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With the recent technological advancements in vehicular communication, vehicular ad-
hoc networks (VANET) have been intensively studied for being a promising approach for
reliable dissemination of safety-related messages. VANET who became a key component of the
intelligent transportation systems (ITS) will provide a safety environment through early vehicle
detection/ collision avoidance systems, cooperative driving and periodic updates on road
conditions. The timely exchange of safety information among cars in VANET is of utmost
importance. In this context, this thesis provides a mechanism for safety information
dissemination that takes into consideration the criticality of the exchanged messages and the
optimized usage of uplink and downlink resource in a TDD-LTE framework. vehicle-to-vehicle
(V2V), vehicle-to-infrastructure (V2I), and infrastructure-to-infrastructure (121) are the main
communication techniques deployed in VANET. In this thesis, the main idea is to employ V2V
and V21 communications where both systems will cooperate in order to reach the goal which is
drivers’ safety. Based on several criteria the communication might be between: (i) 121
communicationonly, (ii) V2V only, (iii) V21 only, (iv) adaptive V2V-V2I-12] communication.
The main significance of the proposed work is the reconfigurability of the message
dissemination architecture based on the actual VANET configuration, traffic conditions, and
criticality of messages being relayed. To improve the message delivery process, we used a
dynamic LTE resource allocation in which the number of uplink and downlink slots will be set
differently every single time based on the joint consideration of traffic volumes and quality of
service requirements (delay, rate) in the uplink and downlink. We implemented the proposed
work using python and evaluated its performance measuring different parameters. The obtained
results are very promising.
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CHAPTER 1

INTRODUCTION

The newest vehicular technologies will rely on intelligent transportation systems (ITS)
applications in order to prevent collision, increase road safety and manage traffic congestion.
The complete process will be attenuated through the use of vehicle-to-vehicle (V2V) and
vehicle-to-infrastructure (V21) communications. In order to limit crashes and critical accidents
on the road, safety applications rely on a collaboration between vehicles and roadside units
(RSUs): vehicles will periodically send short safety messages among them with the support of
RSUs who will keep on sending updated information for all vehicles within their range. ITS is
supported by IEEE 802.11p which add wireless access in vehicular environments (WAVE). This
technology has a lot of advantages as low cost, easy deployment and support of V2V
communications. However; many critical weaknesses as unbounded delays and unguaranteed
QoS allowed LTE and its future releases such as LTE-advanced and LTE-pro to be the best
alternatives for communications in vehicular networks. The main power of LTE and its
successors resides in its low message latency which is the most promising concern in safety

applications.

Nowadays, a collision prevention/warning system is mandatory in order to mitigate crash
problems. The role of this system is to spread, within a specific time limit, safety messages to
other vehicles and thus reducing potential collisions. This system should operate effectively
despite congestion, adverse weather conditions or unexpected road events. It is fundamental to
say that in case a collision happened; such systems target to diffuse safety messages with

minimum delays. Vehicular ad hoc network (VANET) is the best suitable network that can be



deployed to disseminate collision warning messages. VANET will support the needed
communications between vehicles and RSUs, as well as V2V communications, and RSUs to
RSUs communications. The RSU will keep on checking vehicles that are within its range and
collecting several information as location, speed, power (transmit power), delays... The RSU
will either directly notify the vehicle in danger or send a warning message to another vehicle
who will in its turn relay the message to the destination vehicle. The dissemination of safety
messages among vehicles has been the focus of many recent research works. In the remaining of
this chapter we briefly present some backgrounds, the motivation of our work, the problem

statement, our objectives and contributions, and finally the thesis plan.

1.1 Background

Countries all over the world face a serious problem which is road accidents and more
specifically car collisions. In a survey [28] related to road accidents, 90% of the participants
stated that the “driver behavior” is the main cause of accident. If the driver is notified with the
necessary information within a reliable and accurate timing, then accidents could be reduced to a
greater extent. Researchers are interested in new and sophisticated VANET or ITS to create a
safer driving environment. These networks are called VANET: VANET is composed of
vehicular nodes that are in continuous movements. Vehicles in VANET move in regular pattern
since traffic regulation determine their movements. We can differentiate between three types of
communication in VANET: V2V via dedicated short-range communication (DSRC), V21 via
IEEE 802.11p and infrastructure-to-infrastructure (121) via IEEE 802.3u.

In a collision warning system, time is a key factor that will determine if the system is
reliable or not. For this reason, a multi-hop broadcast protocol is more suitable than a single-hop

broadcast protocol since the latter will increase the delay and the warning message might not



arrive within the appropriate time and the whole system will fail. RSUs and vehicles are the main
constituents in the vehicular network. This system relies on relay nodes (RN) which is one of its
power. RNs have somehow the same role of a base station and are dynamically elected based on
several criteria as time, location, distance, and power. In some cases, the RSU might not reach
the destination vehicle within an appropriate time due to several circumstances as low power,
bad signal and network congestion. In this case, RNs will be elected and forward the message to
the destination vehicle. RNs are elected based on several criteria as: (i) the vehicle should be
within a specific distance from the RSU, (ii) it should have a specific transmit power, (iii) it will
be given a time limit after which it will be no more considered a relay node, (iv) if a vehicle
passes the distance limit set by the RSU then a new vehicle closer to the RSU will be reelected as
RN. This unique network architecture has many advantages that makes it suitable for collision
warning delivery. It mainly reduces Source-Destination distance, increases warning message
notification, extendsthe coverage area of RSUs as well as reduces their numbers.

space

1.2 Motivation

Accordingto the world health organization (WHO) [51-52], each year nearly 1.25 million
people die in road crashes in addition to 20-50 million injured or disabled in 2019. On average
1000 people under 25 die every day on the world’s roads. By 2030, road traffic injuries will
jump from being the 9t leading cause to become the 5% unless action is taken. According to the
youth association for safety awareness (YASA) [52], around 4 to 5 people out of 100,000 die
every year from road accident in Europe whereas around 20to 25 people out of 100,000 die
every year in Lebanon. These statistics show that the death rate in Lebanonis 4 to 5 times greater

than Europe which require immediate action to mitigate the problem [52].



A collision prevention/avoidance system implemented in VANET is the best solution to
limit accidents and improve a safety environment for drivers. VANET will provide the drivers
with various information related to safety, traffic and infotainment. For example, safety
information includes collisions/accidents warning or emergency braking. Traffic information
includes road under construction, road conditions and traffic jams. Infotainment information
includes nearby restaurants, gas station, alternative routes...

Although many approaches were proposed to safety application, none of them support a
collaboration between V2V and V2l communications or ensure that all vehicles will receive a
warning message within a time limit even when the network is dense and congested.

Studies show that the major drawback of VANET protocols is the degradation of its
performance in dense and high traffic conditions. These protocols suffer from one main
complication which is the packet size which will lead to communication overheads and increased
cryptography. Hence, our main concern in this thesis is to deliver safety warning messages with
minimum delay, ensuring a very low message loss and quick actions in case of message loss in
addition to satisfaction of the scalability requirements and a sophisticated dynamic allocation
between uplink and downlink slots.

1.3 Problem statement

V2X which combines V2V and V21 is the major type of communication used in vehicular
networks. Most of the work done so far was related only to V21 mainly because it is simpler,
managed easier and less expensive compared to V2V communication. However; depending only
on RSUs will not solve the problem especially with the huge increase in the number of vehicles
and traffic density. The network will become congested which imposesan increase in

communication overhead and results in message loss and high delays. On the other side, many



works have tackled the option of only using V2V communication without depending on RSUSs.
Previous researches show that this system can give an acceptable performance only when the
number of cars is low. In this case, vehicles can be clustered into small groups and share reliable
information without the need of RSUs. However; it is well known that vehicles are in a
continuous high mobility, therefore when the number of vehicles increases, their management
and communication will be no longer feasible, and the performance of the system will drastically
fall back. In the literature very few works tackled the idea of using both V2V and V21
communications [54].

In this thesis, the main idea is to employ V2V and V21 communications where both
systems will cooperate in order to reach the ultimate goal which is drivers’ safety. In this system,
based on several criteria the communication might be between: (i) 121 communication only, (ii)
V2V only, (iii) V21 only, (iv) adaptive V2V-V2I-12] communication. The main significance of
the proposed work is the reconfigurability of the message dissemination architecture based on
the actual VANET configuration, traffic conditions, and criticality of messages being relayed.
For instance, in normal cases when there is no high risk of collisionand simply a message on
road conditions should be spread then in this case only 12V communication can be used.

To optimize the message delivery process, there is a need for a dynamic LTE resource
allocation approach in which the number of uplink and downlink slots will be set differently
every single time based on the joint consideration of traffic volumes and quality of service
requirements (delay, rate) in the uplink and downlink. This way, all the slots in an TDD-LTE
frame will be used in the most efficient manner. In particular, we will differentiate between three

cases.



e Case 1:in case of a collision or accident, the number of uplink timeslots shall be
increased to cater for the sudden increase in the number of messages being sent by the
vehicles to other vehicles or to the RSUs.

e Case 2:in case of some critical information (such as changing road conditions) the
number of downlink slots need to increase to allow the RSUs to send the information to
the surrounding cars in the smallest delay possible.

e Case 3: In normal case where, periodic updates are being shared between vehicles and
RSUs then the number of slots allocated for uplink and downlink transmission should be
done in a way to allow communication between the different entities while satisfying
different QoS requirements.

Dynamic resource management in addition to a collaboration between V2V and V21 will ensure
that emergency warning messages will reach destination vehicle within a time limit with minimal
delays. Moreover, even if the network is dense and congested all type of information can be
spread and more importantly critical information will for sure reach the destination with
minimum delays.

1.4 Thesis Objectives and Contributions

The main objective of this thesis is to develop a reconfigurable vehicular network model
that aims to ensure that safety messages will reach the destination vehicle despite high traffic
density or adverse weather conditions or any other unexpected road events. The main objective is
to enhance both V2V and V21 communications: this translates to finding the best mapping
between the current network configuration and status to the best communication paradigm in

terms of V21, V2V or an adaptive V2V-V2I system. Another fundamental objective is to



properly allocate the available resources for uplink or downlink transmission in a dynamic way
to accommodate the continuously changing conditions.
The main contributions can be summarized as follows:

e Surveying existing emergency warning messages based on RSUs, and related works
based on V2V only and onboth RSUs and V2V.

e Proposinga new vehicular communication model with modificationsto improve the use
of RSUs and V2V communication and at the same time ensure availability of resources
and delivery of safety messages with minimum delay.

e Evaluating the performance of the proposed approach and comparing it with baseline
while measuring delays, resource allocation, and other parameters, etc.

1.5 Thesis Plan

The remainder of this thesis is as follows. Chapter 2 presents LTE and VANET, their
architecture, routing protocols, scheduling techniques as well as their need in a reconfigurable
vehicular model for safety messages dissemination. Chapter 3 surveys several existing
approachesdone in the literature regarding emergency warning message dissemination and
management of resources. Chapter 4 presents our proposed information dissemination approach.

In chapter 5 we evaluate the proposed work. Finally, we conclude in chapter 6.



CHAPTER 2

LTE and VANET: ARCHITECTURE, ROUTING PROTOCOLS,
SCHEDULING TECHNIQUES

In this chapter we present the architecture of LTE and VANET.
2.1 UMTS and GSM (Architectural Review)
2.1.1 High Level Architecture of UMTS and GSM

LTE known as 3GPP long term evolution was designed and developed by the third-generation
partnership project (3GPP). 3GPP also developed earlier systems as universal mobile
telecommunication system (UMTS) and global system for mobile communications (GSM) which

are at the base of the emergence and evolution of LTE [53].

