms shall provide a good solution as multiple
parameters (network condition, application requirements, user preferences, etc.) are
combined in a decision matrix which is the first step for any chosen MCDM algo-
rithm. While MCDM algorithms consist of various techniques, two of them, TOPSIS
(technique for order preference by similarity to an ideal solution) and AHP (Ana-
lytical hierarchy process) have gained a lot of importance in the network selection
process [59]. Both techniques rank available networks based on multiple parameters,
like network traffic load, vehicle speed, type of service, etc., and then, the highest-
ranked network is selected. Concerning V2I communications, these techniques could
be used to combine information acquired during the network discovery phase to wisely
rank all available candidate networks based on current application requirements [60].
Here, each network metric is assigned a weight depending on its influence over the
vehicles handover decision. One criticism of most of these mathematical theories is
linked with required UE computing capacity, which involves high power consumption
and enough storage capacity. However, for V2I communications, this problem could

be technically solved since the vehicle nodes are not constrained by power supply and
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storage capacity compared to typical mobile nodes.

Apart from the mathematical theories discussed above, a few other network selec-
tion techniques suitable for V2I communication in HWNs were also proposed. Gen-
erally, the unique characteristic of the vehicular network is high mobility. Thus, an
efficient network selection for V2I communications should take into account vehicle
speed, a direction of movement as well as the residence time in the service area of
the selected network [61-64]. The authors of [61] have proposed a location aware net-
work selection technique, which selects the proper target network based on estimated
residence time under the service area of the selected network. Similarly, the mecha-
nism proposed in [64], the vector of motion is defined and it is used to suggest the
potential candidate networks based on direction of movement. The main weakness
with both techniques is that the resource availability is not checked before network
selection, which may result in an increased handover drop probability. To overcome
this weakness, the authors in [65] proposed a network selection mechanism, where
the UE initiates handover based on the estimated gain in throughput which may
be achieved by handing off to the target network. Also the study in [62], proposed
a network access index function, where the important influential factors are: data
rate, a direction of movement and vehicle residence time. While the mechanism itself
could be efficient in terms of selecting the best target network, the overall handover
delay maybe increased by the processing time due to the proposed complex network
selection process.

In the context of resource management, most of the UEs served by a macro-cell
BS will not handover to small cells as long as the serving cell reference signal is higher
than the configured threshold value. Consequently, the small cell resources remain
underutilized while macro-cell BSs are overloaded. This problem could be solved by
forcing some UEs in the service area of small cells to handoff to the small cell BSs.

This can be achieved by adding a positive bias value to the received power signal
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from the small cells [66]. Thus, more UEs are actively pushed to the small cell service
area, though they dont provide the strongest down link signal strength. However,
this approach could not be suitable for V2I networks as it may introduce ping-pong
effects for high speed vehicles, for which the best choice is connecting to macro-cell
BS. The notable proposed approaches for network discovery are summarised in Table

3.2.

Table 3.2: Main approaches for network selection approaches strengths and limita-

tions.

Approaches

Strengths

Limitations

Game theory [56-58]

MCDM [59, 60]

Speed adaptation [67]

Mobility Based [61,63,
64]

Resource management

(65, 68]

Power signal [66]

Network selection based on
user satisfaction

Network selection based on
multiple network parame-
ters

High-speed vehicles connect
to Macro-cell and low speed
vehicles to Micro-cells

Selecting potential target
networks based on direction
of movement

Network selection based
on the estimated gain in
throughput

more UEs are actively
pushed to the small cell
service area

May increase handover la-
tency due to processing due
to much processing time

Overlooks resources avail-
ability which may result in
handover dropping or block-
ing

May introduce ping-pong
effects for high speed vehi-
cles

May introduce ping-pong
effects for high speed vehi-
cles
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When considering vehicular mobility, the direction of movement and the cover-
age area of candidate networks, should be given more weight than other decision
parameters such as received power signal and available bandwidth, while deciding an
appropriate target network to hand-off to. Thus, this thesis introduced new network

selection methods that considers both vehicle mobility and direction information.

3.4 Performing Fast Seamless and Reliable Han-

dovers

According to a recent report from the renowned Gartner Inc., by 2020, there will
be around 250 million connected vehicles on the road worldwide with some kind of
wireless network connections in them [69]. Presumably, most of these vehicles will
maintain connections with the roadside infrastructure and perform frequent vertical
handovers on the move from one underlying network to another. To maintain the QoS
and QokE for an on-going communication, vertical handovers need to be fast, seamless
and reliable. Vertical handovers are associated with challenges such as high handover
delays, packet losses (or even call disruptions) and frequent ping-pongs resulting in
unsatisfactory service quality.

In 5G heterogeneous environments with a mix of macro-pico-femto cells and dif-
ferent technologies (UMTS, HSPA, WiMAX, LTE, and Wi-Fi), these challenges are
likely to be topped up by issues such as frequent unwanted handovers and, at times,
wrong handover choices. The handover time needed to complete a successful vertical
handover activity can be quite significant. This depends on the degree of compati-
bility of the networks, the handover procedure followed, and the volume of signalling
messages exchanged between the mobile devices and the base stations of the current

serving (target) networks by the roadside. If the handovers are not fast enough and
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the delay is more than the pre-set threshold, it may lead to packet losses and even
disruption of on-going high-speed multimedia communications (i.e., not seamless any
more).

The occurrence of an increased number of frequent unwanted handovers is likely
to happen because of the presence of multiple smaller cells lying on the movement
path of a vehicle. This could be a significant problem in urban or semi-urban areas.
In multi-tier, multi-RAT heterogeneous environments, for a moving vehicle to choose
a not so appropriate (i.e., wrong) target roadside network for handover is likely to
hamper mobility performance and may lead to ping-pongs, packet losses and even
call drops. To avoid such situations, performing a reliable handover is necessary [70].
Barring a few stray initiatives, the concept of handover reliability has not attracted
much research attention and it is widely open.

Potential Research Solutions: A number of interesting research solutions to
the above-discussed V2I handover issues had been proposed by the research fraternity,
out of which the notable ones include the concept of a single radio controller (SRC),
Layer-3 mobility and cross-layer based handovers, handovers based on the movement
prediction of vehicles, fast cell selection (FCS) and the concept of macro-assisted
small cells, known as phantom cells. Given the low cost of wireless transceivers,
the vehicle OBU shall be embedded with more than one radio interface, to enhance
the performance of the network by allowing more parallel transmissions in different
frequencies [17]. However, the interoperability of different radio access technologies
remains an important area of research. In 2013, Huawei introduced the Single Ra-
dio Controller (SRC) entity for unified radio resource and traffic management in
a multi-RAT environment. This unified controller entity, consisting of integrated
RNC/BSC/Wi-Fi controller functionalities, not only facilitates heterogeneous han-
dovers but also reduces the vertical handover latency by minimizing the handover

signalling overheads. This is because, in the case of inter-RAT handovers, the SRC
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directly changes the radio interface of RATs without involving the backbone core net-
work in the handover procedure, thus resulting in fast handovers [71]. Similarly, the
3GPP has standardized the intra-RAT handover procedures for LTE systems in its
Release 9-12 [72,73]. However, whether the standardized procedures can adequately
manage inter-RAT selection process and handovers in 5G multi-RAT dense networks
(DenseNets) without degrading the performance has not yet been tested. For exam-
ple, the LTE X2-interface does not support handovers between LTE and non-3GPP
technologies and the Packet Gateway (PGW) in the 3GPP Evolved Packet Core
(EPC) backbone network manages those inter-RAT handovers. It is not clear how
the 3GPP backbone EPC will function in a multi-RAT heterogeneous environment to
facilitate seamless handovers between LTE (and other 3GPP technologies) and non-
3GPP technologies (e.g., WIMAX/Wi-Fi). Recent simulation studies performed by a
3GPP study group have shown that mobility performance of user equipment moving
at high-speed across heterogeneous multi-tier networks (mix of small and macro cells)
small cell environments is poorer compared to pure macro-cell environments [74].
On the other hand, a fast handover can be performed by minimizing layer-3 la-
tency. A typical approach is proposed in [75] where a vehicle leaving the network
passes its [P address information towards the back vehicles entering the cell cover-
age, relative to the travel direction. This mechanism relies on the VANET multi-hop
communication mode. Its key weakness is using the normal DHCP when the distance
between both vehicles is too long to pass an IP address. Moreover, this mechanism
cannot work with the standard mobile IPv6, since MIPv6-based mobility manage-
ment systems require each mobile node to have a direct link to the internet gateway
to get a valid IP address. In recent years, a few cross-layer handover approaches have
been proposed to reduce the vertical handover latency [32]. In these approaches,
the layer 2-handover information is used to trigger the layer 3 handover activities

in advance resulting in a vehicle to resume IP connectivity with the target network
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faster. In heterogeneous V2I communication, cross-layer handovers are likely to re-
duce the packet loss during the inter-handover gap. From the previous discussion
( 3.3), it can be seen that a fast handover may also be achieved by predicting the
movement of the vehicle [76]. The proposed approach determines the next AP to
which the vehicle may likely handover in near future, by probabilistically analysing
the vehicles current movement. While this approach could speed up the handover
process, the study would have been more interesting if it had included mechanisms
to avoid ping-pong effects that may cause communication instability. To achieve a
stable communication in multi-tier networks, authors in [77, 78] applied the concept
of macro-assisted small cells also known as phantom cells. This idea of phantom cells
involves splitting control (C-plane) and user planes (U-plane) such that the C-plane
of the UE in small cell is managed by a macro-cell BS and the small cell only pro-
vides the U-plane. In the context of V2I communication, phantom cells are identified
as key technics to enhance handover activity performed by vehicles while moving in
and out of coverage since the control signals overhead (negotiation between serving
and target eNB) is completely removed for all handover activities are done by the
macro-cells BS. Also the normal hysteresis (time-to-trigger) used in conventional han-
dovers can be removed to further provide a fast and reliable handover. However, the
implementation of phantom cells is still a challenge due to the required low-latency
connection (e.g., optical fiber) between the macro and phantom cells. In the same
way, based on FCS (fast cell selection) mechanism, the UE may be enabled to decide
which cell in its active set is going to send data in the next transmission time interval
(TTI) [79]. While FCS has been originally designed for UMTS handover, authors
of [79,80] applied FCS mechanism to select the best cell for LTE (-A) multi-tier net-
works. Fast cell selection is a solution tailored for mobility in multi-tier networks and
thus it could be an efficient solution for vehicular networks. Further improvements

have been proposed in [81] for interference management. This is done by applying
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a coordinated multi-point (CoMP) strategy, where the UE in multi-coverage region
selects a cell with a better link quality. Table 3.3 compares the main approaches

proposed to perform fast handovers, based on their strength and limitations.
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Table 3.3: Main approaches for performing fast handover with strengths and limita-

tions.
Approaches Strengths Limitations
Single radio controller Achieves multi-RAT net- SRC failure affects entire

(SRC) [71]

Cross-layer handover
32]

Mobility predic-
tion [76]

I[P passing [75]
Phantom cells [77,78]

FCS [79,80]

work synergy. V2I applica-
tions can benefit from im-
proved handover latency

Layer-3 handover is pre-
pared during Layer-2 han-
dover. Improves handovers
for high-speed vehicles in
small cells environment

Predicts the future location
based on the current move-
ment direction. Thus, han-
dover activities can start in
advance.

Fast layer-3 handover

The macro-cell BS manages
the C-plane of UEs in small
cells, and thus removes han-
dover control signal over-

head

The UE decides which cell
in its active set is going to
send data in the next trans-
mission time interval (TTT)

heterogeneous network

communication

Network load is not consid-
ered

The approach does not con-
sider the residence time
under the target network.
Hence, Ping-pong effects
may rise.

Depends on vehicles density

A low-latency connection is
required between macro-cell
BS and a phantom cell.

The UE must send an up-
link signalling to the BS
to indicate the selected sec-
tor from which the network
should direct its data trans-
mission.
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Successfully maintaining the quality of on-going communications for users in high-
speed vehicles moving through urban 5G multi-tier, multi-RAT dense network envi-
ronments is a significant challenge. The provision of fast, seamless and reliable vertical
handover activities is the key to achieve an effective in-vehicle communication with
the diverse roadside base stations. The proposed concept of SRC is promising as
it significantly reduces inter-RAT handover latency by minimizing the handover sig-
nalling overhead. However, the failure of the SRC entity may lead to a disruption of
the whole network. In a way, the multi-RAT handover requires a session context up-
date. To optimize such handovers, the in-vehicle OBU preferably needs to select and
establish a link with the target network for handing off before releasing the link with
the current serving network and notifying the backbone core network to update the
routing of the data packets from the current network to the target network [82]. The
handling of ping-pong activities owing to the presence of a huge number of small cells
adds a new dimension to multi-RAT handover issues. When trying to optimize the
mobility performance in multi-tier heterogeneous network environments, a trade-off
always exists between the number of handover failures and ping-pong activities [83].
The high-speed of vehicles (with user equipment and OBUs) makes the situation more

complicated.

3.5 Maintaining Effective Quality of Service (QoS)

In V2I communication, services can have different requirements in terms of band-
width, latency, error rate, delay variation, etc. depending on the type of application
running. For example, an on-going video conferencing session requires more stringent
bandwidth than non-delay sensitive applications involving simple best effort non-

detrimental traffic. Such requirements need to be ensured, regardless of the chosen
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underlying networks when a vehicle moves from one place to another [84]. In multi-
RAT environments, effective QoS mapping mechanisms need to ensure that on-going
sessions are not disrupted and the QoS of communication is not degraded when ve-
hicles switch underlying networks. Moreover, the availability of adequate resources
to maintain the same level of QoS for the on-going session in the new network is
critical. The core QoS challenge in a multi-RAT, multi-tier environment is, therefore,
to formulate a proper resource reservation and management mechanism for networks
specifically for V2I communication.

Potential Research Solutions: QoS oriented research for V2I communication
is primarily focused on differentiated services (DiffServ), resource provisioning based
on application requirements, QoS mapping techniques, and IP based QoS provision-
ing. As pointed out in section two, V2I communication applications include delay-
sensitive and delay-tolerant applications. To ensure the service quality of either type,
a DiffServ-based QoS design could be used to maintain acceptable service quality for
V2I communications in a multi-RAT environment [85]. The proposed approach con-
siders the communication between two groups of vehicles located in the service area
of two distant Wi-Fi (IEEE 802.11p) cells that are overlaid by an LTE macro-cell. To
maintain an acceptable service quality for various applications, a Policy Provisioning
Module (PPM) is used to handle different priority requirements of the multicast ses-
sions coordinated by the MBMS feature of LTE. Although this approach could solve
WAVEs intermittent connectivity, it requires the willingness of the LTE operator to
upgrade the existing LTE technology to integrate the proposed PPM module. In ad-
dition, the service quality highly depends on resource availability in the new network
to accommodate the ongoing sessions after the handover is done. In this context,
one can argue that handover mechanisms that do not take into account the availabil-
ity of adequate resources in the target network effectively increase the probability of

handover failure or call drops.
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While various parameters can be used to monitor network load such as actual
free bandwidth and packet transmission end-to-end delay of the target network, the
authors in [86], have devised a QoSaware vertical handover algorithm, where the
beaconing frequency adaptation module is deployed to monitor the IEEE 802.11p
interface buffer. Once the buffer threshold value is exceeded, the handover to LTE
is triggered. Though the proposed approach showed interesting results, the study
makes no attempt to address the issues of handover stability linked with ping-pong
activities, which affect the service quality due to unsuccessful handovers causing high
packets loss. To overcome this problem, the study in [62] proposed an access net-
work index function, where factors influencing network selection decisions include the
movement direction of the UE and the available bandwidth at the target AP/BS.
Despite various approaches proposed to improve V2I communication in a heteroge-
neous environment, seamless integration of different network technologies remains the
key challenge (discussed in Section 3.1). In recent years, researchers have proposed
few loose and tight coupling based integration techniques [87-89] aiming to effec-
tively map the QoS traffic between the source and target networks after a vertical
handover activity. In tight coupling integration, both data and signalling traffic orig-
inating from non-3GPP networks are transferred through the 3GPP networks [87].
Although, tight coupling-based integration mechanisms could provide solutions to the
centralized control problems, they are not very efficient in terms of supporting scala-
bility in V2I communication. In cases where the network traffic hugely increases with
the increase in the number of vehicles, high speed non-3GPP (e.g., WLAN) RSUs
shall receive high traffic from vehicles and this traffic is fed into the 3GPP network
resulting in network congestion. On the contrary, in loose coupling architectures,
each underlying RAT would independently implement its relevant protocols and QoS
classes and all networks are interconnected via gateway nodes [88]. With this type

of architecture each network functions relatively autonomously resulting in a simple
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and cost-effective implementation. However, handover execution time may increase
due to the enhanced requirements of handover signalling between gateway nodes [89].
Thus, in the context of V2I communication, loose coupling-based schemes could only
be suitable for delay tolerant applications, due to increased handover latencies. On
the other hand, the common part of all existing and future heterogeneous wireless
networks is the IP protocol. Thus, the IP layer could be the best location to deploy
QoS mechanisms for the unified multi-RATSs technology. In such an environment,
the QoS requirements could be analysed per packet-basis to make an efficient de-
cision of selecting a suitable RAT. That type of approach is proposed in [90] and
extended in [91]. In both papers, an adaptive cross-layer QoS module is proposed
and it works as an additional entity at the IP layer. The mobile node, continuously,
collects QoS parameters (end-to-end delay, bit error rate, packet loss etc.) from all
available RATSs, and store them in the proposed module. Before any transmission
of an IP packet, this database is used to select the wireless technology, which fits
well with the required QoS for the on-going service. While the approach proposed
in [90] is only applicable for UE that uses a single interface at a given time, the au-
thors extended the study in [91], where the new approach enables the so called 5G
mobile terminal (bGMT) to simultaneously access different wireless networks at the
same time for a given multimedia service. Although this approach seems promising
in terms of providing required QoS over heterogeneous RATSs, the direct drawback
is the required updates in the existing standard IP protocol. In addition, this ap-
proach could introduce an increased end-to-end delay due to the additional adaptive
QoS processing which makes it not suitable for V2I communication, particularly for
time-critical safety applications. The main approaches for QoS provisioning in V2I

communications are compared in Table 3.4.
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Table 3.4: Main approaches for QoS provisioning With strengths and limitations.