Public land mobile network (PLMN) denotes and represents a mobile phone network who is run
by a network operator. GSM and UMTS have the same network architecture which consists of
three main components: core network, radio access network and user’s device (mobile phone) as

shown in figure 2.1.

Radio access Caore
netwaork network
D «Z~ GERAN CS domain @
__ _ Servers
[:] P UTRAN PS domain @
UE

Figure 2.1 Highlevelarchitecture of UMTS and GSM



The circuit switched (CS) and packet switched (PS) domains are the two main components of the
core network. In the CS domain, a network operator covers a specific area for which phone calls
can be made. More specifically, the CS domain communicates with the public switched
telephone network (PSTN) in order to make calls to land lines and other network operators. On
the other hand, the PS domain transfer data streams between the user and the external packet data

networks (PDNSs). The internet is an example of PDNSs.

CS and PS domain differ in the way data is transferred. Circuit switching technique is used in CS
domain. This technique implies that for making a phone call we must establish a pre-dedicated
two-way connection for each individual phone call. This way, the data is transferred with
minimal delay and a constant data rate which is very effective. However, this technique is

inefficient and unsuitable for data transfers mainly when there are wide variations in data rate.

It is true that circuit switching is effective even in the worst-case scenario when both users are
speaking at the same time but as mentioned earlier that this technique will be ineffective when
transferring data rate especially at extensively varying data rate. Packet switching technique is
used to solve this issue. This technique is based on dividing the data stream into packets which
are labeled with the address of the destination. Packets will pass through several routers and each
router will then check the address labels of the packets and forward them to the corresponding
destination. The weaknesses of the circuit switched technique are solved using the mentioned
technique because all the resources in the network are shared among all users. Delay is one main
drawback of this technique which will occur when too many devices are transmitting data at the

same time.

The role of radio access network is to handle the communication between the user and the core

network. The two-radio access network are (i) GSM EDGE radio access network (GERAN) used
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for GSM, (ii) UMTS terrestrial radio access network (UTRAN) used from UMTS. GSM and

UMTS share a common core network but use different radio communication techniques.

The user equipment (user’s device so mobile) will use the air interface to communicate with the

radio access network. Downlink (DL) from network to mobile. Uplink (UL) from mobile to

network.

2.1.2 Architecture of Radio Access Network (RAN)

|
I
I
|
Node B !
Ismaens 23y [ — Core
== network
|
I
I
I
I
I
:
. Other Traffi
U Node B RNC Ta ‘C.
1 Signalling

Figure 2.2 Architectureof the UMTSterrestrial radio access network

Figure 2.2 shows the architecture of UMTS and which clearly shows that the base station known

as Node B is the key element in the radio access network of UMTS.

Users can be in continuous mobility and change from one region to another. In such cases, a user

is leaving a network and joining another one which means it must stop communicating with one

network and start communication with a new one. In UMTS, a user can communicate with more

than one cell (network).
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The radio network controllers (RNCs) group the base stations together. RNCs have two
important tasks: First, they constitute a link between the base station and the core network so
they can deliver users’ data between them. Second, they control several aspects that are invisible

to the user as in the case of handover where a mobile move from one cell to another.

GSM radio access network and UMTS radio access network have very similar architecture with
few differences as: in GSM we have base transceiver station (BTS) instead of base station and

base station controller (BSC) instead of RNC.

2.1.3 Architecture of the Core Network

CS domain
M-GW M-GW
:I — — = PSTN
:: —_— — : — '
H i |
MSC MSC |
______ server | |server|| |
Radio == = I =
access —— ——
network N P —_— Traffic
Ay /
-------- Signalling
/
/I
______ ISGSN| _____|GGSN Servers
EI = == PDNs
PS domain

Figure 2.3 Architectureof the core networks of UMTSand GSM

Figure 2.3 shows the internal architecture of the core network. As said before the core network is
composed of CSand PS domain. In the CS domain, calls are routed from one part of the network
to another through the media gateways (MGWSs) and signaling messages is handled by the

mobile switching center (MSC).

In PS domain, data are routed and signaling are handled between the base station and gateway
GPRS support nodes (GGSNs) through the serving GPRS support nodes (SGSNs). The GGSNs
constitute a link with the outside world (Servers PDNs).
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All the information about all the subscribers of the network operator are stored in the home

subscriber server (HSS) which is a central database and shared between CS and PS domain.

2.2 History of Mobile Telecommunication System

2.2.1 From1Gto 3G

The early 1980s experienced the first introduction of mobile telecommunication systems. The
first generation (1G) systems used a similar analogue communication technique as in traditional
radio. First generation systems suffer from inefficient use of available radio spectrumand have
very large cells that are individual and with minimal characteristics. In this era, mobile devices
were only used by business users since they were very expensive and very large in size. In the
early 1990s, the second generation (2G) systems took off. Devices are now cheaper and smaller.
Global system for mobile telecommunication (GSM) is the most popular 2G system. The
emergence and growth of the internet are at the base of the success of 2G systems. 2.5G systems
are built on top of 2G systems and introduce new concepts in which users can download data
onto mobile devices and introducing the packet switched domain in the core network. Several
improvements were made into the 2G systems to enhance its performance as the use of enhanced
data rates for GSM evolution (EDGE) techniques. After 2000, the 3 Generation (3G) was
introduced to cope with users’ satisfaction and businesses demands. 3G systems were more
powerful than 2G because they have a more efficient usage of the available spectrum and

increased peak datarates.
2.2.2 Third Generation Systems

UMTS is the most dominant 3G system. UMTS, the successor of GSM, has almost the same core

network as GSM but has introduced a totally dif ferent technology on the air interface. UMTS has
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experienced several improvements as the introduction of 3.5G technologies characterized by

high-speed downlink packet access (HSDPA) and high-speed uplink packet access (HSUPA).

Worldwide interoperability for microwave access (WiMAX) is the final 3G technology and has a
different history from other 3G systems. The first version of WiMAX was designed to transfer
data over one-to-one links. A later version of WiMAX was designed to support one-to-many
communications between a single base station and many fixed devices. A following version
supports the same characteristics with more capabilities as devices are not obliged to be fixed

and move from one region to another and connect from one base station to another.
2.3FromUMTSto LTE

2.3.1 High Level Architecture of LTE

GSM and UMTS LTE

Servers Servers

3 System architecture s

Core network evolution
[:l" — <
CS domain PS domain i EPC
J \
) (
GERAN UTRAN E-UTRAN

Long term

§ § > evolution : §

J \
UE UE

UE

Figure 2.4 Evolution of the system architecturefrom GSMand UMTSto LTE
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The fourth generation (4G) was designed in order to cope with users’ satisfaction which are
characterized by high data rates and low latencies. Figure 2.4 shows how LTE architecture
evolved from GSM and UMTS [57]. The evolved packet core (EPC) in LTE replaces the packet
switched domain of GSM and UMTS as shown in figure 2.4. EPC delivers data and voices to the
users similarly to the packet switched domain. In LTE, voices are transferred using voice over IP
whereas they were delivered using circuit switched domainin GSM and UMTS. The evolved
UMTS terrestrial radio access network (E-UTRAN) replaces the UTRAN of UMTS and is

responsible for the communication between the EPC and the mobile (UE) [56].

The new architecture of LTE was designed by the work of 3GPP as two categories: The system
architecture evolution (SAE) and long-term evolution (LTE). The core network part is covered

by the SAE, and the radio access network, air interface and user equipment are covered by LTE.
Evolved packet system (EPS) refers to whole system whereas LTE, who is in fact the evolution

of the air interface, became the colloguial name for the whole system.

2.3.2 Long Term Evolution

One of the main improvements of LTE is the evolution of the air interface. LTE characteristics
are as follows: 100 Mbps and 50 Mbps peak data rate in the downlink and uplink respectively. In
the eventual system, these rates have exceeded and can reach 300 Mbps and 75 Mbps
respectively. These data rates have almost 10 times exceeded previous versions and that is the
main power of LTE [56-57]. LTE stresses on the issue of latency who is fundamental in time-
critical applications as road safety, voice and interactive games. LTE provided several
characteristics to provide userswith low latency even in harsh situations (network congested).
Other than latency, LTE focuses on mobility and coverage. LTE can support cell size of up to

100 km; however, itis optimal performance will be for cell size of upto 5 km. moreover, LTE
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can work with speeds of up to 350 km/hr; however, it is optimal performance will be for speed

up to 15 km/hr. LTE uses different bandwidths ranging from 1.4 MHz up to 20 MHz.

2.3.3 System Architecture Evolution

The EPC, who supports Internet Protocol (IP) version 4, version 6 and a mix of version 4 and 6,
routes packets using the IP. The EPC is always connected to Servers PDNs (outside world) to
provide users with always-on connectivity. A device is given a unique IP when it is connected
and will last until the connection is switched off. The main role of the EPC is to deliver
information to and from the user. Regarding voice packets, EPC delivers them the same way as
any other data stream. EPC specifies several constraints as error rate, data rate, and delay for a
data stream to receive its destination. Some systems still use 2G and 3G systemsand that is why
EPC support functionalities for inter-system usage between LTE and earlier versions as 2G and

3G.

2.4 LTE relevant components to our research

2.4.1 Evolved UMTS Terrestrial Radio Access Network (E-UTRAN) Architecture

The E-UTRAN which is composed of the evolved node B (eNB) control the communication
between the UE and the EPC. The eNB is simply a base station communicating with many
mobiles in one or more cells. The two main functions of the eNB are: first, eNB receives
message from the users on the uplink and sends feedbacks and data back to them on the
downlink. Second, the eNB controls other operation as handover commands. eNB evolved from
earlier versions of node B and has better performance since it reduces latency. As shown in

figure 2.5, the S1 interface connects each eNB to the EPC. Also, the X2 interface connects
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nearby eNBs to each other. The main role of the X2 interface is to exchange data between eNBs

as forwarding data and signaling during handover.

2.4.2 Evolved Packet Core (EPC) Architecture

Other
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As shown in figure 2.5, the home subscriber server (HSS) is one of the components that existed
in GSM and UMTS and still available in LTE. As said before, all the information about all the

subscribers of the network operator are stored in the HSS.

The point of contact between the EPC and the servers PDNs (outside world) is done through the
packet data network (PDN) gateway. This link is done through the SGi interface. Each PDN has

a unique access point name (APN) which will be used by the network operator to know each

APN is used for which task.

Once a mobile is switched on, it will be automatically assigned to a default PDN gateway, so it

has always-on connectivity to a default packet data network such as the internet. Other than the
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default PDN gateway, a mobile can be assigned to many other gateways as if it wishes to be

connected to a private corporate network.

The connection between the base station and the PDN gateway is done through the serving
gateway (S-GW). The S-GW receives data and forward them similarly to the job of arouter.Ina
network we have several S-GWs and each user is connected to a single S-GW; however, if the

user is moving and become far from the S-GW then in this case he can switch to another S-GW.

The high-level operation of the user equipment is controlled by the mobility management entity
(MME). It handles security issues and management of data streams unrelated to radio
communications through sending signaling messages. In a network we have several MMEs each
one covering a specific area. A serving MME is an MME assigned to a mobile. In a comparison
with UMTS and GSM, we can say that PDN gateway and the gateway GPRS support node
(GGSN) have the same role, as well the serving MME and the serving GPRS support node

(SGSN) have the same routing and signaling functions.

2.4.3 LTE Frame Structure for Time Division Duplex (TDD)

Figure 2.6 shows the LTE frame structure [70]. It can be described as following:

% Joms | foms  toms o 10ms @
]

FRAME 0 f- FRAME 1 [ FRAME 2 | FRAME 3 [e—>

ol Mz s 4 lis ll6 | 1 Time Slot=7 OFDM Symbols (Normal CP)

cp 1 Time Slot =6 OFDM Symbols (Extended CP)
OFDM Symbol

Figure 2.6 LTEFrame Structure
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e 1frame =10 subframe
e 1subframe =2 time slot =» 1 frame =20 time slot
e 1 Time Slot =7 ODFM (orthogonal frequency division multiplexing) symbols (normal

cyclic prefix) or =6 OFDM symbols (extended CP)

Frames and subframes like in previous cellular systems are used to carry LTE data. We can

distinguish between two types of LTE frame structure:

e Type1l:LTE frequency division duplex (FDD) systems,

e Type2:LTE TDD systems.

2.4.3.1 Type 1 LTE Frame Structure

Type 1 has an LTE frame length of 10 ms divided into 20 individual slots as shown in figure 2.7.

Each subframe consists of two slots which means that a frame is composed of 10 subframes.

LTE frame length

One

slot

#0 #1 #2 f w3 | #4 R--F as | #9
Subdfirame

Figure 2.7 Typel LTE Frame Structure

Inan LTE FDD scenario, we have both downlink and uplink transmission that happen at the

same time but at different frequencies as shown in figure 2.8.
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Downlink Frames at Frequency F1
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Figure 2.8 FDD Scenario

2.4.3.2 Type 2 LTE Frame Structure

LTE TDD frame structure is different from the previous one. The frame of 10 ms is divided into
two half-frameseach 5 ms long (frame #0 to frame #4 =>5 ms; frame #5 to frame #9 =>5 ms).
One frame is divided into 10 subframesof 1 ms each. Each subframe can be either downlink,

uplink or special subframe as shown in figure 2.9.

Downlink and Uplink Frames at Frequency F1

LJoms - doms  doms 10ms (X)/

_____ 0ms
IDISIUIDIDID|5|UIDIDI D - Downlink Subframe
1ms U - Uplink Subframe

| prrs| o | UpPTS S - Special Subframe

Special Subframe

Figure 2.9 TDD Scenario

Based on the 3GPP specifications, we can distinguish between 7 TDD configurations as shown
intable 2.1.
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Downlink to

3GPP Number of subframes /

uplink Subframe number
. . frame
Configuration . .

release switch point

periodicity 1 2 3 4 5 6 7 8 9

(ms)
0 8 5 b s U U U b s U U U 2 6
1 8 5 D s U U D b S U U D 4 4
2 8 5 D s U D D D s U D D 6 2
3 8 10 b s U U U D D D D D 6 3
4 8 10 b s U U D b D D D D 7 2
5 8 10 D S U D D D D D D D 8 1
6 8 5 b s U U U D s U U D 35

Table 2.1 TDD Configurations

As we can see from table 2.1, in addition to downlink and uplink slots we have a special
subframe slot (SSF). The latter will be used whenever we need to switch from downlink
subframe to uplink subframe. It is important to mention that this special subframe is not needed
to be used when we switch from uplink to downlink, so it is only used from downlink to uplink

transition. The special subframe is composed of:

e Downlink plot time slot (DWPTS): When enough duration is configured, DWPTS is

similar to a downlink frame and carries data, reference signals and control information.

e Guard period (GP): used to control the transition between uplink and downlink

transmission. The length of the GP determines the maximum supportable cell size.

e Uplink plot time slot (UpPTS): reserved for uplink transmission and mainly used for the

user equipment transmission of SRS (Sounding Reference Signals).

Based on 3GPP specifications, we can distinguish between 10 special subframe configurationsas

shown in table 2.2:
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Number of OFDM

Configuration symbols / subframe
release DwPTS GP UpPTS

0 8 3 10 1
1 8 9 4 1
2 8 10 3 1
3 8 1 2 1
4 8 12 1 1
5 8 3 9 2
6 8 9 3 2
7 8 10 2 2
8 8 11 1 2
9 11 6 6 2

Table 2.2 Special Subframe Configurations

2.4.4 Relay Nodes

Relay nodes (RN) will to a great extent support the role of base stations. They can be identified
as low power base station since they will mimic their work. They will increase cell coverage and
capacity mainly at hot-spot areasand cell edges. As shown in figure 2.10, RNs can be used in
several circumstances: (i) suppose the destination node is outside the coverage area of the base
station and hence cannot be reachable through a direct communication. In this case, the base
station will deliver the information to the relay node which will in its turn forward them to the
destination node. (ii) suppose the destination node is inside the coverage area of the base station;
however due to excessive shadowing as tall buildings, the information sent by the base station
will not reach the destination node with a good quality. In this case, the relay node will be used
to deliver the message received from the base station to the destination node with a good quality.
(iii) suppose certain area is considered to be a “hotspot” where there are a high number of users

and the relay node is utilized to increase the available throughput to these users.
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Figure 2.10 Relay Nodes

2.5VANET

VANET and MANET (mobile ad-hoc network) are very similar for the exception that VANET is
composed of vehicular nodes that are in continuous movement. Traffic and traffic regulation
determine the movement of vehicles. Therefore, vehicles in VANET move in a regular pattern.

We can distinguish between 3 typesof communications in VANET:

1- vehicle to vehicle (V2V)
2- vehicle to infrastructure (V21)

3- infrastructure to infrastructure (121)

Dedicated short range communication (DSRC) is used in V2V communication. IEEE 802.11p s

used in V21 communication. IEEE 802.3uis used in 12] communication [28].

The three main components employed in VANET communication are: roadside unit

(RSU), on board unit (OBU) and application unit (AU). Usually, vehicles are equipped with
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OBU and AU, whereas RSUs are fixed on roads. The main functionalities of an RSU is to
broadcast emergency warning message to vehicles under its coverage, to provide internet
connectivity and many other safety applications. On the other hand, the network communication
between vehicles and the RSUs is managed by the OBU. Moreover, the AU is directly related to

the OBU and will benefit from the provided services.

2.5.1 Characteristics of VANET

The major characteristics of VANETSs are

e Movement prediction: Unlike MANET, vehicles in VANET will move in streets,
intersections and highways (urban and rural layouts). This indicates thatina VANET
architecture, we can predict the future movement of vehicles.

¢ No power limitations: Nowadays, batteries in vehicles are very sophisticated and have
a long-life which imply that there are no power limitations in VANETS.

e Large-scale network: Mainly in huge dense city, highways and dense urban areas, the
number of vehicles is very dense which leads to a very large-scale network.

e Mutable network density: The density of the network in VANET will drastically
change with respect to location and time. For instance, the density of the network is
very high in urban areas whereas it is a very low in rural areas. Similarly, network
density is at its peak during rush hours or traffic jam whereas it is low during

midnight [28-31].
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2.5.2 Challenges of VANET

The main applications of VANET are related to traffic safety applications and can be extended to
infotainment ones. VANET imposes several communication protocols in order to meet the
applications’ requirements. The new resulting challenges of these requirements are:

e Bandwidth limitations: Urban areas or highways characterized by a high-density area
suffer from network and channel congestion. VANET suffers from a lack of
bandwidth management and coordination.

e Delay constraints: time is a key factor in VANET and mainly in traffic safety
application since we need to guarantee that the emergency warning message should
reach its destination within a time limit; otherwise, drivers might not be informed in
time and accidents might occur which may result in injuries or deaths. Therefore,
time is a fundamental factor in providing an efficient vehicular communication
system in VANET.

e Privacy and accountability rights: In VANET, there is a tradeoff between privacy
and accountability rights: in fact, the privacy of the driver should always be protected
and at the same time each vehicle must trust the source of the information it receives

e Security attacks: VANET is an open network which made it susceptible to several
severe attacks. Therefore, itis critical to find and mitigate the new attacks in order to
guarantee that drivers receive warning messages on time and the routing protocol is
secured. Otherwise, the whole system might crash, and humans’ life is at risk.

¢ High dynamic and frequently disconnected topology: In VANET, vehicles are in
continuous mobility and hence the network topology will keep in changing.

Therefore, several issues may arise as link disconnection or disruption (crash, car fail,
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network error, etc.), connectivity problems (congestion, weather, etc.), as well as the
repeated partitioning of the topology. vehicular delay tolerant networks (VDTNS) is
an example of research paradigm that can be used to tackle and solve the previously

mentioned issues.

2.5.3 Whatis V2V?

Ina V2V communication model, vehicles will share various data as location, direction, speed,
braking, and loss of stability among other vehicles. Dedicated short-range communications
(DSRC) is a mean used by vehiclesto communicate and share essential information. One vehicle
can send and receive data from another vehicle up to 300 meters. The goal is to reach the point
where all the vehicles in the network can communicate with each other within a certain time
limit. V2V communications will help in collision prediction and avoidance as well as mitigating

traffic congestion and improving the environment.

A V2V network is a very dense and dynamic network since cars are on continuous movement
receiving and sending data. A small network composed of only 10 cars and 3 RSUs will be a

mesh network [43-44].

2.5.4 Whatis V21?

vehicle-to-infrastructure (V21) is a mean of communication between the vehicles and
infrastructure as RSUs, traffic light, cameras, etc. and vice versa. In this paper, the infrastructure
will only consist of RSUs. Same as V2V communication, The RSUs can send/receive data over
an ad hoc network using dedicated short-range communication (DSRC) frequencies. The main

role of RSUs is to collect information from the different types of infrastructure as well as from
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vehicles in order to provide drivers with accurate, consistent and valuable information. The
collected information as traffic and road conditions, accidents, speed, locationand distance
between cars, and roads under constructions are disseminated to and among drivers in order to

prevent and avoid collision and reach the goal which is increase the safety of drivers[45].

2.5.5 Whatis V2X?

Vehicle-to-Everything (V2X) is a technology that allows vehicle to communicate with several
components in its surrounding using short-range wireless signals. V2X is developed by the 5G
Automotive Association (5GAA) which contains several well-known companies as BMW
Group, AUDI AG, Nokia, Huawei... For instance, V2V and V2I are part of the V2X network.
Similar to other networks, V2X is directed toward safety purposes: In a V2X system, there will
be a collaboration between V2V and V21 which means that connected vehicles will communicate
with each other and on the same time they will communicate with RSUs which on their turn will
share data with other RSUs. All this communication cycle will be geared toward sending
fundamental information to driversin order to avoid collision and increase their safety. In order
to communicate in a V2X system, short-range wireless signal will be adapted and might be
compatible with the different systems. Unfavorable weather condition will not affect its
performance and this signal is unaffected by interference. In this thesis, V2X network is adapted
since we must use both networks V2V and V21 which will cooperate in order to reach the goal

and save drivers’ life [46].

Vehicles are able to communicate indicators such as position and speed through IEEE 802.11p to
their surrounding entities; however, this added value is only effective in sparse networks,

whereas in dense and high load conditions this performance deteriorates massively. This is due
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to the fact that data packets are much more likely to collide thus impacting the number of

throughputs negatively and increasing delays.

The allocation of radio resourcesto suitable devices for communication is referred to as
scheduling, and there are two modes of doing this in V2X, which are scheduled and autonomous
mode. In the scheduled mode, UE requests E-UTRAN for resource allocation under network
coverage for Sidelink communication. The E-UTRAN provides the UE with the exact frequency
of resources and time that will be used and can allocate resources through semi-persistent
scheduling thus further reducing latency. Autonomous mode, on the other hand, is used where
there is no network coverage and UEs use pre-configured resource pools to use radio resources,
which is provided by the V2X control function or by the pre-configured in the USIM.