Approaches

Strengths

Limitations

Multi-criteria-

based [62]

Tight Coupling [87]

Loose coupling [8§]

DiffServ-based
QoS [85]

Resource-based [86]

[P-based QoS provi-
sioning [90]

Less handover drop proba-
bility due to UE mobility
and BS load based network
selection

Seamless connectivity

Independent RATSs are con-
nected via gateways

Seamless connectivity

Lower number of vertical
handovers

Integration of a new mod-
ule at the IP layer, which se-
lects the RAT based on QoS

requirements

Traffic from high data rate
Non-3GPP RATs will make
the 3GPP network con-
gested.

High handover latency due
mobility signalling travers-
ing long distance

LTE upgrade is required

It may increase ping-pong
effects, since coverage area
is not considered.

The new module calls for

changes in the existing stan-
dard IP layer.

3.6 Summary

In this chapter, we identified and discussed four key research challenges for V2I
communication over heterogeneous multi-tier and multi-RAT network environments.
Most of the challenges are related to mobility management, including, network dis-

covery and selection, fast and reliable handover and maintaining an acceptable QoS
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during handover activities.

Sections 3.2 and 3.3 discussed the primary issues along with related research
proposals in network discovery and selection for V2I communication over multi-tier
heterogeneous networks. Despite the research advancement in network discovery,
there is a need for minimizing the network discovery time for the relevant underlying
networks to which the vehicle intends to connect with. In the context of network
selection, a non-optimal network selection method may degrade the handover per-
formance. In spite of the existing research advancements, considerable scope still
exists in terms of proposing an efficient and intelligent network selection mechanism
supporting QoS and QoE. On the other hand, Section 3.4 reviewed the key issues
with vertical handover in heterogeneous multi-tier, multi-RAT environments, namely,
frequent ping-pong activities and carrying out handovers to non-optimal networks.
With respect to QoS requirements in V2I communication, Section 3.5 revealed ne-
cessity for designing standardized mechanisms to satisfy the QoS requirements in
the heterogeneous network scenario without hampering the performance of on-going
communications. The work done in this thesis focused on these four key challenges
by proposing three new network selection methods, suitable for V2I communications.
Next in Chapters 4, a distance-based network selection method for handover is pre-

sented.



Chapter 4

Distance-Based Fast Handover
Method for V21 Communications

4.1 Introduction

In Chapter 3, a review of the handover decision approaches was presented. The
primary objective of this thesis is to speed up overall handover activities and thus
improve the quality of service for on-going applications during handover. This is
achieved by enabling the mobile terminal (MT) to start handover procedure well in
advance before a handover request is initiated. This chapter presents a simple but ef-
fective distance-based handover algorithm for V2I communications (V2I-DHA) which
minimizes the number of unnecessary frequent handovers for a vehicle OBU crossing
a multi-tier multi-RAT network. Although there were previous studies [70,92] on
improving handover management for heterogeneous wireless networks, the approach
taken in this thesis considers not only the coexistence of different radio access tech-
nologies but also multi-tier feature that is already deployed for a cellular network such
as LTE-A. The chapter starts by introducing the idea behind the V2I-DHA algorithm
and the key contributions to handover management in a multi-tier multi-RAT net-

work. The previous related studies are discussed in 4.3 while Section 4.5 gives the

o8
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details of the algorithm. Section 4.6 presents performance study. Experimental setup
and simulation results are presented and discussed in Section 4.7 and the chapter is

summarised in Section 4.8.

4.2 Discussion

In a multi-tier heterogeneous wireless network environment, selection of the candidate
network for handover is a complicated and time-consuming process. Whenever a
vehicle on the move from one location to another decides on a handover, it has to
select the candidate network from a considerable list of available nearby networks.
This list is formed based on the RSS values received from neighbouring cells. These
cells include those that are either not located in the vehicles movement direction or
for which the crossing time is not sufficient for handover activities. Thus there is a
high probability that handover may be carried out to a not so appropriate network
which results in handover failure.

Figure 4.1 illustrates a scenario where a vehicle is moving from across a multi-
tier heterogeneous network environment in the direction of the arrow. The macro-cell
cellular network overlays the multiple micro-cell networks of limited coverage that
are installed as road-side units (RSU). However, the micro-networks provide higher
bandwidth and are relatively more cost-effective than the macro network. As it can be
seen from this figure, RATj; is out of the direction of movement and the visiting time of
the MT in the service area of RAT] is too small compared to RAT5. In this situation,
the traditional RSS-based cell selection will try to initiate a handover request to
both RAT; and RAT,; however, both handover trials will eventually fail due to the
speed of movement. Generally, failure in handover affects the service quality of the
on-going sessions, particularly delay-sensitive applications such as VoIP and video

conferencing. Moreover, unwanted frequent handovers consume network resources
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due to an increased number of exchanged handover messages between MT, serving

BS and the target BS.

Figure 4.1: Cell association challenges in a multi-tier heterogeneous network.

In this chapter, we present a simple but effective distance based network selection
algorithm that enables the MT to pro-actively evaluate all candidate networks and
the handover request is sent to the most promising candidate network. The term
vehicle OBU represents the wireless communication device embedded in the vehicle

that exchanges messages with on-road BSs, also know as roadside units (RSU).
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4.3 Previous Work

A considerable network selection schemes to improve the performance of handover in
HWNs have been proposed and notable solutions have been proposed in the relevant
literature. This section, for brevity, discusses only a selected set of literature (Sections
3.2 and 3.3) that is directly related to the network selection algorithm proposed in
this chapter.

Guo at al. in [61] proposed a mechanism to improve the performance of handover
in an HWN comprising WiMAX and WiFi RATs. The idea is to include neighbouring
network information in the WiMAX _MOBN BRADV message, periodically sent to
the mobile terminal and thus the latter selects the target network based on the value
of the cell coverage radius. Similarly, the handover scheme in Mobile WiMAX is
proposed by Ray et al. in [70], where the geographical position of the neighbouring
base station and the direction of mobile terminal are used to determine a short list
of potential candidate networks, from which the best candidate is selected based on
two criteria: orientation matching and received signal strength. The main weakness
with both techniques is that the resource availability is overlooked, which may result
in increased handover drop probability.

Xie et al. [62] designed a handover mechanism that combines multiple parameters
to decide the most appropriate target network for a near future handover. Instead of
RSS-based network selection used in traditional handover, the best target is selected
based on data rate, the direction of movement and the vehicle residence time.

Jeong et al. [92] designed a handover method that would prevent unnecessary
macro-to-femto handovers in a multi-tier LTE network. This approach applies posi-
tioning technology to monitor the node for predicting the future mobility pattern that
is used to optimize the handover decision. Similar approaches are found in [93], where

the proposed network selection mechanism is based on UE navigation information.
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Furthermore, the micro-cell HeNBs are prioritized for traffic offloading [94].

Li et al. in [95] investigated the challenges that affect handover decisions proce-
dures in an LTE macro-femto multi-tier network environment. The weakness that
most of the existing approaches have in common is the assumption of a simple net-
work layout, and most analytical models consider the distance between the UE and
the access point as a straight line instead of considering the spherical form of the

Earth [36].

4.4 The Concept of V2I-DHA

This fast network selection algorithm is conceived based on the following key ideas:

e At any time, the vehicle OBU is able to get its current geo-location based on

GPS devices

e At all times, all types of small cell networks are always overlaid by a wide
network (e.g macro cell) and all small cell access points (SAPs) communicates
their geographical coordinates to the ANDSF (Advanced Network Discovery
and Selection Function) server located in the core network [96]. Thus, the
vehicle (MT) is able to get the geographical location information of neighboring

small cells from the ANDSF server.

e The ANDSF server interacts with the ANDSF client, which is running at the
vehicle OBU, through OMA-DM (Open Mobile Alliance Device Management)
protocol over the S14 interface. This interface supports both push and pulls

data communication mechanisms.

e The ANDSF request is only sent once when the vehicle moves to the service

area of another macro-cell network. (the vehicle OBU interacts with the ANDSF
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server once in a macro-cell network ).

4.5 Proposed Network Selection Method

The proposed V2I-DHA algorithm described in this chapter differs from the various
related proposals described in Section 4.3. The key difference is based on a pro-active
network selection process that reduces the overall handover latency. The design of
V2I-DHA was motivated by the key idea that in a cellular network, a mobile node
can receive information about the geographical locations of neighbouring cells base
stations (BSs) from the ANDSF server located in the core network [33]. As discussed
in Section 2.2.5, policies and parameters obtained from the ANDSF server. The
proposed method applies the ANDSF concept and utilizes its key feature of providing
some network selection information.

In this thesis, we have proposed to extend the functions of the ANDSF server by
including one more feature of collecting geolocation information of all the small cells
located in the service area of a macro-cell BS. The ANDSF server can get this infor-
mation through small-cell gateways. With the knowledge of the physical location of
the nearby cells, proportionally less time is spent in scanning activities. Many studies
have highlighted this aspect of using the ANDSF concept for handover performance
improvement [36, 37].

In V2I-DHA, a vehicle with a multi-mode OBU (having multiple RAT interfaces)
travelling across the multi-tier multi RAT networks of macro-cells and small cells is
able to self-determine the most appropriate target network for a potential handover
based on the calculated network selection probability. This probability is calculated
based on two parameters: (a) the proximity factor which estimates the geo-distance
from the target candidate AP physical location to the trajectory of movement and

(b) the distance factor that estimates the remaining distance for the vehicle to reach
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the coverage area of the target candidate network.

Figure 4.2 illustrates a scenario where a vehicle is moving from point A to point B
in the direction of the arrow. The macrocell network overlays the multiple microcell
networks of limited coverage that are installed as roadside units (RSU). However,
the micro-networks provide higher bandwidth and are relatively more cost-effective
than the macro network. The proposed technique seeks to avoid selecting a candidate
network AP, which is either not lying in the direction of the vehicle or does not offer
enough time to complete the handover when the vehicle is crossing it. In the scenario
presented in Figure 1, we assume that the vehicle is currently under the coverage of
the macro network at point A. When it starts moving towards point B, the vehicle
OBU sends an ANDSF query to the ANDSF server (which may be accessed via macro-
cell eNB) inquiring the coordinates of available candidate APs in its vicinity. The
ANDSF query also contains the vehicle location and direction so that the ANDSF

server response contains only APs available in the vicinity of the vehicle.

LTE Macro Network

Distance froyh AP;to the

Figure 4.2: Vehicle moving across multiple APs.
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4.5.1 Proximity factor (w,,)

The parameters, w,, denote the geo-distance between the physical location of the
target candidate SAP to the trajectory of movement for the vehicle.

Let N = AP, AP,, AP, ..., AP,, be the set of all of the nearby micro-cell APs
received from ANDSF server. For a faster and efficient handover process, out of all
the APs in set N, the vehicle needs to select only the potential candidate (a) whose
coverage area with respect to the speed of vehicle is considerable and (b) whose the
distance to the vehicle current location is sufficient to finalize the selection before
entering its coverage area.

As it can be seen from the Figure 2, We estimate the distance between the AP

and the road as:

Wy = d; *sina (4.1)

where d; is the geo-distance between the current geo-location of the vehicle and
the geo-location of the target candidate AF;. Given the spherical form of the earth,
this geo-distance is calculated by using the haversine formula (14), which is a function
to calculate the great-cycle distance between any two points on the earth.

Let (Lat,, Lon,) and (Latap;, Lonap;) denote the coordinates of vehicle and can-
didate AP respectively. We also denote latitude separation by A, and longitude
separation by Ay,.

The geo-distance, d; is calculated as follows [15]:

d
haversine(ﬁ) = haversine(Ay) + cos(Lat,)*

cos(Lat 4p;) * haversine(A,,) + sin «

(4.2)
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where the angles are in radians and R = 6371km [15], is the radius of the Earth.

Furthermore, the haversine function is given by:
: 9,0
haversine(§) = sin (5) (4.3)
Thus (1) can be written as:

A
hcwersine(ﬁ) = sinQ(%) + cos(lat,)x*

(4.4)
%)

cos(lat 4p;) * sin®( 5

the distance d can be derived from equation 4.3, and can be derived as follows:

A A
d=2R sin\/sin2(%) + cos(lat,) * cos(lat ey, ) * sin®( ;(m) (4.5)

In Equation 1, « is the angular movement and it is the angle between the vehicles
line of sight with the candidate AP/BS and the direction of the vehicle. This angle
can be estimated by sensor systems such as 10-DOF [11]. We have assumed that the
small networks shape is a circle. This implies that the closer the candidate AP/BS is
to the vehicles movement trajectory, the more time the vehicle spends visiting that
network. Thus, the greater the value w,, ~ 0, the better the candidates network and
the probability that an access point AP; is added to the candidate’s RAT list can be

formulated as follows:

1, Wy, =
P(AP;)select = § <= 0 < wm < R, (4.6)
07 wm Z RC

whereR,. denotes the coverage area radius.
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To accommodate vehicles moving at different speeds, we define wy;, to indicate the
minimum coverage distance for a vehicle traveling at a given speed category (slow,
medium and high). In this context, the value of w,, is always higher than wy, and

less than the SAP radius as indicated by equation (4.7)

Wip < Wiy < Rc (47)

4.5.2 Distance factor (¢,,)

The distance factor, ¢,,, gives us the estimated remaining distance for the vehicle to

reach the coverage area of the target candidate network. ¢,, can be calculated as:

Gm = d(AP,,_y) * cosa (4.8)

Obviously, the higher the value of ¢,,, the more time the vehicle gets to finalize the
selection of the candidate AP before it enters the coverage area of the target network.
Once that is done, the vehicle can then immediately initiate the handover process
with the target candidate AP on entering its coverage area. Successful early selection
of the candidate AP (network) for handover cannot only facilitate the betterment of
the overall handover performance by reducing the handover latency, but also reduce
the chances of a failed handover. Lastly, the parameter ¢, indicates the minimum
threshold distance from the vehicles current location to the coverage area of the target
network that is required to enable the vehicle to successfully complete the selection

process. Equation (9) implies:

— <7 (4.9)

where 7 represents the time required for completing selection process.
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Before proceeding with algorithm implementation, the main steps that the vehicle
OBU performs to select the suitable target network for V2I-DHA are presented in

Figure 4.3 and are as follows:

1. Self-estimates the suitable target network for a near future handover based on

calculated network selection probability.

2. determines its need for a handover based on RSS level received from both the

serving and the target cell BS/AP.

3. requests the serving cell to hand it to the selected Target cell (network assisted

handover) or self-performs a handover ( depending on radio access technology).
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Vehicle Node receive Geo-location information of candidates
small cells /HeNBs/APs from ANDSF server and the vehicle gets
its instantaneous geo-location coordinates from a GPS device.

Based on the geo-location information, the vehicle estimates two
distances:

(1) the distance between the trajectory movement and the
physical location of each candidate AP

(2) the distance remaining to arrive in the service area of the each
candidate network

y

Based on these distances, the vehicle computes the selection
probability for each CN

i

The handover is initiated with the CN of highest probability

Figure 4.3: Network selection algorithm (V2I-DHA).

4.6 Performance Study

4.6.1 Introduction

The concept of the proposed network selection algorithm was presented in the previ-

ous section. In this section, we present the modelling and simulation of V2I-DNSA.
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In order to evaluate the performance of V2I-DNSA, we have developed a heteroge-
neous network environment in OPNET modeler The simulation environment con-
sists of Long Term Evolution-Advanced (LTE-A) and WLAN LTE-A and WLAN
technologies. Also, this chapter presents an inclusive comparative analysis with the
conventional RSS-based handover method and other related studies, that show the

performance of the proposed network selection methods.