Several works show that under low traffic loads and short ranges, the performance of the IEEE
802.11p based WAVE (wireless accessin vehicular environments) was effective and met the
V2X requirements. However; after increasing the number of vehicles as well as their speed, the
performance of WAVE declines and becomes ineffective. This same simulation was run using
LTE V2X and its performance was optimal. Moreover, when using long ranges LTE V2X
appeared to be more reliable than WAVE. Based on the output in terms of lower delays, better
performance in terms of range, reliability, and scaling, LTE V2Xis considered to be the best

solution for V2X applications and mainly safety related ones [6].

2.5.6 Whatis DSRC?

Dedicated Short Range Communications (DSRC) is very similar to WiFi and used for wireless

communication. The main difference between DSRC and WiFi is that the latter is used for
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wireless Local Area Networks (LAN) whereas DSRC is a mean of communication between

vehicles and the infrastructure ensuring wireless communication at high speed and high security.

The main characteristics of DSRC are:

e Very low latency in the order of 0.02 seconds (delays for opening and closing a

connection).

e Very limited interference: dueto its short range which almost 1000m DSRC is very

strong, powerful in front of radio interference and limits intrusion from remote sources.

e Unfavorable weather condition will not affect its performance.

DSRC operates in the band of 5.9 GHz where 75 MHz where dedicated for it. DSRC was mainly
developed for safety purposes. More specifically, they are usedto alert drivers in order to

preventand avoid collisions and crashes [47].
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CHAPTER 3

EXISTING APPROACHES FOR EMERGENCY WARNING
MESSAGE DISSEMINATION AND RESOURCE MANAGEMENT

In this chapter we survey several works|[8,1, 7, 6, 4, 59, 14, 15, 28,63, 64,65, 66,67, 68, 69].

3.1 LTE Resource Scheduling for Vehicular Safety Applications [8]

The research of Tungand Gerla (2013) suggested that the prominence of LTE diverse
applications have facilitated the innovative vision of implementing it into new dimensions.
Among which the most prevalent and crucial service implementation is highlighted within the
vehicular aspects through which LTE can be used for cooperative experience in driving,
avoidance of intersection collision. In other words, vehicular applications are one of the
important services that LTE resource scheduling has, which includes components such as
cooperative driving, intersection collision, avoidance, and other services. Cooperative awareness
messages (CAMSs), which are also known as beacons, are data packets transmitted by every
vehicle. CAMs will provide detailed information each 100ms about the location, speed, and other
information related to the cars in the network. So, for intersection collision avoidance,
appropriate algorithms are applied by base stations to identify where there are potential collision
patterns and hence sending warning messages to vehicles that may potentially be in danger.
Therefore, LTE may potentially be better for intersection collision avoidance services
considering the good communication, however it needs to be further investigated to see if the
traffic of beacon transmissions can be supported factoring in the scarcity of radio resources

today.

CAMs can be transmitted through random access or dedicated communication. For random
access, the CAMs are accessed by a UE at the base station, which allows channel diversity and
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thus making it good for adaptive beaconing. However, as a result, there is more signaling
overhead. On the other hand, within the dedicated communication approach, the dedicated
channel transmits the CAMs through allocated dedicated channel. One of the main benefits of
dedicated communication is the fact that it reduces signaling overhead since thereisn’t any pre-
allocation of resources. However; there is not enough information as to how CAM transmissions
are scheduled. Therefore, persistent scheduling may be more appropriate if the CAMs are
transmitted regularly but if may be more difficult to estimate accurately the number of CAMs

generated if adaptive beaconing is used.

The CAM transmission pattern is based on a short time period of 100ms for the transfer of small
data packets, similarly this can be noted in the traffic of VolP where each voice packet requires
20ms to arrive. Accordingly, itis logical to indicate that CAM messages scheduling can be
conducted in the same manner of the VoIP traffic. Regarding VVoIP, there are three main

scheduling approaches which are dynamic, persistent and semi-persistent.

For dynamic scheduling, the requests for all data packets are requested by the UE that can be
scheduled by dedicated control channel (DCCH) or L1/L2 signaling through PUSCH. Although
it can incur significant signaling overhead, it still can ensure the diversity of the channel through

both time and frequency domains.

For persistent scheduling, the sequencing of the resource blocks is set from the beginning, which
are reserved for any pending data transmissions or retransmissions. Also, the hybrid automatic
repeat request (HARQ) retransmissions are allocated from the beginning. While this means there
is less signaling overhead, there are resources wasted to reserve the resources for HARQ. As a
result, no retransmissions are needed, and other users cannot be used the reserved resource

blocks.
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For semi-persistent scheduling, and considering the disadvantages of the above-mentioned
methods, both are used. As a result, initial transmissions are done through persistent scheduling
while retransmissions are done through dynamic scheduling. This happens through the initial
uplink resource request being sent by the UE to a base station. Once the request is received, the
predefined sequence of resource blocks is allocated by the base station to the UE. This process
can be done every 100ms, which is the inter-arrival time of the CAMs until it is no longer needed
such in the case of a car moving out of the intersection. Alternatively, the retransmissionsare
allocated dynamically using the L1/L2 control channel signaling for the vacant resource blocks.
This assumes that the majority of the transmissions are successful for the following method to

avoid the drawbacks of persistent and dynamic scheduling.

Reflecting on the above, whenever we have CAMs with adaptive beaconing, we shall use
dynamic scheduling whereas for CAMs with fixed beaconing we shall use persistent and semi-
persistent scheduling. Therefore, the mechanism of generating beacons should be factored in the
development of new resource scheduling methods for vehicular applicationsas it is heavily

dependent on data traffic patterns.

Due to CAM generation being dependent on vehicle movement there are two states that it can be
in, either moving or not. In the case that the vehicle is moving, the CAMs are being sent to the
base station until it comes to a complete stop at a red light. Once it moves again, the base station
would receive a resource request for CAM transmissions. The assumption is that all UEs have
global positioning system (GPS) to identify when a vehicle is approaching an intersection, where
once itdoes the initial connection setup is sent via random access so that the UE can send a
scheduling request. Once this request is received, the resource blocks are scheduled every 100ms

for CAM transmissions and the retransmissions would be scheduled by the dynamic via HARQ
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since it’s a semi-persistent scheduling. The CAMs stop again when the car stops at another red
light. Through this the base station can reschedule the resource for other users. This is repeated

until the vehicle is no longer in the intersection area.

3.2 System Level Evaluation of LTE-V2V Mode 4 Communications and its Distributed

Scheduling [1]

Communicationsthat have reliability requirements and strict latency for transmitting small
packets are known as V2V communications. Modes 3 and 4 were designed to meet the
requirements of V2V communications by being network scalable, low latency, and high
reliability. With that objective, the role of Release 14 is to adjust the management and
organization of radio resources, especially when it comes to eliminating data periods, time
division of resources into scheduling assignment (SA), and organizing resource blocks (RBs)
into frequency sub-channels. Through this, at any pointin time vehicles are able to both reserve a
resource and transmit a packet, which reduces the latency but not necessarily the energy -

efficiency as vehicles would have to permanently be in reception mode.

It is worth noting the innovative aspect to mode 4, which is the fact that vehicles would be able
to autonomously select radio resources through the distributed scheduling protocol that can be
used when cellular infrastructure cannot be relied on. This is known as sensing-based semi
persistent scheduling (SPS). The aim of SPS is to minimize overload of channels with
retransmissions and improve V2V communications reliability through exploiting the periodic
characteristics of CAM packets or beacons and introducing a semi-persistent reservation of
resources. As a result, packet collisions are avoided because vehicles can pick up on previous

transmissions and approximating which resources are free.
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This work suggested that the packet delivery ratio (PDR) will get a very low error rate while
using LTE-V2V mode 4 communications. The distance between the transmitter and the receiver
represents the PDR. This work ended up by proving that over a random selection of resources
sensing based SPS scheme improves the performance over short and medium distance. Also,
whenever packets are transmitted only once, the sensing based SPS scheme can produce even

better results [1].

3.3 Weighted Sum-Rate Maximization Resource Scheduling and Optimization for

Heterogeneous Vehicular Networks: A Bipartite Graph Method [7]

Heterogeneous vehicular network (HVN) is composed of vehicle-to-infrastructure (V2I) and
vehicle-to-vehicle (V2V) links. There are problems associated with resource scheduling for HVN
linking on the selection of the relaying mobile vehicles and the selection of the link between
V2V and V21 with the objective of enhancing system performance. Communications between
vehicles are supported in an ad hoc way through the V2V mode and is popular within safety
related applications such as accident information. V2V mode are found in VANET. On the other
hand, the V21 mode allows for wider range information including internet data through access to
roadside communication infrastructure. V21 are found in networks called wireless metropolitan
area network (WMAN). With the aim of combining the added value of both modes, the HVN
was enhanced where users traveling on mobile vehicles are able to access information through
the WMAN and VANET, which is why both links exist in the HVN. The implementation of this
can be done through different technologies such as dedicated short-range communication
(DSRC) systems, cellular communication and other ty pes.

In this work, the aim is to identify moving vehicles whose channel quality is poor and improve

their achievable rate. To solve the problem efficiently, they proposed a new efficient algorithm
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which takes into consideration fairness among moving vehicles (MVs) and at the same time
calculating the maximum total information transmission rate of the system. The main ideain this
work can be illustrated by the fact that the HVN is represented through a bipartite graph in which
nodes can be either moving vehicles, RSUs, and relay nodes. Several information can be
generated from the bipartite graph such as calculating V2V and V21 transmit rate, resource
allocation and scheduling for HVN. The proposed cooperative transmission will increase the sum
throughput of the system compared to a non-cooperative transmission. The proposed algorithm
will support moving vehicles with poor channel quality and enhance their rates. Simulating the
network as a bipartite graph will for sure generate the optimal case since one of the spanning
trees will be the best route to use. However, in practical applications this work is not feasible
because based on the proposed formula, there will be 133650 spanning trees for only 10 moving
vehicles. Itis obvious that it is not optimal to calculate all these spanning trees in order to be able
identify the best route and keeping in mind that itis only for 10 cars. Also, this technique is

buffer and computation complex [7].

3.4 Joint optimization of link scheduling and resource allocation in cooperative vehicular

networks [4]

The objective and concept of cooperative communications in vehicular networks is that vehicles
are able to benefit from each other’s channel conditions. This can be translated in cases where
the destination vehicle (DV) and the base station (BS) have an unreliable channel condition, and
thus the destination vehicle will receive the packets from a vehicle with a better channel
condition than the BS. As a result, the entire system is able to benefit from each other and

enhance communication when forwarding packets to the destination vehicle.
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The medium access control (MAC) protocol is a new distributed cooperative relay medium that
maximizes the achieved system throughput and service distance of vehicles through the adaptive
selection of suitable transmission modesand relay nodes depending on the quality of the
channel. However, there is little research focus on cooperative vehicular communicationsin
regard to resource allocation and relay selection. Other related works proposed a V2V-V2I
communication systems where both infrastructure and vehicles can transmit multiple data
streams at the same time through multiple direction beams supported by smart antennas.

However, relay selection was not considered in these researches.

Other research papers did include relay selection and resource allocation where the V2V
communication would be used to complement the VV2I. The V2V and V21 links are allocated
using a bipartite graph-based scheduling scheme for both 1-hop and 2-hop communications. This
paper used the Kuhn-Munkres algorithm in order to deal with the issue of maximum weighted
matching of the constructed bipartite graph. The results show that the proposed solution achieved
better fairness and extremely close to the optimal one. However, the radio resource is not the

optimal since all the links will be allocated the same resources [4].