4.6.2 Why OPNET modeller?

OPNET Modeller (also known as riverbed modeler) is a simulation software package,
highly designed for studying communication networks, protocols, and devices as well
as applications. This software applies discrete event simulations (DES) and allows
users to investigate different behavior and analyze the performance of systems mod-
els. OPNET modeler integrates various network technologies and protocols, includ-
ing, wired, and wireless systems. The actual communication networks are modelled
by utilizing its user-friendly graphical editors which are built on the object-oriented
paradigm of C++ that allows the creation of objects and classes [5,97]. OPNET was
chosen as a simulation tool for this thesis due to its credibility and it was available to
us at AUT during the duration of this study. In addition, OPNET modeler supports a
range of various network access technologies and communication applications includ-
ing delay-sensitive such as voice and video conferencing, delay-tolerant applications
such as FTP and HTTP and many more. Moreover, in some cases, we have performed

a few MATLAB simulations to support our proposed analytical design concepts.

4.6.3 OPNET modelling domain

V2I-DHA is implemented in the OPNET modeler software, commercial version 18.0.

The OPNET modeler comprises three hierarchical models: network model, node
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model, and the process model. All codes are executed at process model. As is shown
in Figure 4.4, the process model deploys state machines to define various simulation
events which are presented as a C++ programming. The OPNET coding can be
edited and Microsoft Visual studio makes the debugging process easier than OPNET
interface. The proposed handover algorithm involved various modifications at both
node and network access systems, particular Marc and network layers. The details
of the main modifications are explained in the following subsections. More details

about OPNET configurations are appended in Appendix A.
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Figure 4.4: OPNET modeler hierarchical models.
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4.6.4 Node model design

The multi-mode OBU is designed based on LTE-A router. The main modifications
were made at lower layers of TCP/IP stack as is illustrated in the Figure 4.5 (a).
The developed node has two PHY interfaces, WiFi, and LTE and, by default (before
including the proposed algorithm), the IP (Network) layer does load balancing to
them (traffic is balanced between these two interfaces). By default, the OBU is
connected to LTE macro-cell eNB and as it moves, it performs handover activities to

other wireless networks with higher RSS values.

Application layer
Transport layer
(TCP/UDP)

Application layer

Transport layer
(TCP/UDP)

Network (IP) Layer

Network (IP) Layer
VHO mgr
I_>
5% WiFi LTE-A LTEA % :

(a) OBU without new algorithm (b) OBU with new algorithm

Figure 4.5: The OBU Node TCP/IP Protocol Stack.

Figure 4.5 (b) shows the implementation of the vehicle OBU that integrates
the proposed handover algorithm in its TCP/IP stack protocol. Our handover algo-
rithm is implemented in the MAC layer of both LTE and WiFi media access tech-
nologies (MAT) and the result of the algorithm will be sent to the Vertical Han-
dover Management (VhoMGT) module that chooses the MAT interface to be acti-

vated. This was achieved by modifying the existing MAC layer protocol mainly for
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CELL.SELECTION and HAN DOV ER modules. The function
lte_ue_as_vho_get_ho_params() is introduced to include and compute new handover
parameters and lte_ue_as_vho_selec_best_nbr() method selects the best candidate SAP
based on the computed handover parameters. Each interface will send the results of
these functions to the VhoMGT module. Based on the events received, the VhoMGT
executes vho_compute_active_inter face() function to decide the MAT interface to be
activated and a message is sent to the IP layer to inform it about the route that
should be installed for data forwarding.

The IP layer will forward data to only one interface at a time. To keep seamless
connectivity, every interface which is involved in the vertical handover process (in
this case LTE and WiFi) is configured with a static route to destination 0.0.0.0
and netmask 255.255.255.255. In this way, the IP module will configure the route
0.0.0.0/32 for the LTE or WiFi interface based on the winner interface. It is worth
noting that the VhoMGT could be used not only for LTE and Wifi MATs but also
for any other type of Media Access Technologies (MAT). It takes event information
from MATSs and decides the one to be activated. Figure 4.6 displays the Vehicle
OBU node model developed in OPNET Modeller.
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Figure 4.6: Vehicle OBU node model developed in OPNET Modeler.

4.6.5 VhoMGT process model design

The designed VhoMGT process model consists of two finite state machines (FSM) (see
Fig. 4.7). The init state initializes all the necessary initializations. After initialization,
the protocol will switch to the idle state and wait for any event from either LTE of
Wifi MAC layers. The wait FSM executes code from the exit executive part of the
state every time it receives events from LTE or WiFi interfaces. More details of

VhoMGT codes are given in Appendix B.
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Figure 4.7: The process model of the designed VHO management module.

4.6.6 Enhancements to the standard LTE eNodeB

The proposed novel handover algorithm involves both node and base stations. Thus,
the LTE eNB node was enhanced in order to efficiently process information received
from the newly created node model, the vehicle OBU. The main modifications were
done in lte_as processor of LTE eNodeB node model. The measurement information
is received via function lte_enb_as_cand_enb_list_generate(). This information is then
saved in sorted order by w,,/cell radius report. This sort operation is done by the
function lte_enb_as_candidate_enb_compare(). The handover start event is handled by
the function lte_enb_as_handover_start() that chooses the first entry from the sorted
list maintained by the function lte_enb_as_candidate_enb_compare(). More details

(OPNET codes) of modifications of LTE eNB are included in Appendix A.3.

4.6.7 Enhancements to the standard Wi-Fi AP

In the same way, the WiFi AP also needs further enhancement in order to fit the pro-
posed handover algorithm. The primary modifications are done at the wireless_lan_mac
processor of every WiFi AP node. The state of interest in this process model is SCAN

state where the algorithm will run for every available AP and will choose the best one.

In SCAN state, the function that will run the algorithm called wlan_hcf_vho_find_best_ap().

More details of OPNET modifications for WiFI nodes are included in Appendix A.3.
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4.6.8 Simulation scenario

Figure 4.8 shows the scenario used for our studies where the multi-mode vehicle OBU
is moving across a multi-tier HetNet environment that includes LTE-A (macro and
pico ) and Wi-Fi radio access technologies. The simulated scenario consists of one
macro-cell eNB whose coverage radius covers the whole simulated area. Also, two
pico-cells HeNBs are deployed at both edges of a macro-cell network for overcoming
the weak connectivity. Also four Wi-Fi APs (IEEE 802.11p) RSUs are deployed
at different locations (road intersections). All the WiFi Access Points (APs) are
connected to the PDN gateway in E-EPC.

Based on the proposed handover algorithm, the vehicle OBU is initially connected
to the macro-cell eNB and it performs a handover if any of the candidate networks
offer a higher selection probability or if the network being used disappears. The
mobile subnet representing the vehicle consists of two nodes: a multi-mode vehicle
On-Board Unit (OBU); equipped with the new node model, discussed in Section
4.6.4, and the application client (Vehicle_App_Client). The vehicle speed varies from
20km /h for the low-speed scenario, 30 km/h to 60 km/h for medium speed and 120
km/h for high speed of movement. The vehicle moves within the coverage area. both
delay-tolerant (such as HTTP and FTP) and delay-sensitive applications (e.g., voice
and video conference) are considered.

As our main objective is to evaluate handover performance, we have strategically
placed all SAPs in a way that portrays our desired topology by setting the coordinates
of eNB and SAPs ( see Figure 4.10). Figure 4.9 shows the simulated network

architecture in OPNET simulator environment.
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Figure 4.10: Wireless technologies coverage areas in the simulated scenario.

4.6.9 Performance assessment

To compare the performance of the proposed algorithm, we developed three network
scenarios/models in OPNET simulator. In the first scenario, the conventional RSS-
based approach is used to select the target SAP for handover. In the second scenario,
the OBU selects the most suitable candidate SAP for handover using the proposed
network selection method (algorithm). The third scenario implements the handover
method called " Efficient ANDSF-assisted Wi-Fi Control for Mobile Data Offloading”
proposed by D. Kim et al. [36] that automatically controls the handover decision
in a heterogeneous network that includes WikFi and cellular network radio access

technologies.

In this article, [36], a mobile user moves across a heterogeneous network that



Table 4.1: Simulation parameters.
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Parameter Values

Network area (m * m) 1000 * 1000

Transmit  power of LTE | 0.5W/0.1W

Macro/SAP

LTE Macro/ SAP gain 14 dBi/5 dBi

WiFI SAP (IEEE 802.11p) trans- | 0.05W

mit power

Vehicle speed (km/h) 20 — 120

Path loss L = (40(1 — 4 % 1073Ahy)logy R —

18logyy Ahy + 211ogy, f + 80)dB

Radio propagation

Large-scale propagation

log-normal shadow fading 10 dB
LTE-A Channel bandwidth 1.4MHz
WLAN data rate 11Mbps

Mobility

Vector based trajectory

Simulating time

600 sec
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includes WiFi and cellular network radio access technologies thus performing han-
dovers. The primary goal of this method was to avoid unnecessary Wi-Fi scanning
and unnecessary Wi-Fi connections while users are moving. The proposed method
applies ANDSF features to advise the mobile UE about the neighbouring candidate
wifi APs. To decide whether the WiFi AP should be selected or not, this method
utilizes the variation in the measured RSSI values.

Similar to our proposed algorithm, this particular handover mechanism has ap-
plied an ANDSF entity for network selection and we have considered the same radio
access technologies for computer simulation implementation. Thus, the performance
of our proposed algorithm will be investigated against the conventional handover
method and Efficient ANDSF-assisted Wi-Fi Control for Mobile Data Offloading (in
the subsequent sections this article will be referred as ” ANDSF-assisted handover”).

Simulation parameters are as in Table 4.1. In all scenarios, all neighboring cells
are considered to have enough bandwidth to accommodate new connections, thus we
disabled all background traffic for all BS/AP.

As the main objectives of this algorithm consist of handover management im-
provement, several indicators have been defined including the number of handovers
performed, handover latency, and the handover failure rate (HOF R). The Handover
Failures (HOF') occur when a handover process is initiated but not carried out to
completion. The HOFR shows the number of HOF relative to the number of all
handover attempts (successful + failure) [98]. The HOF' R is calculated as follows:

HOFR(%) = Naor (4.10)

NSuccessquO + NHOF

Moreover, the network performance of the proposed algorithm is evaluated based
on common QoS parameters like user throughput, end-to-end delay and packet delay

variations.
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4.7 Results and Discussion

As discussed above in Section 4.6.9 the simulation results are based on handover
performance. Various metrics are investigated to prove the efficiency of the proposed

handover algorithm compared to the conventional mechanism.

4.7.1 Number of handovers performed

Every unsuccessful handover activity is associated with a certain number of dropped
packets. Thus an increased number of handovers could easily affect the quality of
service for involved communications.

Figure 4.11 presents the results of the number of handovers performed per the
considered trajectory of movement when the vehicle moves at various speeds ranging
from 20 km/h to 120 km/h. The number of handovers performed in our proposed
handover algorithm is reduced in comparison to those performed in cases of the con-
ventional and ANDSF-assisted handover methods. This is due to the fact that the
vehicle OBU, in the proposed algorithm, scans only those SAPs located in its move-
ment direction and which would provide the vehicle OBU with reasonable residence
time with respect to the speed of the vehicle. V2I-DHA achieved up to 11% and 37%
lower numbers of handovers, over the conventional and ANDSF-based handover meth-
ods, respectively. The higher number of handovers in the case of both conventional
and ANDSF-assisted handover methods, is due to the fact that the vehicle OBU scans
all advertised networks regardless of the direction of movement. Contrarily, in the
proposed mechanism, the average number of handovers is between 2.5 and 3.5 during
the considered trajectory of the vehicle movement. It is also worth noting that the
number of handovers performed decreases with the increase in the speed of movement
for all considered scenarios. This could be explained by the different factors including

Doppler shift effects and high instability in the values of RSSP measured by the UE



82

from the target cell.

E I | I 1 | 1
I Conventional HO
[ ANDSF-Assisted HO
sl I V2I-DHA Based HO |
4+ .

Number of HO
{5 ]

!
T

100 120

60 B0
Vehicle Speed, km/h

Figure 4.11: Mean number of handovers performed at various vehicle speeds.

4.7.2 Handover latency

This parameter denotes the time elapsed between the handover initiation and comple-
tion. Figure 4.12 presents the comparative handover latency between the considered
three scenarios. The decrease in the proposed method could be explained by the min-
imised scanning time since the vehicle OBU scans only potential candidates (lying
in its direction) and the handover request is only sent to those with the highest net-
work selection probability. It can be noted from the Figure 4.12 that our proposed
algorithm offers an approximately 29% reduction in handover latency compared to
the conventional handover method and 15% compared to the ANDSF-Assisted han-

dover method. However, it is noted that increase in the speed of movement implies
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increased handover latency. This is due to the rise in radio link failures(RLF'). These

RLFs may occur due to the fact that the vehicle OBU crosses the boundaries of the

serving cell before initializing the handover activity to the target network.
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Figure 4.12: Comparison of handover latency for various vehicle speeds.

4.7.3 Handover failure rate(HOFR)

Figure 4.13 exhibits the handover failure rate against the speed of the vehicle. The

high HOFR occurs in the conventional handover mechanism since it does not consider

the direction of the vehicle and thus the vehicle OBU tends to connect to any available

target network which shows RSSP/RSSI greater than default threshold value. The

higher the HOFR, the more network resources (bandwidth) are wasted due to multiple
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messages exchanged between the vehicle OBU and both serving and target networks
for handover activities. In our algorithm, the HOFR is handled much better by
considering multiple criteria and thus the vehicle OBU can select the most appropriate
target cell to proceed for a successful handover activity. The proposed V2I-DHA
provides better HOFR performance by approximately 40% and 11% over conventional
methods and ANDSF-Assisted handover, respectively.
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Figure 4.13: Handover failure performance for network selection at various vehicle
speeds.

4.7.4 OBU throughput

Figure 4.14 shows the average OBU throughput for the voice application that requires
bandwidth of 64 kbps. The moving vehicle OBU operating on a 1.4 MHz channel
bandwidth with a voice call during a period of 500 seconds (which is the total sim-

ulation duration, 600 seconds, minus 100 seconds for simulation initialization). The
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graph compares the user throughput for simulated scenarios. The vehicular speed
varies from 20 km/h to 120 km/h. The proposed handover algorithm offers up to
45% and 37% higher throughput over the conventional and ANDSF-assisted han-
dover methods, respectively. The improvement was the result of less packets dropped
due to the reduced number of handovers carried out by the vehicle in the proposed
method. Also, the results reveal that both ANDSF-Assisted handover and the pro-
posed V2I-DHA offer the same throughput for low speed (< 20km/h). Furthermore,
we notice that the performance of throughput deteriorates with an increase in the
vehicular speed. This degradation can be related to the increased number of unsuc-
cessful handovers due to the incomplete handover signalling messages between the
vehicle OBU and the selected target networks caused by the high speed of movement
of the vehicle. It can thus be concluded that the network throughput is negatively
affected by the increase in the speed of the vehicle when performing handovers to

small cell networks.
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Figure 4.14: Comparison of user throughput of conventional, ANDSF-assisted, V2I-
DHA, and V2I-DHA handover methods at for various vehicular speeds.

Furthermore, the impact of the proposed handover algorithm on the WLAN
throughput is illustrated in Figure 4.15. In the case of the conventional and the
ANDSF-Assisted handover methods, the WLAN cells are not effectively exploited
due to the well-known unoptimized WiFi handover issues (a WiFi end device will
persistently "cling on” to the current connection until the RSSI falls below a thresh-
old). The proposed algorithm solves this problem by including more handover pa-
rameters that enable the vehicle OBU to determine the list of potential WLAN APs
in a pro-active manner so that the handover process takes less time and less dropped
packets. Consequently, our proposed algorithm outperforms both the conventional
and the ANDSF-Assisted handover mechanism in terms of the average number of

user received packets.



ReceivedTraffic,Kpbs

87

2500 T T T T T
—— Proposed V2I-DHA
CTTTE P Conventional
— 4+ — ANDSF-Assisted
2000 + -
1500 .
1000 |- =
500 i
b o S
e . :
0 100 200 300 400 500 600

Simulation Time{sec)

Figure 4.15: Comparison of WLAN throughput for conventional, ANDSF-assisted,
and V2I-DHA handover methods at vehicle speed of 60 Km/h.

4.7.5 End-to-end delay

Figure 4.16 illustrates the packet end-to-end delay experienced by the vehicle OBU
for the voice application. This parameter reports the total voice packet delay, called
"mouth-to-ear” delay. The higher value of packet end-to-end delay affects the overall
QoS of user applications, especially delay sensitive ones such as voice applications.
Packet end-to-end delay is the summation of various delays, namely, network_delay,
encoding_delay, decoding_delay, compression_delay, decompression_delay and dejit-
ter_buffer_delay. The proposed V2I-DHA algorithm mainly reduces the network_delay.
This is achieved by minimizing the number of candidate SAPs to be scanned and also

making an accurate decision for the cell selection. The simulation results reveal that
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our algorithm decreases the packet end-to-end delay by approximately 20% and 12%

compared to the conventional and ANDSF-Assisted handover methods, respectively.
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Figure 4.16: End-to-end delay comparison of different handover mechanisms at vari-
ous UE speeds.

4.8 Summary

This chapter has discussed a novel handover algorithm for multi-tier heterogeneous
networks that not only reduces handover latency and handover failure ratio but also
significantly improves user throughput and decreases end-to-end delay.

In V2I-DHA, the best target network was selected among the short-listed poten-
tial candidate networks and thus the scanning time becomes insignificant. Unlike

the conventional RSS-based network selection, V2I-DHA applies the knowledge of
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physical locations for both the node and the target network BS to calculate the se-
lection probability, which is used to determine the most suitable network for a near
future handover. The efficiency of the proposed algorithm was investigated by com-
puter simulation using OPNET. V2I-DHA had significantly better handover latency
and failure ratio than the conventional RSS-based method. Also, V2I-DHA offered a
better QoS performance.

The performance of V2I-DHA was comparatively studied against the conventional
handover method and one more related handover algorithm, named ANDSF-Assisted
handover method. Simulation results showed that V2I-DHA reduced the number of
frequent handovers up to 37%, the mean handover latency was up to 40% lower,
HOFR was up to 29% lower, user throughput was up to 45% higher and mean end-
to-end delay was up to 20% lower over the conventional handover method. V2I-
DHA is technology independent and thus it can be used to improve the handover
management in any multi-tier heterogeneous network environment. V2I-DHA can
be easily implemented by placing a vertical management layer between MAC and
IP layers of TCP/IP models. Table 4.2 summarizes the simulation results obtained
from analysis of V2I-DHA. In all cases, V2I-DHA outperformed both conventional
and ANDSF-based selection methods. With respect to handover performance, the
handover failure ratio and handover latency are degraded with increase of speed of
movement. Similarly, QoS performance is degraded with increase in vehicle speed.
Next, in Chapter 5, another handover algorithm is proposed that selects the most

suitable target network based on both node mobility and network load.



Table 4.2: Handover performance comparison.

V2I-DHA
Vehicle speed Low | Medium | High
Proposed 3.50 3.00 2.61
Average handover events ANDSF _based 4.00 3.40 2.71
Conventional 5.07 5.00 4.60
Proposed 4.90% | 6.00% 6.5%
Mean handover failure ratio | PANDSF based | 5.01% | 6.5% | 7.20%
Conventional 6.02% | 7.3% | 8.20%
Proposed 16.01 18.10 20.20
Mean handover latency (ms) | ANDSF_based | 18.04 | 21.20 | 24.70
Conventional 21.60 24.15 29.81
Proposed 60.00 65.17 39.80
Mean user throughput (Kbps) | ANDSF _based | 49.90 | 30.01 | 23.09
Conventional 38.70 30.21 20.81
Proposed 30.10 34.15 37.00
Mean packed Delay ANDSF _based | 36.20 38.76 40.16
Conventional 38.1 42.7 44.0
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Chapter 5

Fast Handover Using Node
Mobility and Network Load

5.1 Introduction

In Chapter 4, the improvement in handover in a multi-tier heterogeneous network
was achieved by modifying the network discovery and selection processes. A primary
objective of this thesis is to minimize the number of unnecessary frequent handovers
that affect the overall network performance in terms of QoS. To achieve this objective,
in this chapter, we report a novel network selection algorithm, called node Mobility
and network Load based handover Algorithm for V2I communications (V2I-MoLoHA)
that enables the vehicle OBU an efficient handover decision.

By self-selecting the most appropriate target network, the vehicle is able to not
only reduce the number of unnecessary and unsuccessful handovers but also improve
the resources consumed and overall performance of mobility. Moreover, by performing
a fast handover, it also improves the overall handover latency.

The chapter starts by introducing the concept of the V2I-MoLoHA algorithm and
the key contributions compared to its predecessor V2I-DHA. Section 5.2 discusses
similarities and dissimilarities of V2I-MoLoHA and V2I-DHA and highlights the as-
sumptions made for developing V2I-MoLoHA. Section 5.3 gives the description of the

91
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V2I-MoLoHA algorithm. Performance evaluation is presented in Section 5.4. Simu-
lation results are discussed in Section 5.5 and the chapter is summarised in Section

5.6

5.2 Discussion and Assumptions

Successfully maintaining the quality of on-going communications for users in high-
speed vehicles moving through urban 5G multi-tier, multi-RAT dense network envi-
ronments is a significant challenge [7]. Due to the presence of dense small network
cells overlaid by macro-cells, the mobile node will need an efficient network selection
mechanism for selecting the most ideal candidate network both while moving from
a macro to a small cell network (i.e., downward network selection) and from a small
cell to a macro cell network (i.e, upward network selection).

Generally, in a multi-tier heterogeneous network, the key challenge with downward
handover is associated with handover to a non-ideal cell (see Figure 5.1). In this
case, a fast-moving node may perform multiple handovers to a number of small cells
within a very short time and the dwelling period of the node within the coverage
areas of the small cells (e.g., NKWB in Figure 5.1 (b)) may be so small that it
may have to move out of the cell even before completing all the handover signalling
procedures. On the other hand, the problem with an upward handover is linked with
delayed handover. In this case, a node moving even at a moderate to high speed may
cross the coverage area of a serving small cell eNB (it is a base station for LTE-A)
before a handover is completed. Thus, it may result in the radio link failure (RLF)
with the current serving cell and the node tries to establish its radio link to another
base station. Thus, not only handover failures but unnecessary handovers also occur.
However, it is possible to deal with these issues if the node could appropriately select
an ideal network (e.g., the candidate BS/AP) amongst all the neighbouring networks
(e.g., neighbouring BSs/APs) for the future handover activity.
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Figure 5.1: High speed UE handover issues.

In this chapter, we present the network selection method that we called V2I-
MoLoHA (Mobility and network Load aware Handover Algorithm for V2I communi-
cations). This algorithm addresses both handover challenges discussed above, specif-
ically for a high-speed mobile node such as a vehicle. For downward handover, the
network selection operates in three stages: first, the vehicle OBU creates a set of
potential candidate networks based on its direction. The second stage consists of
ranking potential candidates based on the calculated dwelling time. The final stage
involves selecting the most appropriate candidate network based on the calculated
load index and the measured RSS values. As the main objective is to minimize both
latency and packet loss for handover activity, stages one and two are performed be-
fore the vehicle arrives in the service area of the candidate networks. This minimizes
the scanning time since the vehicle OBU will evaluate the RSS value and available
bandwidth only for the most potential candidate network. The upward handover
discussed in Subsection 5.3.2 applies the knowledge of dwelling time for deciding the

appropriate time to initiate a handover request to macro-cell BS. In this chapter, we
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have used the following terminologies: an OBU implies an in-vehicle communication
device that can connect to the infrastructure networks; SAP or small cell access point
represents any type of small cell base station(BS) or access point (AP).

Before describing the working principle of V2I-MoLoHA, it is important to high-
light the similarities and dissimilarities of this algorithm and its predecessor V2I-DHA.
Additionally, this section reports the assumptions that we made during the design of

V2I-MoLoHA.

5.2.1 V2I-MoLoHA vs V2I-DHA

1. Unlike the network selection algorithm (V2I-DHA) presented in the previous
chapter, which employs only two distance-based parameters, the V2I-MoLoHA
uses three parameters (relative direction, dwelling time and load index) for the
overall process of selecting the most appropriate candidate SAP. Among these
parameters, there is relative direction index which enables the vehicle to only
scan those neighbouring networks that lie on the movement direction trajectory
of the vehicle and not scan other candidate networks. This reduced scanning
implies less handover time or faster handover. Secondly, because of the multiple
parameters considered, the vehicle can successfully choose the most appropriate
target network for handover and therefore reduce the number of unnecessary

and unwanted handovers including ping-pong effects.

2. Unlike V2I-DHA that estimates the dwelling time based on the distance between
the target network SAP and the trajectory of movement, the V2I-MoLOHA
employs its movement information to accurately determine the dwelling time

used to rank all neighbouring cells SAPs.

3. The criterion of the current load of each potential SAP introduced in V2I-
MoLoHA was not considered for V2I-DNSA. A SAP may provide a consider-
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able dwelling time for a moving node, but if it does not have free channels
to accommodate the new session the handover is automatically blocked. The
V2I- MoLoHA utilizes information received from the target BS/AP to calculate
load index, which determines the less loaded candidate network. Thus, V2I-
MoLoHA reduces the handover-blocking probability by considering the current

load parameter.

4. While V2I-DHA relies on the ANDSF server for filtering SAPs available in its
direction, V2I-MoLLoHA enables the vehicle OBU to self-determine its direction
of movement based on geographical coordinates taken at two different consecu-

tive locations.

5. In V2I-DHA, the process of selecting the best SAPs from the PSAPs was based
solely on calculated selection probability followed by the estimation of the dis-
tance between the current physical location of the vehicle and the PSAPs. In
contrast, for V2I-MoLoHA, the best SAP selection is done by first ranking all
PSAPs and then computing the load index of the topmost on the list of PSAPs.

5.2.2 Assumptions

After discussing the similarities and dissimilarities of current and the previous han-
dover algorithms, we next state the assumptions that we have made to develop the
V2I-MoLLoHA handover algorithm.

Assumption 5.1: As is illustrated in the Figure 5.2, we consider a multi-tier
multi-RAT network with a large number of small cells and assume that the vehi-
cle starts its journey (with varying speed) from a certain point A in the macro-cell
network and its destination, point B, is also located in a distant destination in the
same macro-cell network. Generally, the typical LTE cell size is around 10 sq-km

(700/800 MHz) [99], thus a vehicle can spend a reasonable time in the service area of
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the serving macro-cell BS.

Assumption 5.2: We assume that the vehicle OBU is able to determine its
geographical location (latitude and longitude). This information could be collected
by using different geo-technologies such as GPS.

Assumption 5.3: We assume that each small cell AP (SAP) has the knowledge
of its geo-location coordinate and shares this information with the ANDSF server
located in the core network via the gateway router (see Figure 5.2). How the vehicle
acquires and utilizes this information (coordinates of SAPs) is explained in Section
4.5.

Assumption 5.4: During its entire journey, the vehicle OBU dynamically main-
tains a small database of all SAPs in its direction of movement that we have called
the set of potential candidates SAPs (PSAPs). The PSAPs are ranked and the next
handover will be initiated with the first SAP on the list of PSAPs. Every time the
vehicle OBU is handed over to a new SAP, the vehicle OBU sets a timer that is used
to determine the correct time to initiate the handover request back to the macro-cell

BS (explained in Section 5.3.2).

5.3 Description of V2I-MoLoHA

This chapter reports a novel network selection algorithm for effective V2I commu-
nications in a multi-tier heterogeneous urban network environment. As was stated
above in Section 5.1, the V2I-MoLoHA considers both upward and downward han-
dover types. We now proceed by describing the proposed network selection method

for downward handover activity.

5.3.1 Downward handover mechanism

In the proposed network selection method for a downward handover, the SAP of the

most suitable small cell network is selected based on three parameters: the relative
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Figure 5.2: Assumed scenario ( LTE-A eNB overlays multiple LTE-A small cells and

WiF1i access points).

movement direction index, the dwelling time of a UE and the network load of the
neighboring SAPs. The main purpose of the relative movement direction index is
to eliminate the useless candidate networks (those lying in the opposite direction of
the movement of the vehicle). These candidate networks are eliminated from the
set of the candidates to be evaluated. The proximity index calculates the closeness

of the candidate network to the trajectory of the movement and is eventually used
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to calculate the residence time index. Load index computes the available network
capacity while the RSS indicates the quality of the received signal from the candidate
network base station/access point.

The relative movement direction is determined based on the calculated distance
variation, which indicates how much the UE has moved towards or away with respect
to a candidate SAPs physical location. 5.3 shows how the distance variation is
calculated in our proposal. Two successive positions of the UE, P1, and P2, are
considered and the distance variation is calculated as the difference between distances
di—1 (UEs distance from a neighbouring HeNB calculated at P1) and d; (UEs distance
from neighbouring HeNB calculated at P2). As the movement of the UE on the earths
surface is two-dimensional (i.e., height is omitted) the distance can be calculated using
the Haversine function [100] that considers the spherical form of the earth (refer to

Equation 5.1).

A A
d=2R sin\/sin2(%) + cos(lat,) * cos(latgap,) * sin®( ;O") (5.1)

Where (Lat,, Lon,) and (Latgap,, Longap,) denote the coordinates of the UE and
candidate SAP respectively. A, and A, respectively, denote latitude separation
and longitude separation, and R = 6371km denotes the radius of the earth.

Moreover, as discussed before, an OBU calculates the relative direction of its
movement with respect to each neighbouring SAP, to short-list those SAPs with
respect to which the OBUs movement is progressive and to eliminate the SAPs that
lie in the opposite direction of its movement trajectory. Equation (5.2) calculates the
distance variation for the relative movement direction parameter.

The distance variation (v;) is calculated as follows:

Vi = di—1; — diy (5.2)

)
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Figure 5.3: Determining relative movement direction of the UE.

where d;_; ; and d; ; denote the calculated distances of the OBU from the candidate
S AP; measured at positions, P; and Ps, respectively (see Fig.3). If 7; > 0, the vehicle
OBU is moving towards the cell coverage of SAP;, or else it is moving away from it.
Therefore, any SAP with ~; < 0 is not shortlisted as candidate.

Next, the OBU ranks the short-listed candidate SAPs based on the dwelling time.
This is defined as the time that the vehicle spends within the service area of a can-
didate SAP and is dependent on the vehicular speed, the maximum coverage area of
a candidate SAP, the cosine factor and the speed of the vehicle. The cosine factor
is used to rationalize the portion of the movement trajectory that is covered in the
service area of the candidate SAP. In Figure 5.4 the angle « is the angle formed

by the line joining both previous and current positions of the vehicle OBU and the
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Figure 5.4: Determining proximity index.

distances from both positions to the candidate SAP. The smaller the value of «, the
more dwelling time (duration) of the OBU within the coverage area of a candidate
SAP. Thus, referring to Figure 5.3, from the calculated cosine factor it is obvious

that SAP,, ranked the highest compared to SAP;.

d?—l,i + AdZ - df,z
2 % dt—17i * Ad

(5.3)

cos q; =

Here, please note that the maximum value of cosa is obtained for a@ = 0, which

indicates that the candidate SAP; is exactly located on the vehicle’s future path

of movement. On the other hand, the minimum value is obtained for a = 7 or

37”, implying that the candidate SAP is perpendicular to the current location of the
vehicle. It is important to note here that any measurement error in the value of angle
a will remain the same for all candidate SAPs and thus will not affect the performance

of the proposed mechanism [101]. Finally, the dwelling time ¢, is calculated as:
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C, * cos
=

5.4
‘/speed ( )

where C, and Vjpeq denote the radius of the maximum coverage area of the target
small cell SAP and the speed of the OBU (i.e., the vehicle), respectively.

Finally, to maintain load balancing, in this thesis, a candidate network is evalu-
ated based on its load ratio (available capacity/total capacity) instead of its leftover
bandwidth [7] as is commonly done. Equation 5.5 calculates the available bandwidth

of the candidate SAP;, while the load index (li) is represented in equation 5.6.

B, =Bapi— Y by (5.5)
ujCVap,
B
li = - 56
B (5.6)

Eventually, the OBU scans the RSS of the top-ranked candidate SAP and if found
suitable in terms of network load, execute a handover with it. Algorithm 1 details

the proposed downward network selection procedure.

5.3.2 Upward handover mechanism

An upward handover is mandatory to prevent the OBU from losing its ongoing con-
nection as it moves out of the coverage area of the serving small cell SAP. In a way,
it is a forced handover and should be initiated and completed quickly to avoid any
connection disruption. Therefore, the network selection for upward handover should
be initiated early enough, preferably much before the OBU reaches the edge of the

serving small cell, to provide it with adequate time for successfully completing the
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Algorithm 1 Downward Candidate Network Selection

Input: SAP; coordinates (latsap,,lonsap,),
Vehicle coordinates(LAt,, Lon,) and R = 6371km
Output: Dwelling time (t,)
while UFE is connected to Macro Cell BS , do
Get current vehicle position, p;
Get latsap,,longap;,lat,, lon, and R
Alah = lCLtsApi — latvpl
Ajon, = longsap, — lon,,
. 2 Alat 2 Alon
di1 = 2R sm(\/sm (—5%) + cos(laty, ) * cos(latsap;) * sin®(—5))

Set New Position = szdél

Alatg = latSApi — lCLtvp2

Al(mg = lonSAPi - lonvp2

. . .92/ Aty -2 Blony
diz = 2Rsin(\/sin*(—5*) 4 cos(lat,,) * cos(latsap, * sin®(—52))
vi = di1 — di2 \ * Distance variationx

if v; <0 then
delete SAP;

else

foreach ~; > 0 do

0d=P,— P,
2 2 2
cosq; = % \ * Cosine factorx
_ Crx A ) y
ty, = ﬁ \ * dwelling timex
r(;turn tr,
int[ | SAPs = new int[ | tyo, try, ... , tp, \ * list of potential candidate S AP sx

Array.Sort (SAPs). \ * descending order sorting*

if (SAPs[0].li >= ligy&&SAPs[0].RSS >= RSS,;,) then
| HandoverEvent =true /*Send handover command to macro-cell BS*/

else
| HandoverEvent =false /*Keep connection with macro cell BS*/ ;
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entire handover procedure before it moves out of the small cells coverage area. To fa-
cilitate the timely decision for network selection and complete the upward handover,
our proposed method divides the small cell network coverage area into two virtual
circular coverage areas (assuming that the network coverage is shaped as a circle) [13].
As shown in Figure 5.5, the inner circle, called the useful coverage, does not involve
any handover activities. Here, it is assumed that an OBUs RSS is always higher than
a threshold value and is enough to provide a better quality of communication. On the
other hand, most of the handover occurs when the OBU lies within the outer cover-

age area, called the handover area. Referring to our proposed network (cell) selection

()

LTE eNB

. —
N

Useful coverage *
=80% t,

7

.
Handover Area

Figure 5.5: Upward network selection.

procedure as explained in Subsection 5.3.1, it is possible for the OBU to estimate its
dwelling time (approximately) in the current cell before going for a handover. Based
on experimental simulation results (refer to Figure 5.15 in Section 5.5.6), we ob-
served that the packet delivery ratio of the OBU decreases when the useful coverage
area (refer to Fig. 4) becomes greater than 80% of the calculated dwelling time (the
time an OBU spends within the coverage area of the selected SAP). Thus, we pro-
pose that to get a satisfactory handover performance, the handover activity should

initiate immediately after the OBU has traveled 80% of the dwelling time, which is
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the distance traveled inside useful coverage. In other words, the useful coverage is
proposed to be 80% of the total duration that an OBU spends in the service area of
the selected SAP.