In LTE, lower data rates as a result of poor radio links will impact vehicle equipment that are not
close to the BS. This is another instance where cooperative relaying mechanisms amongst
neighboring vehicles would be a good approach to tackle this problem. This would be done by
establishing V2V communications through orthogonal frequency-division multiple access
(OFDMA) based system.

Within the cooperative relaying, assisting vehicles known as coordinator vehicles (CVs) are able
to support vehicles that have low data rates through the downlink transmissions of the CVs.

Through this roadside units (RSUs) can transmit data via a higher rate to the CVs that then

35



forward the transmission to the destination vehicle (DV), which in this case is known as the sink
vehicle (SV). Through this a higher performance is achieved instead of having the low-rate
vehicles transmitting data directly to the destinations. Through this there are two types of
communication in the vehicular network, which are direct and cooperative communication. In
this case, the primary role of the scheduling center is to collect channel state information (CSI)
from all users and through it identify the communication mode that should be used and
accordingly allocate the radio resource to both V2V and V21 links.

LTE-Advanced specification is used for direct communication. Along the time and/or frequency
domain the resource block (RBs) constitute the entire radio resources and thus, through the given
scheduling algorithm the vehicle equipment (VE) can share all the RBs, assuming that the
number of radio resources available for direct communication are available for the downlink
transmission [4].

When V2l and V2V communications are involved, it’s called cooperative communication which
is designed for SVs. LTE-Advanced system is used for V21 communication while orthogonal
frequency-division multiple access (OFDMA)-based system is used for V2V communication.
While the specifications of the OFDMA-based system and the LTE-Advanced system are the
same, OFDMA-based systems have higher frequency bandsand lower transmission power. To
further elaborate, one SV can be assisted by one CV, however one CV can forward data to
multiple SVs, and the decode and forward (DF) is applied at the CV to be relayed.

There are two binary matrixes 1 and 2 which represents the resource allocation between CVs and
SVs respectively. The key aim is to find the best option within limited bandwidths to connect 1s
and 2s and therefore maximizing the spectral efficiency. However, it’s worth noting that user

satisfaction is dependent on multiple factors such as the quality of service (QoS). In regard to the
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QoS, there is a Utility theory that supports in the formulation of the relationship to best reflect on
the user experience, which includes an effective trade-off between fairness of resource allocation
and throughput. Through the mapping of the utility function, real numbers are generated that
allows for the quantification of satisfaction, which is the data rate of communication for users.
There is an algorithm based on MD-MCKUP for a scheduling-scheme that works on finding the
optimal solution for establishing V2V links and the distribution of radio resource to both V21 and
V2V links for downlink transmissions. Through this, the vehiclesthat have weak V21 links are
identified as SVs and are thus linked with eNB involving both V21 and V2V links. Vehicles with

better link in turn become CVs to forward data.

3.5 Dynamic Clustering and Cooperative Scheduling for Vehicle-to-Vehicle

Communication in Bidirectional Road Scenarios [14]

Vehicle to vehicle communication (V2V) has recently occupied the interest of the researches in a
manner where many efforts have been implemented towards the allocation of the right
cooperation that ensures the dissemination of information and data between vehicles within the
range of the RSUs communication range Enough evidence has shown that the cooperation of
data dissemination through V2V and V21 are efficient and useful, however there was something
that has been noted which was not taken into consideration before. Bidirectional scenarios
presenta new challenge where vehicles traveling at high speeds in opposite directions donot

necessarily work optimally for the V2V.

The limitations and problems that have been presented include that the fact that there are
vehicles that are able to share data through RSUs and at the same time have requests coming in
from other vehicles, that need to be relayed back to the RSUs. In the scenario of high-speed

bidirectional vehicles, the time-window for data sharing is very short and thus critically
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hindering the ability of vehicles to benefit from the V2V communication. Second, in the even
that there are multiple vehicles within close vicinity broadcasting data simultaneously the risk of
severe interference is high. This raises another key challenge linking to the spatial reusability for
V2V communications in such situations. Third, vehiclescan send or receive data at a time and
not at the same time as a result of the half-duplex of on-board units (OBU) further adding to the
challenge of designing an optimal algorithm to factor in V2V data sharing that is cooperative to
that level. Last, as a result of potentially sending and requesting different information, the
selection of the most appropriate vehiclesand data items to be broadcasted is difficult but

important if the wireless channel efficiency is to be maximized.

The work in [14] proposed several contributions related to the above-mentioned problemswhich
include the following: first, a system architecture is proposed to assist in data scheduling of
bidirectional road scenarios through RSU-assisted data scheduling. This will supportin the
coordination between vehiclesdriving in the opposite directionsto use V2V communications for
cached data items. Second, signal-to-interference-noise-ratio (SINR) analysis of V2V
communication provided a potential of successful data sharing between vehicles regularly
broadcasting information. This provides insight to potentially exploiting spatial reusability of
V2V communication bandwidth. Third, to address the issue of the speed of the vehicles in
opposite directions, a clustering mechanism is proposed where a corresponding time division and
optimal cluster length policy can be developed in parallel to a cluster association strategy that
enables vehicles to either join or leave a cluster dynamically depending on their real-time
velocities. Fourth, to address the issue of distributed data sharing, a two-phase back off
mechanism is proposed in addition to a scheduling algorithm that determines the set of vehicles

in each time slot in addition to the data that would need to be broadcasted.
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The assumption is that RSUs are able to collect vehicular information via V21 communications
where the vehicles will piggyback and broadcast their real-time status periodically through the
control channel. Through this, the RSU is able to better monitor the vehicle statuses. This will
also allow the RSU to push scheduling decisions via control channel to the passing vehicles. To
focus on the bidirectional V2V communication problem the model assumes an ideal case where
V21 communications are with RSUs. Therefore, when the vehicles are out of its range, they are
able to share the data through the service channel and thus based on the scheduling of the RSU.
This enables the maximization of the spatial reusability and vehicle flexibility in joining or

leaving clusters based on their real-time statuses.

The proposed solution in regard to the short window frame of vehicles in clusters within the RSU
coverage whom share data via V21 communication, is as follows. The RSUs will be dividing the
vehicles into clusters to reduce the V2V communication interference, where a time slot division
policy would be developed. This policy would allocate specific time slots for data broadcasting
for each vehicle therefore further improving bandwidth efficiency in each cluster. This cache
would also be able to identify the most suitable vehicles within the given time slots to broadcast

their cached data as well.

3.6 A multiple RSU collaborative scheduling scheme for data services in vehicular ad hoc

networks [15]

The work in [15] indicated that in order to intake several service requests, the utilization of RSUs
(roadside units) should be set a priority for receiving and transferring data from vehiclesand for

the schematic scheduling of these data packets. Accordingly, the research of [15] proposed the
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implementation of multiple RSUs as a new scheduling model through which the RSUs are

interconnected through wired networking which facilitates the data packets transfers.

However, prior to the focuson the utilization of RSUs, it is important to understand the context
of the VANETS (vehicular ad hoc networks). VANETSs are highly crucial for the traffic
information, location sharing, file exchange between different mobile vehicles over the wireless
communication connections. Whereas, the RSUs have a short communication range through
which the requirement of a transfer scheme is essential to ensure that the information distribution
is covering different numbers of vehicles within the same time frame. Considerably, RSUs
allocation calls for a specific protocol to cover different vehicles within the limited and

inadequate bandwidth.

Moreover, this indicated that there should be a systemic information update for the RSUs to
ensure the data download for the request of the vehicles. Hence, when the vehicles continuously
update the data detected, received or uploaded, RSUs will efficiently provide updated
information without any problem. This will in turn ensure that safety and non-safety messages
are sent to the magnitude of vehicles requesting it within the communication field. In other
words, the schemes of scheduling can be implemented by the RSU based on the requests’
number, size of the data and the allocated deadlines. Considerably, this indicates that the current
schemes cannot provide efficiently the dynamic scheduling considering the progressively and

continuously changing environment of the VANETS.

Based on that given problem, D*S, a basic RSU scheduling, was proposed. The two aspects,
service deadline and data size, are given in the form of a DS_value to the RSU per request, where
the scheduling serves those with the minimuma DS_value. Through a single broadcast, several

requests are served through the D*S/N scheduling, where pending requests are added to the D*S
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scheduling. To balance between the requests for both download and upload, the scheduling
scheme is done in two steps where an RSU would have a queue for each type of request at
different bandwidths, thereby allowing different priority scheduling schemes per bandwidth.
Therefore, and reflecting on the two-step scheduling scheme, the service queue would be chosen

first followed by the service request that is most suitable.

The researchers in [15] who were interested in data transfer schemes looked at potential solutions
for the above-mentioned problems. They have proposed a system which would be used to set the
priorities for the multiple RSU scheme so that it improves the RSU basic scheduling through the
transfer of requests in parts to the RSUs which have lower loads and thus consider the distance
between the RSUs.

The scheduling schemes suggested for the multiple RSU schematic transfer of delayed requests
from one to other RUSs within the RSUs multiple ad hoc channels. Within this context, the
requests are diversified into two distinctive types which are delay tolerant and delay sensitive.
The delay sensitive are smaller in size of that of delay tolerant. Hence, when there is an overload
of the RSU, the delay tolerant requests can be transferred to the lightly loaded RUSs to
determine the direction of the mobile vehicles. However, one of the most significant proposals to
this issue has been suggested trough the MPO (motion prediction optimization) which is a part of
the cooperative schematic scheduling. Considerably, the MPO requires the D*S/N to select and
allocated the small value qualified and critical requests, especially that of which are suggested to
miss its deadlines. However, the unqualified or uncritical requests can be moved to other
proximal RSUs based on the prediction of the vehicle motion which is based on the probabilistic

motion probability.
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The added value of RSU scheduling over a VANET environment is that unnecessary requests are
removed which allows for improved efficiency which in turn reduces the deadline miss ratio.
This system would have three aspects: item queue, scheduler, and a request queue. Under the
request queue the downloads and upload queues are found, where the download queues are used
to store the requests and the upload queues are used to store safety and non-safety data. Based on
what is in the queues the scheduler would then choose the transmission based on the requests as
the bandwidth that it operates on is restricted. The transmissions are based on the data

transmission policy of an RSU.

3.7 Road Accident Prevention with Instant Emergency Warning Message Dissemination in

Vehicular Ad-Hoc Network [28]

The road accident prevention (RAP) scheme is implemented in VANET and based on vehicular
backbone network (VBN) structure. This scheme aims to avoid traffic accidents and hence

mitigate the rate of injuries and deaths.
The RAP has several activities:

1- Vehicles will continuously send their status to the road side unit (RSU) which will in
return construct a prediction report (PR).

2- If the RSU detect abnormal activity in the PR, then RSU generates an emergency
warning message (EWM).

3- Therole of the RSU is to construct the VBN structure.

4- Vehicles that are moving in the high-risk zone (HRZ) and have high-risk factor (RF) will

receive an EWM from the RSU:
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a. Vehicles that are moving within the coverage area of the RSU will directly
receive EWM from the RSU
b. Vehicles which are moving outside the coverage are of the RSU will be reached

using the VBN structure and receive the EWM from a relay node vehicle

The dynamic topology of VANET and the high mobility and dynamic density of vehicles as well
as the limited bandwidth are the main challenges in achieving low end-to-end delay and at the
same time ensuring that vehicles in danger zone will for sure receive the warning message within

a specific time limit. This part is directly related to the main goal of our thesis.