Algorithm 2 Network Selection for Upward Handover.
1. While connected to the selected HeN B;;

2. Set traveled distance in micro-cell to d;
3. If dt =80%t,

4. Send a handover request to the eNB

5. End.

5.4 Performance Evaluation

As was previously mentioned in 4.6.2, OPNET modeler is the main network simula-
tion software used throughout this thesis. Thus, this section reports different results
analyses obtained based on various simulation scenarios. Moreover, in this section, we
not only present the network performance of the V2I-MoLoHA but also the related
experimentation to support the proposed algorithms. In Section 5.4.1, we analyze
the effectiveness of the proposed downward network selection method that ranks all
available small cell eNBs based on Algorithm 1. This was achieved by combining
Google map data and the proposed algorithm through MATLAB simulator. The key
parameters for Algorithm 1 are geographical coordinates (latitude and longitude) for
both vehicle positions and candidate SAPs. These coordinates are obtained from
Google map (Queen Street, Auckland City Centre, New Zealand). The positions of
the vehicle and SAPs are chosen randomly. It is worth noting that this approach
is only used to evaluate the effectiveness of the proposed Algorithm 1 in terms of
short-listing and ranking the potential SAPs.

The proposed the performance of the network selection method as a whole, ( i.e.,

both downward and upward selection methods.) is investigated in Subsection 5.4.2.
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5.4.1 Downward network selection method: ranking ability

To evaluate the algorithm 1-based downward selection method, we created the sce-
nario presented in Figure 5.6. Using Google Map data (latitude and longitude), six
equal sized small cell SAPs, SAP; to SAPF;, are strategically placed on both sides of
the considered route (Queen Street, Auckland City Centre, New Zealand). While the
route passes through the entire coverage area of SAP,, the coverage area of SAP;
tangentially touches the considered trajectory of the movement. Figure 5.6 shows the
initial and next movement positions, P, and P,, respectively of the vehicle carrying
the OBU. Table 5.4.1 lists the considered Google Map coordinates for this particular
scenario. The Figure 5.7 shows the ranking of SAPs based on algorithm 1. In Figure
5.7 all the six SAPs are ranked based on the calculated dwelling time of the UE in
each of the cells while the UE is moving at varying speeds ranging from 10km/h to
100km/h. The plotted results show that SAP, and SAP;, respectively, provide the
highest and lowest dwelling time. Thus, this clearly shows that SAP, and SAP;,
respectively, provide the maximum and minimum coverage areas through which the
vehicle OBU has to pass when moving from the start to the destination point on
its route. As mentioned in Subsection 5.3.1 , the vehicle OBU will only scan the
top-ranked SAP, which is SAP; to select it for the handover activity. This implies
that the proposed network selection method can avoid unnecessary scanning activ-
ities and handover attempts to the SAPs leading to an improvement in the overall

network performance.

5.4.2 Performance of the whole network selection method

While the previous subsection evaluated the effectiveness of the proposed downward
network selection method, this section evaluates the performance of the entire network

selection method (i.e., both downward and upward selection methods). As previously
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Figure 5.6: Map and route layout considered for evaluation of downward handover

algorithm.
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Figure 5.7: Ranking the available candidate SAPs.

discussed in Section 4.6.2, OPNET simulator is utilized through this thesis for inves-
tigating the network performance of the proposed algorithms. Thus, we proceed by
explaining the further enhancements made to the vehicle OBU and both LTE eNodeB
and WiFi AP, particularly for implementing the V2I-MoLoHA algorithm.

5.4.3 Enhancements to the vehicle OBU node model

The implementation of the V2I-MoLoHA algorithm is built on the top of its predeces-
sor V2I-DHA presented in Chapter 4. In this algorithm, a code has been added to the
vehicle OBU node model for computing and transmitting the dwelling time parameter
to the right entity in the network in order to let it choose the target eNodeB/AP and
also to compute the load index for a particular eNodeB/AP. The dwelling parameter
is computed by modifying the function lte_ue_as_vho_get_ho_params(), discussed in
Section 4.6.4. The dwelling is calculated based on the cell radius, angular movement

and the vehicle speed; thus the functions Lte_ue_as_vho_cell_radius_get() and



Table 5.1: Considered coordinates (decimal degrees).

Location Latitude Longitude

Veh. Position 1 -36.852162 174.763936
Veh. Position 2 -36.851474 174.764235
HeN By -36.851089 174.763712
HeN B, -36.851615 174.765314
HeN Bs -36.849881 174.765314
HeNB, -36.849506 174.764405
HeNBs -36.850900 174.764517
HeN Bg -36.851913 174.763493

lte_ue_as_vho_alpha_angle_get() are introduced to the computer cell radius and an-
gular displacement parameters, respectively.
In order to have information about the data rates at the UE, a couple of new

functions were added to the OBU node model. The main functions are:

e [te_ue_asvho_data_rate_compute(): This function is used to re-compute the

data rate every time a new packet is received at the LTE UE MAC.

e [te_ue_asvho_data_rate_access(): This function is used to get the data rate that

will be sent to the associated eNodeB in the measurement process

e [te_ue_asvho_data_rate_destroy(): This function deletes the data rate compu-

tation instance.

5.4.4 Enhancements to the standard LTE eNodeB node

In the LTE eNodeB, these changes were done at the LTE eNodeB MAC protocol. A

few lines of code have been added to store the dwelling time parameter and data rate
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parameter received from the vehicle OBU in the measurement process.

The computation of the load index of a particular eNodeB is computed based
the current data rate which depends on the number of connected devices. However,
the computation of this parameter would increase the handover delay at eNodeB.
In order to avoid this delay, this parameter is computed at Evolved Packet Core
(EPC) network level, in the GPRS Tunnelling Protocol (GTP). This was achieved
by modifying the packet passed from the serving eNodeB that will go through EPC,
these changes were coded in the function lte_s1_handover required_generate(). This
packet includes the list of potential target networks that have passed other filter-
ing parameters (e.g., RSS and dwelling time). The data rate computation is done
by the function data_date_compute() and is called per received/transmitted packet,
on the fly. In the GTP protocol, the packet will be processed by the function
umts_gtp_choose_target_enb() that chooses the target network and sends this infor-

mation to the serving eNodeB for handover execution.

5.4.5 Enhancements to the standard Wi-Fi AP node

Similarly, the implementation for Wi-Fi AP involves the computation of both the
dwelling time and the load index. The codes for these parameters are added to
the WiFI AP MAC layer functions. For dwelling time the code is present in the
wlan_mac_hcf.pr.c file and it adds new fields and data structure to store the dwelling
time associated with a specific AP.

The load index is computed based on the number of stations that are currently
associated with the target AP. This information is obtained by analyzing the BSS
load element of 802.11 beacon frame [102]. This element provides information on
the cell load, from the AP point of view and is only enabled and used when QoS
is supported. It includes station count, channel utilization, and available admission

capacity.
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5.4.6 Simulated scenarios

In order to evaluate the network performance of the V2I-MoLoHA algorithm, more
small cells (SAPs) are introduced into the network topology simulated in the network
topology simulated in Chapter 4. As illustrated in Figure 5.8, the simulated network
includes one macro-cell eNodeB, eight LTE-A small cells (Pico-cells) and six Wi-Fi
APs. Other parameters are as mentioned in Table 4.6.8, for the sake of comparison.

In order to investigate the effect of the network load algorithm on the proposed
handover algorithm, each SAP served a varying number of active users throughout
the simulation. As was mentioned in Table 4.6.8, the simulated scenarios deploy the
channel bandwidth 1.4 MHz for each LTE-A SAP. According to [103], the channel
bandwidth 1.4 MHz provides 6 RBs or 936 kbps transport block. As will be explained
later in this section, various numbers of OBUs running video applications at 50kbps
are deployed in the service area of selected SAPs and the algorithm would select the

less loaded SAP.

5.4.7 Performance study

To evaluate the performance of the proposed handover algorithm under different
conditions we define two sets of experiments:

(i) In the first set, we analyzed the effect of the proposed algorithm under the
various vehicular speeds from 20 to 120 km/h with a granularity of 20. We suppose
that the speed of movement remains constant during simulation duration.

(ii) In the second set, we evaluate the impact of the proposed handover algorithm
on the delay sensitive applications such as VoIP. Here we investigate the impact of our
handover algorithm on network QoS performance including throughput, end-to-end
delay, the packet delivery ratio (PDR). Finally, we analyze the effect of the proposed
V2I-MoLoHA on macro-cell offloading.

Similar to its predecessor V2I-DHA presented in Chapter 4, the performance of
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Figure 5.8: Simulated network topology.

the V21-MoLoHA is investigated against two existing handover mechanisms: the con-
ventional RSS-based approach and the handover method called ” Efficient ANDSF-
assisted Wi-Fi Control for Mobile Data Offloading proposed in [36].

5.5 Simulation Results and Discussion
5.5.1 Number of handovers performed

The increased number of handovers is primarily related to the network overloading
due to the handover-related messages that are exchanged between the node and the
serving BS as well as between the serving and the target BS. Thus in a multi-tier
heterogeneous network, an efficient handover mechanism should minimise the number
of unnecessary handovers performed by the mobile node.

The results of simulation depicted in Figure 5.11 show the comparison of our

proposed V2I-MoLLoHA and three more handover methods discussed in the previous
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chapter, these are the conventional RSS-based handover method, ANDSF-Assisted
handover proposed in [36] and V2I-DHA presented in Chapter 4. Under the proposed
method the number of handovers is reduced due to its ability to apply both mobility
and network load information for selecting the best target network. The simula-
tion results revealed that the V2I-MoLoHA achieved up to 48.7% and 24.06% less
handovers over the conventional and ANDSF-based handover methods, respectively.

The direct impact of the increased numbers of handovers in the conventional and
ANDSF-Assisted scenarios is explained by the data traffic received by the vehicle
OBU shown in Figure 5.10. The fluctuation in the amount of traffic received under
the conventional scenario ANDSF-Assisted scenarios is associated with the number of
unwanted /unnecessary handovers. Unlike the unstable traffic received attributed to
the conventional and ANDSF-Assisted systems, the proposed algorithm improves and
stabilizes the download traffic received by the vehicle OBU from the traffic server. As
per Figure 5.10, the proposed method outperforms the other considered scenarios in
terms of the reduced amount of traffic exchanged between the vehicle and the traffic

server.
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Figure 5.9: Number of handovers performed versus vehicle speed. Comparison of
conventional HO, ANDSF-assisted HO, V2I-DHA, and V2I-MoLoHA.
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Figure 5.10: Comparison of downlink traffic received by vehicle OBU from the traffic
application server, at the vehicular speed of 60km /h.
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5.5.2 Handover failure ratio(HOFR)

Handover failure (HOF) involves network resources wasted for handover negotiations.
Moreover, HOF deteriorates the expected QoS of ongoing communications, particu-
larly for real-time applications sensitive to any type of disruption. The simulation
results presented in Figure 5.11 exhibit how much the proposed V2I-MoLoHA re-
duces the percentage of HoF ratio. V2I-MoLoHA achieved up to 43.52% and 54.4%
lower handover failure over the conventional and ANDSF-assisted handover meth-
ods,respectively. This is due to the proposed network selection method that starts
handover activities well in advance of approaching the service areas of target net-
works. This feature is well confirmed by the results depicted in the downlink traffic

received by the vehicle OBU from the traffic application server(See Figure 5.10).
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Figure 5.11: Handover failure ratio versus vehicle speed. Comparison of conventional,
ANDSF-assisted, V2I-DHA, and V2I-MoLoHA handover methods.
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5.5.3 Handover latency

Figure 5.12 shows the mean HO delay with vehicle speed varying from 20 km/h
to 120 km/h. At low speed, all considered handover mechanisms offer almost the
same handover delay. The proposed V2I-MoLoHA is dominated by its predecessor
V2I-DHA due to the complexity of the network decision algorithm. Unlike V2I-DHA,
the V2I-MoLoHA evaluates both mobility direction and network load for deciding the
most suitable target network. In addition, the V2I-MoLoHA performs both downward
and upward algorithms. The performance of the V2I-MoLoHA is clearly observed at
the high speed where the average handover delay is reduced up to 34% and 29%
compared to the conventional handover mechanism. Thus, based on the simulation
results, we can confirm that the proposed V2I-MoLoHA performs much better than

other considered handover methods.
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Figure 5.12: Mean handover latency versus vehicle speed. Comparison of conven-
tional, ANDSF-assisted, V2I-DHA, and V2I-MoLoHA handover methods.
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5.5.4 User throughput

Figure 5.13 exhibits the comparative average of the user throughput for a variable
speed of the vehicle. These results we obtained by enabling a voice application that
requires a bandwidth of 64 kbps for 600 seconds, which is the simulation duration.
In addition to voice traffic, we have enabled background data traffic that requires
a bandwidth of 36 kbps to simulate different live updates required to keep seamless
connectivity. The graphs shown in Figure 5.13 show that the proposed V2I-MoLoHA
offers an improved user throughput up to 92 Kbps while the lowest value is attributed
to the conventional handover method that provides up to 41 Kbps for low speed and
about 20 Kbps for high speed of movement. Generally, the V2I-MoLoHA achieved up
to 52.55% and 32.34% higher throughput over the conventional and ANDSF-based
handover methods, respectively. Although the speed is increased from 20km/h to
120 km/h, the graphs have also revealed that the user throughput provided by the
V2I-MoLoHA is not much affected due to the consideration of network load while
deciding the target network for a near future handover. The average throughput

remains stable even when the speed of the vehicle increases.
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Figure 5.13: Comparison of user throughput of conventional, ANDSF-assisted, V2I-
DHA, and V2I-MoLoHA handover methods at various vehicular speed.

5.5.5 End-to-end delay

As previously discussed in Subsection 4.7.5, end-to-end delay is also known as mouth
to ear delay and it is the summation of various delays produced at different stages of
communication. Figure 5.14 depicts the simulation results end-to-end delay perfor-
mance for considered handover methods at various vehicular speeds. The proposed
V2I-MoLoHA achieved up to 36.32% and 22.89% lower packet delay over the con-
ventional and ANDSF-based handover methods, respectively. Generally, end-to-end

delay rises with increase in the speed of movement. At high speed, the vehicle may
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move out of a cell before finalizing handover activities resulting in uncompleted han-
dover which is associated with more dropped packets. Consequently, the sender should
retransmit the same packets and thus could increase the end-to-end delay.

For different speeds, the proposed V2I-MoLoHA offers the lowest delay while
the highest delay is attributed to the conventional handover method. According to
the simulation results, the highest end-to-end delay recorded is 47ms which is still
good compared to ITU QoS requirements [45]. This is because of the simplified
ideal simulated scenarios that considered few network switching nodes compared to
the real network systems where the communication could pass through an increased
number of switching devices and various propagation media which add significant
delays. However, the fact that the proposed handover algorithm reduces the end-to-
end delay for the simulated scenarios, we can confirm that our handover algorithms

could also perform efficiently in real communication networks.
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Figure 5.14: End-to-end delay versus vehicle speed. Comparison of conventional HO,
ANDSF-assisted HO, V2I-DHA, and V2I-MoLoHA.

5.5.6 Effect of upward handover algorithm on packet delivery

The results presented in Figure 5.15 show that our proposed V2I-MoLoHA introduces
fewer handover processes, decreasing up to 20% the PDR while maintaining the QoS
demanded by the voice traffic session. Figure 5.15 shows the effects of the size of
useful coverage (UC) area proposed in upward selection on the simulation results.
While, the highest PDR, in this case, is obtained for UC = 80% of t,, the lowest
PDR is recorded when UC = 90% of ¢,. We have also noted that PDR degrades
with an increase in the vehicle’s speed of movement due to the delayed handover as
explained in Section 5.1. We can thus conclude that PDR is negatively affected by

the increase in the speed of the vehicle.
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Figure 5.15: Improvement in packet delivery ratio.

5.5.7 Effect of V2I-MoLoHA on macro-cell offloading

The key idea of deployment of small cell networks is to address the exponential
increase in mobile data traffic. This is achieved when the large macro base stations
offload traffic to the low power small cell base stations. The simulation results shown
in Figure 5.16 present the amount of traffic carried through WLAN APs with the
speed of movement of 60km/h. During the first 240 seconds all considered scenarios
offer the same traffic amount; however, from 250 ms the proposed V2I-MoLoHA
provides up to 75% and 50% higher than the conventional and ANDSF-Assisted
handover methods, respectively. This reveals the efficiency of the proposed V2I-
MoLoHA in terms of macro-cell offloading to small cells. Furthermore, Figure 5.17
presents a comparison of average user throughput for LTE-A and Wi-Fi technologies.
The results for LTE-A were achieved by disabling all Wi-Fi APs. The simulation
results exhibited in this figure reveal that the integration of both LTE-A and Wi-
Fi systems offer higher user throughput compared to LTE-A only. On the other
hand, these results confirm the viability of LTE-A to support V2I applications since
it provides more than 85% of the required throughput at the low speed.
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5.6 Summary

In this chapter, we have presented a mechanism, V2I-MoLoHA, which combines the
knowledge of node mobility information and network load of the target network for
selecting the most suitable network for improving handover performance in a multi-
tier heterogeneous network. Both downward and upward handover methods are con-
sidered for V2I-MoLoHA. For downward handover, the mobile node is enabled for
self-calculating dwelling time and load index parameters, which are mainly utilized
for the handover decision. On the other hand, the upward handover is a simple
but effective method that applies the dwelling time (already calculated in downward
handover) for timely triggering the upward handover.

The effectiveness of the proposed analytical model for the downward network se-
lection method was first analysed by combining Google map data and the proposed
algorithm through MATLAB simulator. It was observed that V2I-MoLoHA can ac-
curately select the best target network based on the geo-location data and the speed
of movement. In addition to the MATLAB experiments, OPNET simulation exper-
iments were carried out to study the performance of the network selection method
as a whole (i.e., both downward and upward selection methods). In terms of han-
dover performance, the impact of various vehicular speed on the handover frequency,
handover latency, failure ratio was investigated. Moreover, the performance on QoS
improvement was studied by evaluating well-known QoS parameters, including user
throughput, end-to-end delay and packet delay ratio (PDR). In terms of handover
management, the V2I-MoLoHA performs better than the conventional and ANDSF
Assisted handover methods by reducing the number of unnecessary handovers and
failure ratio as well as handover latency. With respect to the quality of service, the
V2I-MoLoHA offers up to 15 Kbps higher user throughput and up to 10% higher
PDR while the end-to-end packet delay is reduced up to 12ms lower compared to the
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conventional handover method.

The proposed model can be applied for multi-tier multi-RAT 5G networks, which
deploys network densification in the form of heterogeneous small cells of different
coverage areas overlaying the macro-cells. On the other hand, in a multi-tier hetero-
geneous network, the target network for handover can be selected based on the user
applications. Table 5.2 summarizes the simulation results obtained from analysis of
V2I-DHA. In all cases, V2I-MoLoHA outperformed both conventional and ANDSF-
based selection methods. With respect to handover performance, the handover failure
ratio and handover latency are degraded with increase of speed of movement. Simi-
larly, QoS performance is degraded with increase in vehicle speed. Next, in Chapter
6, a multi-criteria cell selection mechanism is proposed for user application based

handover for a multi-tier network environment.



Table 5.2: Handover performance comparison.
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V2I-MoLoHA

Vehicle speed Low | Medium | High

Proposed 3.50 3.00 2.61

Average handover events ANDSF _based 4.00 3.40 2.71
Conventional 5.07 5.00 4.60

Proposed 4.90% | 6.00% 6.5%
Mean handover failure ratio | PANDSF based | 5.01% | 6.5% | 7.20%
Conventional 6.02% | 7.3% | 8.20%
Proposed 16.01 18.10 20.20
Mean handover latency (ms) | ANDSF_based | 18.04 | 21.20 | 24.70
Conventional 21.60 24.15 29.81

Proposed HO 92.09 74.70 65.31
Mean user throughput (Kbps) | ANDSF _based | 57.70 | 49.18 | 25.58
Conventional 39.01 27.81 20.02

Proposed 32.50 34.80 35

Mean packed Delay (ms) ANDSF based | 40.75 | 45.18 | 47.01
Conventional 45.00 51.79 57.81




Chapter 6

Multi-Criteria Cell Selection
Method for V21 Communication

6.1 Introduction

Chapters 4 and 5 reported two novel network selection algorithms for improving
handover management in multi-tier heterogeneous networks from node mobility and
network load perspectives. The objective of this thesis is to design efficient handover
techniques proving an acceptable service quality for different applications with respect
to their various QoS requirements. In this chapter we present a multi-criteria cell
selection method for V2I communication, that selects the target network based on
the QoS requirements of the ongoing applications. The handover that applies this
network selection method is named multi-criteria based handover algorithm for V2I
communication (V2I-MHA). We consider five dissimilar application profiles and the
key difference is how much weight an application profile allocates to the requirements

of the application.
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6.2 Related Work

Since in V2I communication, a vehicle on the move must select the most suitable
underlying network in real-time (either to disseminate data to urban regions having
a dense capacity of users, or to exchange low latency emergency messages with the
RSUs or for running safety applications). It is very important to consider multiple
parameters to make the network selection. This can be implemented using multi-
criteria decision making (MCDM) algorithms.

A significant number of MCDM-based handover decision methods can be found
in the recent literature [104-107]. The common research problem for these studies
is to overcome the issue of selecting a wrong candidate network for an anticipated
handover, due to insufficient information mostly at the terminal side. The authors
in [105] applied the MCDM algorithm to develop a QoS-aware handover method that
selects the suitable candidate network in a heterogeneous network environment that
includes LTE and WLAN RATSs. The most appropriate target network is selected
based on estimated user dwelling time. Similarly, The study in [106] applied a tech-
nique for order preference by similarity to ideal solution (TOPSIS) to select the most
appropriate candidate network based on a single application or multiple applications.
This method considered different criteria, including, maximum data rate, security,
delay, battery power consumption, and cost. Although these proposals provide effec-
tive handover decision methods (compared to the conventional RSS-based handover),
they are inaccurate in terms of selecting parameters (criteria) involved in handover
decisions. A typical example is the dwelling time utilized in [105], where it is assumed
to be received from the candidate network AP/BS, but it is not clearly explained how
this parameter should be calculated. The authors of [107] developed a MCDM-based
handover decision method that relies on a media independent handover (MIH) pro-

tocol. This method considers the information from application layers, user context
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and network context to select the most suitable candidate network in a heterogeneous
network environment. In our proposal, we agree with the authors in [105] that the
dwelling time is the key handover decision parameter for avoiding unwanted frequent

handovers, that is why this parameter was considered in chapter 5.

6.3 Multi-Criteria based Handover Algorithm for

V2I Communications (V2I-MHA)

The proposed V2I-MHA can be presented by assuming that the vehicle OBU is ini-
tially connected to macrocell BS and there are m small cell candidates, with m SAPs
(Small cell Access Points): SAP,, SAP,,..,SAP,, Where all candidate SAPs for the
user(vehicle OBU) can be indexed by 1 to m in a set C: C = [SAP,, SAP,,,SAP,)]
For each handover event, the suitable SAP from the candidate set C will be de-
termined by the proposed V2I-MHA algorithm with a combination of the following
criteria: Guaranteed bandwidth, packet latency (PL), packet loss ratio (PLR) and the
network usage cost associated with each candidate network operator. The proposed
V2I-MHA is based on the Simple Additive Weighting (SAW) method [108] and the
weighting vector of the decision element is determined by the Eigenvalue method of
Analytical Hierarchical Process (AHP). While there are numerous methods used for
multi-criteria decision making, SAW was selected due to its simplicity resulting in less
processing time, which is a key requirement for a good decision mechanism, particu-
larly in vehicular networks that perform frequent handover decisions. Contrary to its
predecessor Mobility and network Load aware Handover Algorithm (V2I-MoLoHA))
algorithm, this algorithm focuses on the quality of service (QoS) requirement for the
ongoing applications. Moreover, the V2I-MHA also considers the user budget that

specifies how much money the user is willing to pay for the service.
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To maintain the accepted QoS requirements, we define application profiles that
classify user preferences into different sets. For instance, a voice application which re-
quires uninterrupted communication may prefer to connect to a network that provides
less packet latency and less packet loss ratio. On the other hand, the guaranteed band-
width is not of importance compared to video streaming applications. Subsequently,
for each application profile, a weight vector is developed based on the importance
weight of attributes. Also, the consistency ratio (CR) is calculated to verify the con-
sistency of the considered weighting matrices. A weight vector is acceptable when

the calculated CR is less than 0.1(C'R0.1) [109]. User profiles are discussed next:

6.3.1 Application profiles

We define application profiles to classify the user preferences into dissimilar sets.
These profiles are defined based on application requirements and user budget. With

respect to V2I communications, we consider the following five application profiles:

e Maximum Quality: Under this profile, the algorithm always selects the best
performing network among all the possible choices, irrespective of the associated
cost. With respect to V2I communications, this profile may be reserved for

safety-related applications such as accident warnings.

e Guaranteed VolIP: The most important parameters are packet delay and
packet loss ratio. The delay is a key issue as a conversation must be processed
in real time. We also consider a reduced number of handovers to avoid an in-
creased packet loss ratio. Moreover, the usage cost should be reasonable since
the call may take time. In the context of V2I communications, this profile can
include traffic management applications where traffic authorities may directly

communicate to vehicle drivers through OBU via VoIP.
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e Guaranteed streaming: This is a typical profile for streaming applications.
The algorithm selects the network that offers not only a high throughput but
also a low packet loss ratio. In V2I communications, vehicles may send/receive

video data (on-road traffic calculation) to/from a traffic server.

e General: This is the most general possible profile, where the user does not
specify any constraint for the QoS parameters. In V2I communications, this
profile may represent entertainment and personalized applications. Examples
of such applications include searching for the nearest gas station or looking for
the nearest McDonalds restaurant. These applications do not usually suffer
from stringent communication constraints, like restricted latency or packet loss,

although high data throughput may be occasionally required.

e Minimum cost: This profile depends much on the budget of the user, and
the key component for making the network selection decision depends on the
network usage fee that is charged per unit of data (MB). The higher the weight of
cost attribute, the algorithm will select the cheapest candidate access network.
In the context of V2I communications, this profile involves users on board who

may decide to connect to different radio access networks via the vehicle OBU.

6.3.2 Application requirements

e Guaranteed bandwidth (GB): This parameter is given higher weight for
bandwidth-hungry applications, such as Video streaming. Moreover, this pa-
rameter will help manage the use of available bandwidth as the user will select

the candidate based on the ongoing bandwidth requirements.

e Packet End-to-End latency (PL) : This parameter specifies the latency that

the application can tolerate before decreasing its performance.
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e Packet loss ratio (PLR): The losses on the channel that the application

tolerates in order to guarantee effective performance.

e Cost: This parameter defines user preferences in terms of service fee. For
maximum quality profile (P1), this parameter is given the lowest value, while

it is given highest value for the minimum cost profile.

6.3.3 Proposed MCDM-based network assessment function

As mentioned in introducing this section, the proposed V2I-MHA applies the simple
additive weight (SAW) decision method to select the suitable target network. SAW
is a classical multi-attribute decision method and is widely used for network selection
due to its simplicity [108,110]. To determine the overall score of a candidate network,
the normalized contributions from each metric r;; is multiplied by the weight W;
assigned to the j* metric. The candidate network with the highest score is selected

and is given by Equation (1).

Requirement AttributeV alue; ; . GB
Candidate AttributeValue;; -

CandidateN et Ratio; = (6.1)

Candidate AttributeV alue;; ] _ COSt, PL, PLR

RequirementAttributeV alue;;

CandidateNetV alue; = Z w; * CandidateNet Ratio; (6.2)

=1

iwi =1 (6.3)

where W, denotes the weight of a criterion 5 and the value assigned to W; shows

the relative importance of that criterion in a decision matrix. Besides, there are two
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types of the considered criteria, including benefit type criteria (high value is better)
and cost type criteria (low value is the better). In the proposed V2I-MCCS, we
have three cost criteria: Cost, packet E2Edelay, Packetlossratio and one Benefit
criterion: Guaranteed Bandwidth. Here, each network metric is assigned a weight
depending on its influence on the handover decision of the vehicle OBU. The decision

matrix is given below:

GB PL PLR Cost

RATl Xll X12 XlS X14
RAT2 X21 X22 X23 X24

RATn an Xn2 XnS Xn4

6.3.4 Computing the weight vector

The weight value shows the relative importance of criteria in a decision matrix. In this
research work, the appropriate weight vector for each application profile is calculated
based on the Analytical Hierarchy Process (AHP) method, a famous decision-making
framework developed by Saaty [111]. Table 6.1 presents weight values optimized for
all application profiles, considered in this research work. Moreover, the consistency
of the calculated weight vectors is justified by the consistency ratio. As presented in
the last row of Table 6.1, for each application profile, the consistency ratio is less
than 0.1, indicating sufficient consistency.

We proceed with explaining the three steps that lead to the weighting vector.

e The first step involves developing the pairwise matrix that establishes the rel-

ative priority of each attribute against every other attribute. The pair-wise
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Table 6.1: Weight values optimized for application profiles.

Requirement Maxim Guaranteed Guaranteed General Minimum
Parameter Quality VolP Video Cost
Guaranteed 0.321429 0.237245 0.375141 0.250000 0.161797
Bandwidth

Packet Latency  0.321429 0.386297 0.271775 0.250000 0.142400
Packet Loss Ra- 0.321429 0.211662 0.271775 0.250000 0.212937

t1o
Cost
CR

0.035714 0.164796 0.081309 0.250000 0.419058
0.0000 0.038227 0.029161 0.0000 0.096453

comparison utilizes index values from 1 to 9. At a time two criteria are evalu-
ated based on their relative importance. If a criterion A is equally preferred as
criterion B, the pair receives an index value of 1. If A is extremely preferred to
B, the index value of 9 is used. Moreover, the reciprocal relationships are also
applied. For instance, if A is extremely non-preferred to B, this pair receives
an index value of 1/9. The values are entered row by row into a cross-matrix.
The diagonal of the matrix contains only values of 1. Table 6.2 presents index

values and their delimitations according to Saatys AHP [109].

The second step computes the weights of the individual criteria. This step starts
with multiplying the values in each row together and calculating the n'* root of
the product. Then the calculated root of the product is normalized to get the
appropriate weight. The normalization is done by dividing each row product

by the sum of the product column.
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e Finally, the consistency of the pair-wise matrix is assessed by calculating and
checking the value of the consistency ratio (CR). The developed pair-wise matrix

is consistent when the CR value is less than 0.1. CR is calculated as follows:

ClI.
= — 4
CR i (6.4)
of — Lamday,e, —n (6.5)

n—1
where Lamda,,,, is the sum of the product of each criterion normalized weight
and the sum of each criteria column, and n is the number of criteria. The
amount of the random index (RI) depends on the number of criteria being

compared and its value can be obtained from Table 6.3.



Table 6.2: Saaty’s 1-9 scales of pairwise comparison.
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Definition Index Explanation
value

Equally preferred 1 Two activities contribute equally
to the objective

Weak or Slight 2

Moderately preferred 3 Experience and  judgement
slightly favour one activity over
another

Moderate Plus 4

strongly preferred ) Experience and  judgement
strongly favour one activity over
another

Strong Plus 6

Very Strongly preferred 7 An activity is favoured very
strongly over another

Very, very Strong 8

Extremely preferred 9 The evidence favouring one activ-

ity over another is of the highest
possible order of affirmation

Table 6.3: The average stochastic uniformity index target value of judgement matrix.

n 1 2 3

4

5

6 7 8 9 10

RI | 0.00 | 0.00 | 0.58

0.90

1.12

1241132141 | 145|151
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6.4 V2I-MHA Decision Process

The development of different network selection algorithms in this research work is
done in a progressive and incremental method. Thus, the V2I-MHA is built on top
of its predecessor V2I-MoLoHA (Mobility and Load aware Handover Algorithm for
V2I communications). Once the filters in the previous algorithm (V2I-MoLoHA) have
filtered out inappropriate candidate networks, this algorithm applies the multi-criteria
decision-making method to make sure that the candidate network is selected based on
application requirements. The V2I-MHA is expected to provide an improved network
resource management due to different application profiles defined based on various
sets of criteria. Similarly to V2I-MoLoHA, this algorithm considers both handover

directions: downward and upward network selection.