This unique construction of RAP scheme will ensure that all the vehicles will receive a
notification message in case of emergency and within a specific time without delay. The use of
VBN structure will lead to a decrease in the number of RSUs which will highly reduce the
infrastructure cost. Moreover, the main objective of RAP is to improve the intelligent

transportation system (ITS) in VANET.

All vehicles characterized by a high-risk factor and moving in the high-risk zone will receive an
EWM. These vehicles are either moving within the coverage area of the RSU or outside it
(reached using VBN structure). Once a vehicle receives an EWM, it should directly react either

by changing lane, slowing down or choosing substitute routes.

VBN is a VANET structure whose main constituents are the RSUs and vehicles in the network.
The major power of VBN is the use of relay nodes (RN). Based on criteria as time and location,
specific vehicles are dynamically elected as RN that have the same role of a base station. The
relay nodes will be elected for a specific period of time and their job is to forward the warning

message to the destination vehicle. These RN have explicit path to follow in order to deliver the
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warning message and in case they detect a path failure due to network congestion or loss of
signal for example, then they have the option to follow an alternative path with a totally different
set of intermediate nodes keeping in mind that the main target is to deliver the message within
the given time. Several criteria are to be used in order to know which vehicle can be elected as a
relay node: first, the vehicle should be within a specific distance from the RSU. Second, the
vehicle will be given a time limit after which it will be no more considered a relay node. Finally,
if a vehicle passes the distance limit set by the RSU then a new vehicle closer to the RSU will be

reelected as RN. (The relay node election is discussed in detail later).

The main advantages of usinga VBN structure can be summarized as follows: (i) reduction in
source-destination distance, (ii) decrease in end-to-end delay, (iii) increase in EWM notification,
(iv) extension of the coverage area of RSUs, (v) reduction in number of RSUs. The four phases
of the RAP scheme are: (i) construction phase of the prediction report (PR), (ii) generation phase

of the EWM, (iii) formation phase of the VBN, (iv) dissemination phase of the EWM.

As said before, the RSU will receive status report (SR) and traffic flow (TF) data from vehicles
in the network and based on abnormality in these data a PR is constructed. After the PR
construction, the RSU generates an EWM. In the last step, the RSU will form a VBN structure
and the EWM will be spread to all vehicles moving in the high-risk zone (HRZ) and having
high-risk factor (RF).

3.8 SAI: Safety Application Identifier Algorithm at MAC Layer for Vehicular Safety

Message Dissemination Over LTE VANET Networks [65]

Definitely when most of the research addresses the vehicular communications, it is associated to
ubiquitous cellular networks which are innovative technologies that doesn’t only govern the

progressive elevating traffic but more to ensure the QoS (quality of service) demanded for
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currentand future vehicular applications. Interestingly, operators and service providers utilize
several or single schematic technologies to meet up with the requirements and needs of the
applications markets. To illustrate the utilization of the service operators, take for instance, the
data and voice application which demand low latency that can be attained and retrieved froma
WCDMA (wideband code division multiple access) compared to the higher rate demand that can

be appealed to through lower latency of LTE.

Significantly, the umbrella of vehicular communications encompasses and include the C-ITS
(Cooperative intelligent transportation systems) which offers rigid services in terms of accurate
packet delivery and latency. Although two vehicular communications applications have been
mentioned earlier which are the safety and commercial applications, currently the research
focuses on safety in terms of risk warning, transport efficiency in term of drivers’ assistance and
entertainment or information application which is needed for remote assessments. The mentioned
applications are correlated with the introduction of DSRC which are compliant to the IEEE
connection over wireless channels within the wave standards of the vehicular environment. This
was introduced to explain the necessity of connecting the vehicles over the range of IEEE
802.11p, multiple hop that requires RSUs and infrastructure adjustments to meet up with the

requirements and process of the V2V applications.

3.9 Multihop-Cluster-Based IEEE 802.11p and LTE Hybrid Architecture for VANET

Safety Message Dissemination [66]

In the prior sections we have highlighted the concept of multihop and cluster schematic
connection for vehicular communication. Considerably, the current research focused on
explaining the concept of VMaSC (vehicular multihop algorithm for stable clustering). To better

understand VMaSC, the multihop clustering systematic algorithm should be demonstrated and
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explored in terms of its features. Most importantly, the VMaSC govern the providence of a
cluster head (CH) stable selection where the mobility is relatively and metrically calculated

based on the average speed relative to the near vehicles within the clustered network.

Moreover, VMaSC is characterized by offering a cluster connection with the minimal overhead
requirements since it directly connects to the member of the head of the cluster within the reach
instead of needing to connect to the multi hops CH that requires that cluster member (CM)
information dissemination throughout the periodic packets or hello packets. Accordingly, it can
be suggested that VMaSC operates efficiently through the reactive clustering which an asset to

reduce the overhead caused by excessive packet transmission.

In retrospect, the same can be deduced about reducing the interference or minimizing the inter-
cluster one through the reduction of overlapping clusters within the connection space and
providing priority for the already connected devices on the existing provided clusters. All of this
will provide hop aware cluster, efficient size and accurate information exchange among the

several CHs.

Considerably, the systemized scheme introduces five states under which individual vehicles
operate under. The firstis named as INITIAL to represent the state of starting the vehicle,
STATE Election which is connected the decision that the vehicle undertak es over the vehicle
information base (VIB). Third is the CH where the vehicle is allocated as the cluster head,
followed by the ISOLATED cluster head when a certain vehicle takes a certain transitionand is
no longer connected or neighboring to any cluster. Compared to the final state which is the

cluster member as in the connection of the vehicle to an already existing or established cluster.

3.10 A cooperative V2X MAC protocol for vehicular networks [67]
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Road safety is critically one of the most pondering and crucial implementations to reduce
fatalities and physical injuries caused car accidents. According to recent statistics conducted in
2015, almost an estimate of 35,092 out of 36,973 fatalities in the USA are directly linked to
highway accidents. Considerably, NHTSA (national highway safety administration) highlighted
that the safety protocols implemented by vehicular communications mainly that of V2V and V2I
are able to mitigate and reduce these fatalities up to 80 percent. Based on this proven fact, the
DOT (department of transportation) mandated V2V installation on all heavy weight transport

vehicles to ensure and promote their and others safety.

In other words, vehicular communications have been receiving more attention from authorities
and governments as well as from researchers. This has contributed to the proposal of new
approachesof implementing innovative processes within the vehicular networks to widen the
road safety parameter of applicationsamong which is the FCW (forward collision warning),
LCW (lane change warning), LTA (left turn assist) and IMA (intersection management assist). If
these applications were developed in the line with associating V2V along V21 then the
transportation vehicles will witness a variety of intelligent services that can control and optimize

road traffic.

Aside from the previously introduced new applications, a new protocol has been suggested to
mobilize the innovative and practical application of vehicular communication. This innovative
protocol has been entitled HCMAC (hybrid cooperative MAC) which corresponds to the
VeMAC mechanism but is innovatively optimized for optimal connections of the vehicular
networks. The authentic mechanism of HCMAC is characterized through its ability to benefit
from the TDMA scheme of channelization along the advantage of utilizing CSMA random

access. Accordingly, it can be deduced that HCMAC is mostly efficient in reducing CCH
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channels collisions over the rate of access and for the assignment of available time slots for
contending and mobile vehicles. The importance of HCMAC is in the fact that it has a re rapid

response than that of VeMAC which is crucial for high dynamics of communication networks.

Prominently, the advantages of HCMAC can be foreseen through its collection effective
detection where it is powered by a new MAC scheme that duplicates the allocation of time slots
and fully allow for the time slot distributed reservation. This is further supported by the
analytical algorithm that functions efficiently in supporting the reservation of faster slots which

is really needed in urban areas and conditions.

In summary, HCMAC out power that of VeMAC through its PDR (packer delivery ratio),

throughput, rate of collisions and delays of inter packet

3.11 Onvehicular safety message transmissions through LTE-Advanced networks [69]

Safety messages transmission within the vehicular communications can encounter several
problems among which the most prominent is the congestion issue which contribute to message
delays that are contradictory to the purpose of safety implementations of applications. One of the
main assets that must be maintained in the V2V and V21 communication is the information
freshness which is correlated to the network latencies and safety transmission generation rate.
Accordingly, this indicates that with progression of more generated messaging rates, the accurate

provenance of fresh information is ensured.

On the other, more latencies induce lesser fresh information and inaccurate information sharing
of location. However, the location sharing problem is the most prominent within the latencies,
generation periods and mobile faster vehicles. Therefore, two solutions were proposed to resolve

this issue of the server which are the LTE modification and the safety ap plication modification.
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The LTE modification indicates that the MAC layer scheduler should be modified. This

scheduler will take into consideration vehicle speed in order to allocate resources.

The LTE modification has been introduced through the scheme of D2D direct communication
which is a 3GPP (third generation partnership project) or also knownas LTE-A. LTE-A
promotes the proximal devices connectivity and data transfer directly through the established
infrastructure. Nevertheless, D2D alone cannot accomplish this connectivity accuracy for safety
messages exchange since it pairs quickly and more rapidly than the vehicles ability to detect and
receive these messages. Moreover, it requires more connection initial time to launch safety

metrics.

Knowing that vehicles transmit real time location, the cellular communications are always
employed for this purpose, and the real time location sharing can be used for pair detection of
D2D and at the same time for the allocation of resources for safety messages transmission
between vehicles. All of which contribute to the reusability of resources allocated within the

subset of vehicles.
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CHAPTER 4

PROPOSED INFORMATION DISSEMINATION APPROACH

This chapter presents our proposed information dissemination approach. This approach is

effective in case a reliable protocol is considered in VANET that supports both V2V and V21

communications.

4.1 Main idea of the proposed model

The proposed model will mainly consist of several RSUs and cars dispersed in a predefined area.

The proposed approach will differentiate between 3 traffic classes:

Class 1: this class represents event or accident detected which require immediate actions.
For instance, this category should get the highest priority and warning messages should
be diffused as fast as possible. For example, in case of a car collision nearby vehicles
should receive the necessary updates in the shortest delay to allow them to take prompt
action such as reducing the vehicle’s speed, change lanes, or display appropriate warning
messages to alert other cars.

Class 2: this class represents critical cases which are not due to unexpected event but
rather to changing traffic and road conditions. This class is less critical than class 1 but
still messages must be disseminated quickly. Class 1 and 2 require direct and immediate
delivery of safety messages; however, in this class delays can be slightly higher than the
previous class and alternative techniques might be used. Examples of this class include
roadwork warning which will alert the drivers about certain work on specific locations

which will mitigate the risk of collisions at these points; vehicles driving on opposite
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direction; traffic congestion warning; road safety and traffic regulation at intersections,
etc.

e Class 3: this class represents normal case in which there is no need to take immediate
actions. This class is the least critical and delays can be higher than the previous two
classes. This class consists of periodic updates as sharing weather conditions, map

download and update, multimedia download, etc.