6.4.1 V2I-MHA for downward selection

The V2I-MHAA for downward selection method is presented in Figure 6.1. Initially,
it is assumed that a UE is connected to the macro-cell base station (BS). During its
stay in the macro-cell service area, the UE sends an ANDSF request to the ANDSF
server and the ANDSF response includes a list of all small cell networks available in the
service area of the serving macro-cell BS. As presented in Figure 6.1, the proposed
V2I-MHA for downward network selection is composed of two main asynchronous
stages: data collection and decision process. The first stage provides the list of
potential candidate networks. The second stage consists of the decision process phase
that involves the execution of the MCDM mechanism. The selection decision includes
all parameters defined above, including guaranteed bandwidth, packet latency, packet

loss ration and network usage cost. If none of the candidate small cells meets the
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on-going application and user budget requirements, the UE keeps its connection with
the macro-cell BS, otherwise, the network selection will be performed, and then the

downward handover is executed to the selected SAP.

6.4.2 V2I-MHA for upward selection

As the UE approaches the boundary of the service area of the small cell networks,
the UE should select the suitable network for handover. For this type of network
selection, the candidate set C includes the macro-cell base stations or eNBs and a
number of small cells excluding the current serving BS. Thus, the new set C'y becomes,
C = [BSy,SAP,,SAP,,, SAP,,_1] (excluding the serving SAP)

As it is presented in Figure 6.2, the proposed upward handover can be triggered
by either of two events: (a) a SAP availability event and (b) a call event. A SAP
availability event occurs when the Cy is not empty. On the other hand, a call event
occurs when a new call is initiated from the vehicle OBU and the appropriate network
will be selected based on the requirements of the call. For instance, let us say that
an OBU initiates a delay sensitive call while connected to a small cell SAP. As the
new call requires uninterrupted connectivity, this call event will instantly trigger the
selection method for selecting a suitable network. In this situation, the best choice
could be switching from a small cell network to a macrocell network and all calls are
moved to the newly selected network.

Per our proposal, if an OBU is running multiple applications mapped on different
profiles, the proposed method selects the most suitable candidate network based on

the application with the highest priority. The accurate time for initiating a handover
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Figure 6.1: V2I-MHA for downward network selection model.
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Figure 6.2: V2I-MHA for upward network selection model.

request is estimated based on Algorithm 2 presented in the previous chapter (Subsec-
tion 5.3.2). Finally, there are two options: switching back to the macrocell network
(upward network selection) or handover to another small cell. While the small cell
networks may not be available in the vicinity of the mobile node, it is assumed that
the macro-cell network is always available. There are two cases where the mobile
node decides to connect back to the macro-cell BS: either there is no SAP found in
the neighbouring set or all SAPs in the set do not meet the V2I-MHA requirements

based on the on-going application.
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6.5 Performance Study

Similar to previous algorithms presented in the previous chapters, the performance

of the V2I-MHA is evaluated through OPNET simulator.

6.5.1 Enhancements to the UE node model

The implementation ofthe V2I-MHA algorithm involves some modifications in the
existing UE node in order to keep track of the currently active applications per UE.
Also, further modifications are done at EPC for taking the handover decision based
also on application to profile mapping. In order to keep track of this information,
every UE will initiate an application profile. The application profile is a structure

with the information presented in Figure 6.3:
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typedet struct AppProfileT Node {
PrgT_Mutex *mutex;
char *node _name;
int node_imsi;

#define MAX_PROFILES (5)

unsigned int profiles msk[MAX PROFILES];
#define PROFILE_MSK_WEB (1 << 8)
#detine PROFILE_MSK_VIDEO_STRM (1 << 1)
#define PROFILE_MSK_VOICE (1 << 2)
#define PROFILE_MSK_FTP (1 << 3)
#define PROFILE_MSK_DB (1 << 4)
#detine PROFILE_MSK_VIDEQ_CONF (1 << 5)
#define PROFILE_MSK_REMOTE_LOGIN (1 << 6)

#define PROFILE_ID VIDEO CONF (@)
#define PROFILE_ID REMOTE_LOGIN (@)

#define PROFILE_ID VOICE (1)
#define PROFILE_ID VIDEO STRM  (2)
#define PROFILE_ID WEB (3)
#define PROFILE_ID FTP (2)
#define PROFILE_ID DB (3)
#define PROFILE_ID COST (4)

Figure 6.3: Mapping the proposed application profiles to the traditional standard
applications.

The mutex field is used to avoid concurrent access to an object with type
AppProfileT _Node, the node_name is the node name that an object of this type is as-
sociated with. The node_imsi is the International Mobile Subscriber Identity (IMSI)
of the node that an object of this type is associated with. The profiles-msk() is
an array of the proposed application profiles so, there are five MAX_PROFILES
per this object. When an application is mapped to a profile, the application specific
flag (PROFILE_MSKx) is set on the profiles-msk|[PROFILE_I D% correspon-
dent entry in the array. For instance, the voice application is mapped to profile 1,

guaranteed voice. The profile flag for voice application is PROFILE MSK _VOICE
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and voice application is mapped to profile 1, PROFILE ID VOICE. So, at the
UE level, when a voice packet is received an operation like the next one will be
executed: (AppProfileT_Nodex)p— > profiles-msk[PROFILE_ID VOICE] =
PROFILE MSK VOICE The UE creates an object of type AppProfileT_Node
at the initialization time. More exactly, this is done in the lte_ue_nas.pr process. All
transmitted and received packets pass through this protocol. When this protocol re-
ceives application packets, it scans for the L4 port and will do the application to profile

mapping. This mapping is done by calling lte_support_ip_dgram_to_c_bearer_map().

6.5.2 Simulated scenario

As the V2I-MHA runs on top of its predecessor the V2I-MoLoHA (presented in Chap-
ter 5), we maintain the same simulation scenario presented in Subsection 5.4.6 shown
in the Figure 5.8. However, for the performance evaluation of the V2I-MHA, each
candidate network is configured with different performance parameters as presented
in Table 6.4. The values in Tables 6.4 and 6.4 are selected based on various lit-
erature [112-115]. This helped us to generate diverse alternatives to evaluate the
efficiency of our proposed mechanism regarding target network selection. In the sim-
ulation, the vehicle moves within the designed trajectory, crossing different coverage
areas while performing a video streaming session. The chosen network should fulfil

the minimum QoS requirements of the ongoing applications.

6.5.3 Performance assessment

The performance of the V2I-MHA is evaluated by performing different simulations for

all considered application profiles. Depending on the application profile applied, the
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Table 6.4: Simulated network parameters.

Technology GB (Mb) Packet E2E Packet Loss Price/Mb
Latency Ratio
(ms)
LTE-A  Macrocell 0.9360 48.8200 3.1510 0.9000
(eNB)
WiFi AP 3.5000 30.0800 0.9800 0.0800
LTE-A Small Cell 1.5000 41.8000 0.8600 0.0950
(HeNB)

Table 6.5: QoS requirements per application.

Use Case Ap- Nominal Latency Re- Acceptable

plication Throughput quirements PLR (%)
(Kbps) (ms)

VoIP 32-64 100 - 150 3

Video 512 - 5000 100 - 150 2

Best Effort >10 <20000 <10
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V2I-MHA behaves in a different manner. These behaviours are analyzed based on the
type of traffic considered against the proposed application profiles. For delay-sensitive
applications, we consider both voice and video applications and the performance is
evaluated based on a comparative study of the throughput, packet delay and packet
loss offered for each application profile. Moreover, we analyze the number of handovers

performed per application profile.

6.5.4 Throughput analysis

The vehicle OBU is running both voice and video sessions which require a minimum
guaranteed bandwidth of 64kbps and 900kbps respectively. Thus, the selected target
network should provide a minimum of 964 kbps to maintain the acceptable QoS for
these two concurrent sessions.

Figure 6.4 shows the throughput attributed to each application profile. It clearly
observed that Maximum quality (MaxQ), and video profiles almost achieved 0.964
Mbps which is the total required throughput. The throughput obtained with the
voice profile is slightly lower than that of Max(Q and video because the voice profile
doesn’t put more weight on bandwidth attribute. We also observed that general
profile obtains half of the required throughput as there is no service prioritization.
The lowest throughput is obtained to the minimum cost (MinCost) profile as its

priority is not better performance but rather the network usage fees.
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MaxQ Voice Video General MinCost
Application Profiles

Figure 6.4: User throughput comparison.

6.5.5 Performance study of packet delays and packet losses

As was mentioned in Subsection 6.5.4, the vehicle OBU has two active applications,
voice and video sessions, throughout the simulation duration. From Figure 6.5, we
observe that the lowest packet latency is achieved for the maximum quality profile,
while the highest latency is attributed to the minimum cost profile. The voice profile
performs a little bit better than video due to the higher weight the voice puts on the
packet delay parameter.

Concerning packet loss, Figure 6.6 reveals that maximum quality, voice, and video
profiles minimize packet loss up to 3%, while the general and minimum cost present

a higher packet loss of up to 29.5% and 33%, respectively.
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Figure 6.5: Packet end-to-end delay comparison.
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Figure 6.6: Packet loss comparison.
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6.5.6 Performance study of handover events and data traffic

Table 6.6 compares the handover events for all considered application profiles. The
minimum number of handover events is three performed by the maximum quality
profile, while the highest number of events is attributed to the minimum cost profile
since the vehicle OBU keeps switching to the cheapest network technology. This is well
explained by the data traffic analysis presented in Figure 6.7 which exhibits the total
data traffic exchanged between the vehicle OBU and the server per technology. This
gives us a clear picture of the total traffic transmitted/received via each interface
during the simulation time. We observe that maximum quality, voice, and video
profiles have utilized the macro-cell eNB more than small cells, while general and
minimum cost profiles preferred small cells, mostly Wi-Fi technology.

Table 6.6: Handover events.

Profile Maximum Quality Voice Video General Minimum Cost

Handover 3 4 4 6 8
events

Although voice and video profiles have the same performance in terms of handover
events, the data traffic received/transmitted per each technology are different. For
instance, the video profile amount of data traffic transmitted and received via Wi-Fi
SAPs is higher than those of voice profile, this is due to the fact that Wi-Fi offers
better bandwidth according to the simulated scenario while the video traffic puts
higher weight on bandwidth requirements and the voice profile. This reinforces the

profile dependency where the total data traffic is associated with weights of preference
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Figure 6.7: Comparison of data traffic per technology.

attributed to each decision parameter, utilized for our handover method.
Concerning the network usage fee, it is observed that the total data traffic for min-

imum cost is mostly received/transmitted via Wi-Fi SAPs since Wi-Fi is considered

as the cheapest technology (see Table 6.4). The implications for system planning

and deployment are discussed in Chapter 7.

6.5.7 Summary

In this chapter, we have presented a handover algorithm which uses a combination
of multiple parameters for improving network selection for a high speed mobile node
over a multi-tier heterogeneous network. The proposed method selects the most
suitable target network for a near future handover based on the QoS requirements
of the ongoing applications. This was achieved by applying the SAW, one of multi-

criteria decision making algorithms that utilize multiple parameters for optimizing
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Table 6.7: QoS performance comparison for application profiles (V2I-MHA).

V2I-MHA
Application Profile Max. Quality | Voice | Video | General | Min. Cost
Mean Throughput 97% 922% | 96% 50% 23%
Mean Packet Delay (ms) | 31.21 45.01 | 49.00 | 58.26 69.81
Mean Packet Loss 1.00% 2.50% | 1.00% | 28.90% | 34.07%
Average Handover Events | 3 4 4 6 8

the handover decision process.

We have defined five different application profiles that apply the knowledge of
candidate network metrics such as bandwidth, packet latency, packet loss and network
usage monetary cost to decide the most suitable target network for an anticipated
handover. To preserve the QoS of each considered profile, we have applied AHP for
accurately deciding the appropriate weights attributed to each decision parameter for
different application profiles.

The performance of our proposed algorithm was investigated under voice and video
applications. The simulation results revealed that maximum quality voice and video
profiles have better performance in terms of user throughput and packet latency, as
well as packet loss comparison. On the other hand, the minimum cost profile does
not optimize these parameters, as their priority is not the quality of service, rather
the cost. Finally, the investigation of the handover events and amount of data traffic
per profile showed that the handover events could be minimized in trade-off network
usage fee. Tables 6.7 exhibits the impact of proposed application profiles on QoS
performance.

The lowest performance is attributed to minimum cost profile since its main goal is
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not providing QoS; rather providing the lowest network usage cost. Thus, when plan-
ning V2I communications, active road safety-related applications should be marked
as maximum quality profile traffic. Next, in Chapter 7, the implications for system

planning and deployment are discussed.



Chapter 7

Conclusions and Future Works

This chapter includes implications for system planning, conclusion and future work.
Section 7.1 presents the considerable findings from Chapters 4 to 6 from the perspec-
tive of system planning and deployment. The thesis is summarized in Section 7.2.
Finally,a number of conceivable future advancements of this research are presented

in Section 7.3 for possible future developments.

7.1 Implications for System Planning and Deploy-
ment

The handover algorithms for improving handover management over multi-tier hetero-
geneous networks were presented in Chapters 4 to 6. The primary objective of this
thesis was to develop handover techniques to achieve improved system performance
and deployment. To achieve this, system planners could apply the results presented
in the previous chapters to design and deploy V2I communication over a multi-tier
multi-RAT environment. This section presents a set of the guidelines and recommen-

dations drawn from the analysis of the results outlined in Chapters 4 to 6 from a
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system planning perspective.
In Section 7.1.1, an evolution path of the deployment of V2I applications over
heterogeneous networks is presented and the issues associated with deployment of

V2I applications in different areas are discussed in Section 7.1.2.

7.1.1 An evolutionary path for adopting V2I application

Figure 7.1 shows an evolutionary path for adopting and deploying V2I applications
over various radio access technologies. At the bottom left region of the path, the
802.11p technology was the first standard exclusively developed for supporting vehic-
ular communications. DSRC provides vehicular connectivity over a relatively small
coverage area at relatively low deployment costs. Currently, most vehicles use DSRC
technologies based on Wi-Fi standards for both V2V and V2I communications. How-
ever, the key challenge of DSRC technology is linked to the limited service area. To
overcome the issue, auto industries designed OBU equipment that works on cellular
connections (3G and 4G standards). For instance, the recent LTE-A release 14 [116]
supports a range of V2X services. At the top right of the evolution path, the 5G
network is expected to bring significant value to advanced driver assistance systems,
improved active safety applications (real-time data), better traffic efficiency, increased
situation awareness and remote diagnostics to mention a few [117].

While DSRC 802.11p technology is mainly utilized in specific places such as traffic
lights and bus stops, 3G and 4G are good candidates for wider areas such as the high-
ways and rural environment. On the other hand, 5G builds upon LTER direct DD
communication to bring new ways of connecting, e.g. multi-hop to extend coverage.

Furthermore, 5G promises ultra-high reliable data transmissions and reduced packet
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latency through a faster, flexible frame structure that will provide the vehicular net-
work with new capabilities for improved safety use cases, especially at high-speeds,

e.g. highway.
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Figure 7.1: An evolutionary path of V2I applications with different underlying net-
work technologies.

7.1.2 Deployment of V2I Communications

Deployment of V2I communications relies on a variety of technologies to support the
safety and environmental goals. In addition to DSRC which is a proven technology to

support V2X, I'TS planning should consider that emerging technologies, like 5G, will
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play an important role in shaping the vehicle of the future. However, the key chal-
lenge is associated with handover management for high-speed users such as vehicles.
While there is no formal 5G specification today, research has shown that effective
5G handover techniques should be based on multiple parameters, not just on RSS
value [24,25,118,119]. These parameters include mobility information, UE capabil-
ity, and network capacity as well as user preferences. This thesis has investigated the
impact of these parameters on handover performance. A notable contribution of this
thesis is the design of novel handover algorithms suitable for V2I communications over
multi-tier multi-RAT network environments. When deploying a V2I communications
system, planners are often given flexibility in choosing various networking technolo-
gies within the available RSU technologies to satisfy various application requirements.
This section provides some practical guidelines for deploying V2I networks in a typical

urban, highways, and rural environment.

e V2I Communications in an urban environment

When planning for V2I communications in a typical urban environment, sys-
tem planners need to consider complex road situations and smart vehicles which
are connected to the Internet and to each other. To achieve the primary goal
of connected vehicles, safety - information must reach its destination reliably
within an exceedingly short time frame. These trends pose substantial chal-
lenges to the underlying communication system due to the increased number of
vehicles and the scarce wireless resources such as limited network capacity as
well as cell coverage areas. Thus, connected vehicles will have to rely not only
on DSRC technology, but also on various radio access technologies including

cellular, WiIMAX, and Wi-Fi communication systems in order to provide more
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capacity and wider coverage beyond what current DSRC technology can pro-
vide. This thesis has examined the feasibility of deploying existing multi-tier
multi-RAT communication systems for supporting V2I communications in an
urban environment with dense small cells. Analytical results from Subsection
5.4.7 showed that vehicle speed has a significant effect on communication quality
in terms of user throughput and packet delivery drop probability. It is impor-
tant to note that when the speed of movement becomes higher than 50 km /hr,
the user throughput decreases by about 50% while the PDR degrades about
40%. In addition to throughput and PDR, mean packet delay also increased,
as depicted in Figure 5.14 (Chapter 5). The results presented in Chapter 6
confirm that speed of movement has a dramatic effect on the overall system

performance.

V2I Communications on highway environment

When planning V21 communication on highway environment, system planners
cannot rely on DSRC only, due to its limited cell coverage area. The alternative
method is a combination of different RATs also known as heterogeneous net-
works. However, guaranteeing QoS (latency, bandwidth, reliability) in such an
environment is the key challenge for system planners. This thesis analyzes this
issue and proposed application profiles in Chapter 6 that could address QoS
issues by implementing a fair network resource management. This mechanism
allows cell association based application requirements and mobility conditions.

For instance, digital maps could be downloaded through Wi-Fi APs (located at
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the point of interest) while road warning messages could be broadcast via cellu-
lar technology (wider coverage). It has been shown that in a heterogeneous net-
work, the normal QoS mechanism (considered as general in this thesis, Chapter
6) is unsuitable for providing QoS guarantee to delay sensitive and bandwidth-
hungry applications. For V2I communication over heterogeneous networks, a
good performance would require a new QoS mechanism that could define new

traffic differentiation based on V2I applications.

e V2I Communications in a rural environment

The main object of V2I communications in rural areas involves informing/warning
drivers about traffic and driving conditions ahead, while deploying DSRC-based
RSU in rural areas is almost impossible due to the deployment cost. In this
thesis, we have investigated the feasibility of utilizing a combination of different
RATs including cellular and Wi-Fi radio access technologies. The simulation
results presented in Chapter 5, particularly in Subsection 5.4.2, exhibit the
viability of LTE-A RAT in terms of providing acceptable user throughput and
packet delay. The result presented in the Figure 5.17 (Chapter 5) confirm
the viability of a LTE-A network for supporting V2I communications. Thus,
LTE-A could be a good candidate underlying network, while planning for V2I

communication in typical rural areas.

7.2 Conclusions

This thesis has focused on developing efficient handover algorithms for V2I commu-

nications over heterogeneous wireless networks. The growing V2I applications (e.g.,
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road safety, traffic management and infotainment applications) and the lack of ad-
equate underlying networks for these V2I applications were the main motivation of
this research. In heterogeneous networks, supporting V2I communication is quite
challenging due to multiple issues such as connectivity loss, handover latency, and
QoS fluctuations caused by the high mobility of vehicles driving through the cover-
age areas of various sizes and different technologies. While there are several factors
affecting the performance of V2I communication in a heterogeneous network environ-
ment, selecting a wrong target network for a near future handover and the increased
number of handovers are the most significant. Other factors such as available net-
work resources at the target network and the type of V2I application also severely
influence the performance of V2I communications. To achieve QoS for V2I commu-
nications over heterogeneous wireless networks, a movement direction based network
selection method for handover was developed in this thesis and investigated by sim-
ulation to evaluate the performance improvement achieved over the existing network
selection algorithms. However, selecting a target network for a handover process
without considering network load does not guarantee a successful handover. Thus, a
novel selection algorithm that considers both vehicular mobility and network load was
developed through the use of both analytical and simulation models. The effects of
types of traffic on QoS performance were also investigated in this thesis. This thesis
has made a number of original contributions, which are reported in Chapters 4 to 6.
A summary of the contributions is outlined below.

Handover protocols are a major factor in determining QoS performance in multi-
tier multi-RAT network environments. The conventional/traditional handover ap-

proach (RSS-based network selection method) has problems that can heavily limit
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the performance of V21 communications over heterogeneous networks. To overcome
these problems, this thesis has developed a distance-based handover algorithm, V2I-
DHA, by modifying the network selection method of the existing handover mecha-
nism (Chapter 4). The performance of the V2I-DHA protocol was evaluated using the
Riverbed (OPNET) simulator. Simulations were conducted to measure the handover
performance metrics such as the number of successful handovers, mean handover
delay and handover failure rate. Moreover, the achieved improvement in QoS perfor-
mance is also evaluated based on well-known QoS metrics, such as throughput and
mean packet delay. System performance analysis showed that the V2I-DHA could
offer a significant performance gain over the conventional handover mechanism and
the ANDSF-Assisted handover method. The V2I-DHA achieved a decrease of 50%
for frequent handovers, 40% lower handover failure rate, 40% lower handover latency,
50% higher throughput, and 43% lower packet delay. The V2I-DHA performs better
due to the reduced scanning activities that improve the overall handover process. The
V2I-DHA can be easily implemented by placing a vertical management layer between
the MAC and IP layers of TCP/IP models.

V2I applications require a seamless communication; hence, it is necessary to con-
sider network resource availability in the target network to minimize the handover
drop probability. In Chapter 5, a novel mobility and network load-based network se-
lection for the handover algorithm (V2I-MoLoHA), was developed based on dwelling
time and network load index. The V2I-MoLoHA includes network selection meth-
ods for both downward and upward handovers. The downward selection operates in
two stages. First, the direction of movement calculated in the V2I-DHA is combined

with the proximity index to estimate the dwelling time that is used to enhance the
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mobility based selection method. The calculated dwelling time advances the cell-
specific knowledge that minimizes the chances of selecting the wrong target network.
Secondly, the network load at the target network is evaluated before initiating the
handover request. If the candidate with the highest dwelling time is overloaded, the
algorithm proceeds with the second candidate on the list. The network selection
method for upward handover is designed to prevent the vehicle OBU from losing its
ongoing connection as it moves out of the coverage area of the serving small cell SAPs.

The performance of the V2I-MoLoHA was evaluated in two stages. First, the
effectiveness of the downward network selection method was studied using Google
map data and MATLAB and the results obtained showed that the V2I-MoLoHA can
accurately select the best target network based on vehicular geo-location data and
speed of movement. Secondly, the performance of the network selection method as a
whole (i.e., both downward and upward selection methods) was evaluated using the
Riverbed (OPNET) simulator. In addition to the performance metrics evaluated for
the V2I-DHA in Chapter 4, the V2I-MoLoHA includes PDR which is mainly used
to investigate the impact of the proposed upward selection method. The simulation
results revealed that the V2I-MoLoHA achieved up to 49% and 24% lower numbers of
handovers, 54% and 44% lower handover failure, 17.58% and 27.34% lower handover
delay, 53% and 32% higher throughput, 36% and 23% lower packet delay, over the
conventional and ANDSF-based handover methods, respectively. To further improve
QoS for V2I communications, a multi-criteria based algorithm (V2I-MHA) was devel-
oped and presented in this thesis (Chapter 6). The V2I-MHA takes into account not
only QoS requirements but also user budget preference. The V2I-MHA represents

a step forward for applying multi-criteria selection algorithms in optimized decision
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making. The V2I-MHA includes network selection methods for both downward and
upward handover processes. With the V2I-MHA, various V2I applications, ranging
from safety to infotainment, could be treated according to their QoS requirements.
Furthermore, a multi-mode OBU node was developed for evaluating the performance
of proposed network selection algorithms for handover. This multi-interface node in-
tegrates both LTE-A and Wi-Fi radio access network interfaces and it was developed
by modifying an LTE-A mobile router node. While the QoS for V2I communications
over multi-tier multi-RAT dense networks has been investigated from a handover
events perspective in this thesis, further QoS issues associated with the backhaul net-
work support for V21 communications in dense network environments still need to be
investigated. As the commercial deployment of V2I applications is gradually becom-
ing a reality, the development of flexible and reliable vehicular network simulating
tools will become increasingly important. To accomplish these requirements, further
research is needed, especially the deployment of cognitive connectivity to extend the

network selection algorithms presented in this thesis.

7.3 Future research directions

This thesis provides different contributions for efficient V2I communications over the
multi-tier multi-radio access technologies environment. The aim was to answer the
research question, What can be done to optimize handover performance for efficient
V2I communications over multi-tier, multi-RAT networks? This section summarizes

some research issues that could be investigated for future extension to this research.

e A simulation/emulation tool
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The performance of the handover algorithms proposed in this thesis have considered
two radio access technologies, LTE-A and W-Fi. This assumption basically simpli-
fies simulation models for performance analysis. However, future mobile terminals
are expected to embed a complex adaptive multimode interface requiring new lev-
els of connectivity over the heterogeneous wireless environment. Thus, a dedicated
simulation tool that embeds multiple RATS and different mobility modules must be
developed to facilitate different handover study cases. Furthermore, the tool could

be utilized to compare the performance of various handover proposals.

e Applying Game Theory methods
This thesis has focused on improving handover performance for high speed mobile
nodes by assuming that the node knows the physical locations of neighbouring net-
works. We applied node mobility information and spherical trigonometry for design-
ing handover decision algorithms (Chapters 4 and 5). However, wireless nodes in
the real environments may have different motives of handing off to a neighbour net-
work. Thus, to improve strategical decision making, game theory methods may also

be helpful for selecting the most effective target network in a fair manner.

e Applying cognitive connectivity
This thesis investigated different handover decision parameters for efficient V2I com-
munications over different RATs. In addition to the decision parameters considered
in this thesis, cognitive ratio mechanisms could be applied at a physical layer enabling
vehicle OBUs to sense their environment and dynamically select the appropriate radio

interface for future transmission.

¢ Extension of proposed algorithms to embrace V2X communications
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In this thesis, a particular emphasis was to improve handover performance by mod-
ifying the conventional RSS-based network selection approach for handover. Two
RATs (WLAN and LTE-A) were used for evaluating the performance of the proposed
handover methods. However, the next generation of vehicle-to-everything (V2X) con-
nectivity enables a broad and growing set of use cases much more than traditional V2I
applications. The development of enhanced handover algorithms that include more
transmission technologies such as Bluetooth to accommodate always-on telematics

would be useful contribution.

The development of a robust

Extension of ANDSF

In this thesis, mobility based handover methods were developed and presented in
Chapters 4 and 5. The ANDSF entity was used to provide geographical locations of
AP and eNBs of the candidate networks by modifying its network location informa-
tion function. However, the proposed methods could be affected by the high dynamic
changes in vehicular network topologies. Therefore, In addition to suggesting a list
of neighbouring candidate networks along with their physical locations, a network
context-aware entity should be developed for dynamically identifying the traffic and
updating the mobile nodes according to real-time changes in the network. An analyt-
ical model for predicting the less congested network in near future would be a useful

contribution.
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Appendix A

Miscellaneous Useful Information
on OPNET modelling Domains

A.1 Introduction

OPNET simulator software, commonly know as Optimum Network performance, is
developed by Riverbed Technology Inc. It is software networking simulation. OPNET
is a simulating tool suitable for all types of network, it is capable to simulate various
real life network configurations and it has a big number of commercial models available
in network elements. Thus simulating real life network environment using OPNET
gives results closer to the reality. OPNET includes popular network communication
technologies such as WLAN, cellular network (3G/LTE) and WiMAX.

OPNET includes two main versions of OPNET simulator: academic version (OP-
NET IT Guru) and commercial version(OPNET Modeler). academic version only
supports the standard model of each communication technology, and users do not
have no access to edit module. On the other hand, OPNET Modeler or commercial
version allows users to modify all node and process models of communication tech-
nologies. The typical example is the vehicle OBU (4.6.4) that was designed in this
thesis based on the standard lterouter. by modifying node models network researchers

manage to evaluate the performance of the newly created network protocols as well
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as various communication algorithms. OPNET simulator is available for download at

www.riverbed.com. OPNET beginners can refer to [120] and [121].

A.2 Steps adopted to design a multi-interface node

To implement vertical handover between different Media Access Technologies (MAT),
media access technologies must communicate with each other. This was achieved by
developing a Vertical handover Management Module is an OPNET module which
controls the Media Access Technology interfaces (LTE, Wifi) based on events receives
from them. VhoMGT decides which MAT should be active, which one should Tx/Rx

information, and inform the IP Module about the winning interface.

Figure A.1: The location of VhoMGT in TCP/IP stack

The VhoMGT module is placed as illustrated in the TPC/IP stack as it is il-
lustrated in A.1. Moreover, Figure A.1 presents the OPNET implementation of
VhoMGT min TCP/IP stack.
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#1f defined(VERTICAL_HANDOVER)
intrpt_type = op_intrpt_type
intrpt_code = op_intrpt_code
intrpt_strm = op_intrpt_strm

if (intrpt_type == OPC_INTRPT_STRM) {
pk = op_pk_get(intrpt_strm);
op_pk_nfd_get_1nt32(pk, "interface_number", &intf);
op_pk_nfd_get_int32(pk, "interface_status", &cmd);
VHO_PRINT_DEBUG("VHOMGT", "Rcv HO cmd(%s) for interface(index: ¥d, name: ¥5)",
_status_str[cmd], intf, ho_intf_name[intf]);
vho_mgt_update_if_state(intf, cnd);

intf = vho.compute_actwe.interfacep;
if (intf <= vhoT_If _Not_Used || intf »= VhoT_If_Unsupported) {
| IVI-IJ_PRINT_DEBUG(“VW_MGT", "Invalid interface computed!!!");
else
if (intf != active_interface) {
active_interface = intf;
vho_activate_interface(active_interface);

}
}

#if 0
/] tests
if (intrpt_code = 7777 && intrpt_type == OPC_INTRPT_SELF) {
if (active_interface == VhoT_If_Wifi) {
vho_activate_interface(vhoT_If Lte);
active_interface = vhoT_If_Lte;
} else {
vho_activate_interface(vhot_If_Wifi);
active_interface = VhoT_If_Wifi;

}
op_intrpt_schedule_self(op_sim_time() + 30, 7777);
gendif

#endif /¢ defined(VERTICAL_HANDOVER) */

Figure A.2: OPNET implementation of VhoMGT in TCP/IP stack
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A.3 Enhancement of Wi-Fi and LTE-A nodes

The implementation of the proposed algorithms in OPNET modeller has involved the
changes in existing Wi-Fi and LTE-A nodes, mainly at MAC layer. These changes
are represented in Figures A.3 and A.4 show the modified OPNET FSM for Wi-Fi
and LTE-A respectively.
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Fe &t Optons
3¢ Hjuieio|

/* Interrupt processing routine, if
wlan_hef_interrupts_process ();

/* Check whether the self interrupt set for the expiry of the scan ';‘
/¢ period 1s delivered,
1F (intrpt_type == OPC_INTRPT_SELF &4 fntrpt_code = mrr_scul_ﬂmu:)

switch (roan_state_ptr-»scan_type)
case Wlan_scan_Type Distance:

* Attenpt to find a new access point based on actual ¢/
/t distances, 1/
#f d:ﬁned(vm_summmmwl)
f (op_ina_ob; _uttr_uists(ap_tnmarent(on 1d_se1f()2L "vho") == OPC_TRUE &&
np_1nruh attr_get (op.topo_parent (o d_u]f()]. vho" tm] = (PC_CONPCODE_SUCCESS &4
gr trinq_nrder_case_msenshlve tate, “enabled"))
i ﬁl_mnnels_s(anned & wlanhef m_m_imm())
i (inftial_connection &k initial_connection_retry_cnt == 0) {
7 Connect to the new AP ¢/
wlan_hef_vho_connect();
) al 1tchannels_scanned = OPC_FALSE;
else
VHO_PRINT_DEBUG("WLANKCF", "retry(xd)", inftial_connection_retry_cat);
initial_connection_retry_cnt==}

EEEZONERYENNRESONRR TSR e -

- y wlan_hef_vho_find_best_ap();
H ] else {

:: Wlan_hef _vho_find_best_ap();

b J else

3 #endif /¢ defined(VKO_SELECTION_ALGORITHML) ¢/

[] wianhef_find_nes_ap_virtual ()

:; ?r . . 0

:} :ue'i‘lurc_swuypg_ua:un:

Figure A.3: Enhancement in Wi-Fi node
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pending_ra = QPC_TRUE; /* RA 1s pending in future,

il

/% The packet's qroup becones the highest priority group anong ¥/
[ the groups with data to send, i
high_prio_act_lcg_id = revd_leg.id;

}

/¢ Engueue the higher Tayer packet for transaission when there are ¢/
/¢ available L resources, i
;tLuLI&Jﬂ.plcktLewume (revd_pkotr, revd_rb_id, rovdleg id, intrpt_strea

}

#if defined(VERTICAL _HANDOVER)

i (HORAINRORESS) {
vho_update_ho_state_to_ngt (vhoT_If_Lte, VhaT_Ko_In_Progress);
ho_enter = OFC_FALSE;

} else i (_SUCCESSFL) {
vho_update_ho_state_to_ngt (vhoT_If Lte, VhoT_Ho_Success);
ho_enter = OPC_FALSE;

#if defined(Vh0_SELECTION_ALGORITHAL)
0p..ina_obj_pos.get (oum_node.id,

dny_prev_comected_locat o, 1atitude,
dny_prev_connected_locat on, longitude,
&ny_prev_comected_location, altitude,
dnot_used, dnot_used, dnot_used);
18 ue_as_vho_compute_connected_distances();
gendif /¢ defined(VHO_SELECTION_ALGORITHHL) ¢/

} else if (RLF_HO_FAILIRE) {
vho_update_ho_state_to_ngt(vhar_If Lte, VhaT_ho_Fail);
fio_enter = ORC_FALSE}

!
#endif /¢ defined(VERTICAL_KANDOVER) */

Figure A.4: Enhancement in LTE-A node
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