4.2 V2V for class 1 messages:

As mentioned before, class 1 is the most critical case in which we must ensure reliable delivery
of messages as well as lowest delay possible. For this reason, V2V is adapted in this case as
shown in figure 4.1. Many reasons can explain why we will use V2V: First, instead of usinga 2-
way delivery of the message (from vehicle to RSU then from RSU to vehicle), the message will
be directly delivered from one vehicle to another one. This way the amount of data transmitted
from vehicles to RSU will be reduced as well as delay is reduced, and messages will be spread
faster. Second, V2V is considered faster in term of latency compared to other communication
models. For instance, WiFi has a latency communication of 151 ms, WiMAX 120 ms whereas
V2V has a low latency of approximately 50 ms [58]. Finally, V2V allows high data transmission
rate of 3 to 27 Mbps with line of sight is 360° of a span of up to 1000m which will help
emergency messages to quickly reach their destination [58].
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Figure 4.1 Class 1: V2V Communication
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4.3 Adaptive V2V-V2I for class 2 messages:

As mentioned earlier, class 2 messages are of high importance; however, they are less critical
and have a slightly lower priority than class 1. In this part, there is no fundamental need of only
using V2V, butit is better if we use a collaboration between V2V and V21 as shown in figure
4.2. Itis well known that RSUs and vehicles have predefined communication limits. (V2V
communication range is ~300m, RSU communication range is ~500m). In this thesis, vehicles
and RSUs are grouped into clusters based on the k-means clustering algorithm. Suppose we have
three RSUs then in this case, vehicles are grouped into three clusters where each RSU is
considered a cluster head. This way, the communication between vehicles is organized and
vehicles can only communicate with their appropriate cluster head or other vehicles on the same
cluster.

For instance, suppose one of the roads is closed due to sudden manifestations. In this scenario we
have two options of distributing the message:

e The closest vehicle to this road can either directly notify its RSU which will in its turn
notify all the vehicles in its range. (Vehicle - RSU then RSU - Vehicles in its range)

e In case the vehicle who detected the road-closure was on the edge of the vicinity of the
RSU then it will send the message to another vehicle who will in its turn forward this
message to the RSU who will spread it to all vehicles nearby. (Vehiclel - Vehicle2 then
Vehicle2 - RSU then RSU - Vehicles in its range). It is important to mention that
every vehicle is always receiving information updates from the RSU of its vicinity. These
updates will include information as closest vehicles, their transmit power, delays, etc.

On the same side, several scenarios can include a direct communication between vehicles and

RSUs. For instance, a vehicle who detects closure of a road can request and receive information
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from the RSU regarding alternative routes. In this case it is a direct single communication
between one vehicleand its RSU and vice versa. This vehicle can later send the datareceived

from the RSU to another vehicle and so on depending on the scenario.
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Figure 4.2 Class 2: Adaptive V2V-V2I Communication

4.4 12V for class 3 messages:

As stated before, class 3 is the least critical and does require any immediate action. This class
can be described as regular updates to vehicles” information. After a certain specified time-limit,
the RSU will send the updated information to all the vehicles in its range as shown in figure 4.3.
This information is collected from vehicles, other RSUs and other components of the ITS as road
cameras, traffic lights, etc. The RSU will collect and save all the information and then share
them with the vehicles. Examples of such information include weather conditions, number of
cars in the same range, speed limit, distance and power between cars, nearest restaurant and

hotels, etc.
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Figure 4.3 Class 3: 12V Communication

4.5 Dynamic Resource Allocation for TDD-LTE frame:

The LTE TDD and FDD frame structures were discussed before in detail (section 2.4.3) and in
the scope of our thesis, LTE TDD frame structure will be used. In fact, the latter is used due to
the possibility of dynamically changing the number and position of uplink and downlink slots.
As said before, 3GPP has defined 7 TDD configurations which are unique and have different
number of uplink slots , downlink slots and special subframe slots. This way several options are
available, and the best configuration is chosen in order to balance and meet the load conditions
of the network.

In this thesis, in order to improve the delay of message delivery process and optimize the
throughput of the constituents of the network, a new dynamic LTE resource allocation is needed.
Despite the presence of predefined LTE TDD configuration as explained before, the proposed
configuration of the LTE TDD frame will be dynamically configured based on several
parameters such as traffic volumes and quality of service requirements in the uplink and
downlink. This means, all the slots in a TDD-LTE frame will be used in the most efficient

manner. This way, in some cases we might increase the uplink slots, in other cases we might
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increase the downlink slots and in some other cases we need to find the best suitable combination
of uplink and downlink slots in order to reach and satisfy QoS requirements. Regarding the
special subframe slots, we can distinguish between 10 special subframe configurationsas
mentioned earlier (section 2.4.3.2). These predefined configurations are uniqgue which means that
each subframe will have a different combination of position and number of DWPTS, GP and
UpPTS. In this thesis we will adopt the special subframe 7 for the main reason that this
configuration is the best suitable for small cells since it has more UpPTS symbols which can be
utilized for RACH (Random Access Channel which is the first message from UE to eNB when
you power it on) planning and uplink SRS signals. The special subframe 7 is composed of the
following: (i) 10 DWPTS, (ii) 2 GP, (iii) 2 UpPTS.

As mentioned before, (i) for a case 1 which is considered to be the most critical case, we shall
increase the number of uplink timeslots; (ii) for case 2 which also represents some critical
information, we shall increase the number of downlink slots; (iii) for case 3 which represents a
normal case, we shall find the best combo of uplink and downlink which ensure communication
between entities and at the same time satisfying different QoS requirements. The number of
downlink and uplink slots will dynamically change in order to cope with the different mentioned

cases and reach the best uplink and downlink throughput.
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4.6 K-means Clustering:
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Figure 4.4 Network Topology without k-means Figure 4.5 Network Topology with K-means

Figure 4.4 shows a VANET topology composed on 3 RSUs and 20 cars. The cars are randomly
dispersed in a predefined area (in this case itisa 4 km x 3 km). In figure 4.5, the cars are
clustered based on the k-means clustering algorithm. We can infer that each RSU has a group of
cars which constitute its vicinity and in which they can share various types on information. For
example, cars in red are in direct communication with the red RSU which means all cars in the
same group share important information with each other and with the RSU. The red cars for
instance cannot have a direct communication with the blue RSU or green cars; however, they can
reach them either through: (i) a red car will send the info to its red RSU, then this RSU will do a
direct communication with the blue RSU for example which will then deliver the message to
blue cars, (ii) or a red car will send the info to its red RSU, then this RSU will forward the info to
ared car considered as relay node vehicle who will in its turn forward the message to all the
green cars reachable fromit. Clustering is fundamental in this case since it will give an intuition

about the structure of the data and facilitate its analysis.

In our thesis, k-means algorithm is used in order to partition the dataset into k pre-defined
clusters. We have decided to pick k-means for many reasons: (i) the most essential step in k-
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means is to know “k”. In our case, “k” is the number of RSUs which will be predefined.
Therefore, the value of “k” will be known. (ii) k-means uses distance-based measurements to
determine similarity between data points and in our case, distance is already calculated.
Therefore, knowing the value of “k” and already having the distances calculated imply thatk -

means is the best suitable algorithm to use.

Clustering the cars into several groups based on the k-means algorithm will highly improve and
organize the communication between cars. Since our system s delay sensitive, then transforming
the big system into small subsets will efficiently decrease end-to-end delay and reduce in source-
destination distance. This way the message delivery process will be controlled, reliable and
faster. For example, suppose we have three clusters (red, green, blue) then cars in the red cluster
will be able to send warning messages within this cluster only. Thus, the message will be
contained within a predefined cluster and not within the whole big system. Moreover, new
parameters added to the clustering part will boost the performance of the system. In fact, red cars
are grouped within a certain RSU and cars are randomly dispersed over it having different
distance and power. In this thesis we can differentiate between two models: (i) ina V2V
communication model, cars which are within 500 meters from each other can only communicate
together. The rest of the red cars can be reached through other red cars considered as relay nodes.
Moreover, as stated before each car has a specific received power. This means that not all the
cars have the possibility to send and receive messages. Cars with a received power greater than -
110 dBm can receive the messages without being degraded or with a low signal. This way in the
V2V communication model, not all the red cars will be senders or receivers. A red car within
500 meters and having a received power greater than -110 dBm will be able to successfully

receive the warning message from a red car only. This way clustering the cars in addition to
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power and distance constraints will improve the V2V communication model where only certain
cars can send and receive and not all of them. (ii) In the adaptive V2V -V2I communication
model, cars as said before are clustered within RSUs. The red cars can only share information
with the red RSU or other red cars. In this scenario, the car which is sending the data has two
options: either directly sending the data to the nearest red car (within the predefined distance and
power specified) or to its corresponding RSU. Cars can only communicate with their RSU if they
are within 750 meters from it. Otherwise, they need to select a car which is a relay node to
forward the message to the RSU. Suppose we have the following scenario in an adaptive V2V -
V21 model: ared car needs to deliver a message to car which is not in its cluster such as a car in
the blue cluster. In this scenario, the red car will send the warning message to its red RSU. This
RSU will forward the message to the blue RSU which will forward it to the corresponding blue
car. The worst-case scenario can be represented by three stages: (i) the distance between the red
car and RSU is the maximum distance which means this car is the farthest car from the RSU, (ii)
the blue RSU is the farthest RSU from the red one, (iii) the blue car is the farthest car from its
RSU. In this case, the system will fail since it is delay sensitive and in such a case the message
delivery process will take too much time. For these reasons we have set several constraints such
as cars which are very far from the RSU (distance greater than 750 meters) will not be able to
perform a direct communication with it. Only cars within the specified range will perform a
direct communication with the RSU which will eliminate the choice of having a very far car
undergoing a communication with the RSU. This way the distance between cars and RSUs are
reduced and thus delays are improved. Moreover, the RSU will look for the closest RSU to send
the messages and thus very far RSUs cannot be directly reached which also implies that delays

will be enhanced. Following these rules, we ensure that the worst-case scenario will never be
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employed, and the adaptive V2V-V2I communication model can be used to obtain low delays

that can be used for critical cases.

4.7 Information Index:

The information index is a key element in the network topology. Each car will have an
information index (Info Index) which will indicate its status. The information index can be either
1, 2 or 3 based on the criticality of the case: (i) A car which has an info index 1 indicates that it
has the highest priority since it has a very critical case that requires immediate action (V2V
communication). (ii) A car which has an info index 2 has also a high priority which is somehow
slightly lower than case 1 but still requires immediate action (Adaptive V2V -V2I
communication). (iii) A car which has an info index 3 indicates a low priority case which

symbolizes a normal case that does not require prompt and direct action (12V communication).

Suppose the network consists of simply 10 cars. Therefore, we must have 10 info indexes (each
car has a specific info index). This info index will be periodically updated after a certain period.
For instance, a carattime t = 0.4 s had an info index 3, then att=0.8 s its info index became 2.
This means that based on the topology of the network (dense or light) and based on other
parameters such as traffic congestion, road conditions, and weather conditions the info index of
the network will keep on changing. Each car will constantly send its status to the RSU via a V2I
communication. This status will include several parameters such as location, speed, transmit
power in addition to the information index. The role of the RSU is to collect the info indexes of
the cars in its vicinity and continuously updating the cars via an 12V communication. In other
words, the cars in the same communication range of the RSU will be aware of the info indexes of

each other.
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Suppose we have the following info index:
| | 1] | | | | |
Figure 4.6 Information Index (10 cars)

Based on this info index (figure 4.6) we can know whento use a V2V or V21 communication.

For instance, since only car 4 has an info index 1 then it will perform a V2V communication and

the rest of the cars will perform a V2l communication.
Figure 4.7 shows the cars which performed a V2V communication. The x-axis shows the car

number and the y-axis the V2V value. This V2V value will be incremented by one every single

time a V2V occurs.
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Figure 4.7 V2V-Info Index Relation

We can infer fromfigure 4.7 that only car 4 performed a V2V scenario. In this figure, whenever

aV2Vis performed we add a 1. We can clearly see that only car 4 gota plus 1 which indicates
that it is the only car who executed a V2V communication. The graph shown in figure 4.7

perfectly matches which the information index shown in figure 4.6. For instance, the fourth slot
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in figure 4.6 has a 1 as information index which was translated into a clear change in the status of

the car number 4 as shown in figure 4.7.

V2| GRAPH

W2
L

Figure 4.8 V2I-Info Index Relation

Figure 4.8 shows the same work as the one done in figure 4.7 with the only exception that this
time, we are studying the cases in which a V2l communication occurs. Same as in figure 4.7,
whenever we are going to perform a V21 we are going to add one. We can infer from figure 4.8
thatcar 1, 2, and 3 performed a V21 communication, then car 4 performed a V2V since we did
notadd a 1, then the rest of the cars (car 5 - car 10) made a V21 communication since we are
adding 1 for each one of them. These two plots are essential visualization tools which will help

in identifying when V2V or V2| communications are employed.
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Figure 4.9 V2V-V2I-Info Index Relation

Figure 4.9 combines the two previous figures: In red, we have the relation between V2V and cars
and in blue the relation between V21 and the cars. The x-axis represents the cars in the network,
the first y-axis represents the V2V communication, and the second y-axis is the V2I
communication.
The red and blue lines represent the V2V and V21 communication respectively. For example, a
car which witnessed a V2V communication will have the red line increasing since the value will
be incremented and the blue one will stay stable and indicating that the V21 value was not
changed. From this figure we can say that all cars performed a V21 communication except for car
4 who executed a V2V communication.
Based on the three figures (figure 4.7-4.8-4.9), we can say that the network witnessed very few
critical cases and most of the cars had a normal indicator. Therefore, the number of crashes is
very minimal, and this is the best scenario to achieve. Whenever the V2V indicator is low this
implies that the network environment is safe and on the same side whenever this indicator is
high, the network is dense, and we have a lot of crashes. In another scenario we can have a
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totally different case which represents chaos in the network and a lot of crashes. In a real-life
scenario this might happen during adverse weather conditions when roads are frozen, and cars
might slide and as a result ten of them will crash and lead to severe accidents. The figures below

represent the described scenario.
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Figure 4.10 V2V-Info Index Relation Figure 4.11 V2I-Info Index Relation
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Figure 4.12 V2V-V2I-Info Index Relation

Figure 4.12 combinesthe two previous figures (4.10 and 4.11): the red dashed line represents the

relation between the V2V and cars; the blue dashed line represents the relation between the V2I
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and the cars. The x-axis represents the cars in the network, the first y-axis represents the V2V
communication, and the second y-axis is the V21 communication.

In this figure, we evaluate both the V2V and V21 status of each car. The red and blue lines
represent the V2V and V21 communication respectively. For example, a car which witnessed a
V2V communication will have the red line increasing since the value will be incremented and
the blue one will stay stable and indicating that the V21 value was not changed.

Based on the 3 figures (figure 4.10-4.11-4.12), we can infer that car 5 and 8 only carried outa
V2l communication; whereasthe rest of the cars (car 1 - car 4, car 6-car 7, car 9-car 10) have
conducted a V2V communication. In this scenario, around 80% of the cars where using V2V
communication which implies that they had a very critical case. In other words, this network
composed of few cars have witnessed a lot of crashes and this is the worst case in a real-life

scenario.
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CHAPTER 5

EVALUATION

In this chapter we evaluate the performance of the system and discuss the obtained results.
5.1 Implementation, simulation environment, parameters

Our approach was implemented in Python. All the modules, functions, methods, etc. were built
from scratch. Python is one of the newest booming programming languages nowadays. The
choice of using Python is derived based on several criteria such as: (i) a huge library that covers
almost “anything” from machine and deep learning, to data processing and scientific computing,
etc. (i) simple and clean syntax with a lot of documentation and online support. (iii) a great tool

to visualize, manage and organize complex data.

The network is composed of RSUs and cars dispersed over a specific area. Several parameters
were used in order to derive information such as distance, power, delay, throughput etc. The
distance between cars, between cars and RSUs and between RSUs is calculated using the
Euclidean distance formula. Suppose we have two RSUs with coordinate (x, y) and (a, b), then

the Euclidean distance is given by the following equation:

dist ((x, y)(a,b)) = (x — @) 2+ (y — b)? (5.1)

Figure 5.1 shows how the same equation (5.1) is calculated in our code in order to obtain the

distance between RSUs:

] - centroidsi[i][@]) **

] - centroids1[i][1]) **

Figure 5.1 Distancecalculation for RSUs
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Where x_RSUs and y_RSUs are respectively the x-coordinate and y-coordinate of the RSU. The
code is composed of three main functions: (i) RSUs to RSUs which is directly related to 121
communication. In this function, we calculate the distance between RSUs, as well as the power
and delays. (ii) Cars to cars is used for V2V communication and is responsible for determining
the distance between cars, as well as power and delays. Delays can be defined as being the
distance over speed. In this function delays are built using two different techniques and we shall
show that our proposed technique performed better than some existing ones. An attribute called
closest will be set to allow each car to know which are the closest cars to it. (iii) Cars to RSUs is
used for a mix of V2V-V2I communication and calculates the distance from cars to RSUs (and
vice versa) , as well as their power and delays. The closest attribute in addition to another

attribute called color will allow each car to know its closest cars as well as closest RSUs.

Moreover, path loss of the channel is defined as the difference in decibel (dB) between the
transmitted and received signal power. In this thesis, we adopted the simplified path loss model

as a function of distance that is commonly used for system design as shown in equation (5.2):
do
Pr=P«K [;]a (5.2)

Where P, is the received power, Py is the transmitted power, K is a constant factor (P(do)/Py), do
is a reference distance, and ALPHA is the path loss exponent. ALPHA ranges from 2 to 8 and is
function of obstructions, environment, and carrier frequency. In our case ALPHA is setto 3.7
since we evaluate our model in a typical outdoor environment and this value is considered to be

the most suitable one.

66



Simulation Parameters
Speed 36 km/h (=10 m/s)
Path loss exponent (ALPHA) 3.7
Path loss constant factor (K) 0
Size of Area Variable
Number of cars Variable
Number of RSUs Variable
Transmit Power of cars [9-30] dBm
Transmit Power of RSUs [15-40] dBm
Distance (r) [1-3] meters
Angle (Theta) [1-27]
Bandwidth 20 MHz
RBs 100
MCS Index [0-28]
TBS index [0-26]
Special Subframe 7 10 DwPTS, 2 GP, 2 UpPTS

Table 5.1 Simulation parameters

Table 5.1 summarizes the simulation parameters used in our thesis.
5.2 Simulation scenarios:

As said previously, we must ensure that V2V communication hasthe lowest delay. This case is
used whenever a car needs to send very critical sensitive information. For instance, suppose a car
needs to inform other cars regarding a certain danger as a sudden crash. This information is delay
sensitive which means that if the message was not delivered within a certain time limit, other
cars may not have enough time to take control and might agglomerate the situation and cause
more damage. Thus, the whole system will fail. For this reason, we must ensure a very low delay
in this category.

5.2.1 Scenario 1

This simulation will consist of 20 cars and 3 RSUs randomly dispersed over an areaof 4 km x 3
km

67



Figure 5.2 network topology scenario 1
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Figure 5.3 Delay over time (20 cars— 3 RSUs)

Figure 5.3 represents the maximum delay between the difference cases. Case 1 which represents
a V2V communication hasthe lowest maximum delays. For example, at time t=24s (or t=0.4
min) the maximum delay is 226.01 ms and at t=48s (or t=0.8 min) the maximum delay is 225.91
ms. Case 2 which represents an adaptive V2V-V2I communication has a maximum delay greater
than the one in case 1. For example, at t=24 s the maximum delay for case 2 is 281.41 ms and at

t=48 s the maximum delay is 280.92 ms. Case 3 which represents an 12V communication has the
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highest maximum delays. For example, att =24 s (t=0.4 min) the maximum delay for case 3 is
288.34 ms and at t=48 s the maximum delay is 288.05ms. in this scenario, the delay in case 1 is
lesser than the ones in case 2 and 3 which enforces our ideathat V2V should be deployed in case
of high critical cases such as road accident in order to deliver safety messages within minimal
time limit.

Figure 5.4-5.5-5.6 are in deep and more detailed representation of the figure 5.3. These figures
are presented in order to show that the lines in figure 5.3 are not straight lines and are changing
over time. In all the next simulations, the blue, orange and grey lines are not straight lines and
are varying over time. These lines are changing in all the simulations and for simplicity

purposes, we will show that these variations only in simulation 1 and 4.

V2V
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Figure 5.4 V2V Max Delay
Figure 5.4 shows the maximum delay for case 1 which is the V2V communication. This figure is

the same as the grey line in figure 5.3. Based on this figure, we can infer that the maximum delay

in this case started to be 226.1 ms and then after certain period of time this value became almost
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225.9 ms. This shows that V2V communication not only achieved the lowest delays among the

other two cases, but its performance is even getter better with time.

Adaptive V2V-V2|
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Figure 5.5 Adaptive V2V-V21 Max Delay
Figure 5.5 shows the maximum delay for case 2 which represents the adaptive V2V-V2I
communication. This figure is the same as the orange line in figure 5.3. Based on this figure, at
t=0.4 min the maximum delay is 281.4 and at t=0.8 min this delay is 280.9. This enforces the
idea that case 2 has low delays which are improving over time. This delay is enhanced but still

higher than case 1. This indicates that case 1 is still better than case 2.
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Figure5.6 12V Max Delay

Figure 5.6 shows the maximum delay for case 3 which represents the 12V communication. This
figure is the same as the blue line in figure 5.3. Att=0.4 min the maximum delay is 288.35ms
and at t=0.8 min this delay is 288.05 ms. Still in case 3 the maximum delay is improving over
time; however, this delay is higher than case 1 and case 2. In the next simulations, we will show
that the V2V communication will have the best results in terms of delays, then the adaptive
V2V-V2I and finally the 12V communication. We will show that in most of the simulations, the
V2V communication will improve and reach better delays over time. The adaptive V2V -V2I and
the 12V communication will in some cases reach better results and in some other cases their
performance will decline; however, they will never be better than the delays reached by the V2V
model.

5.2.2 Scenario 2

This simulation will consist of 45carsand 3 RSUs randomly dispersed over an areaof 4 km x 3

km
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Figure 5.7 network topology scenario 2

Delay Performance

310

290 @ccccccccccce @ccccccccccce @ccccccccccne @cccccccccoce °
270

250

230

210

190

170

150

Delay (ms)

0 12 24 36 48
Duration (s)

ce®ee 2V Adaptive V2V-V2I Va2v

Figure 5.8 Delay over time (45 cars—3 RSUs)

In this case we have increased the number of cars and still using the same number of RSUs. We
can say that even after applying these changes, V2V still have the best results in terms of delays
as shown in figure 5.8. For instance, at t=36s the maximum delay for case 1 is 231.81 ms. Also,
case 2 and 3 come in the second and third places with maximum delays 274.91 and 283.02 at
t=36s respectively. This indicates that even after increasing the number of cars, V2V

communication remains the best alternative for delivering high critical information.
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5.2.3 Scenario 3

This simulation will consist of 100 cars and 3 RSUs randomly dispersed over an area of 4 km x 3

km
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Figure 5.9 network topology scenario 3
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Figure 5.10 Delay over time (100 cars— 3 RSUs)

After highly increasing the number of vehicles, we still got the same results with V2V having the

lowest delays as shown in figure 5.10. Itis important to mention that in this case the performance

of case 3 was drastically affected and leading to even to more delayswhich worsen the case. For

example, in the previous case using 45 cars and 3 RSUs the maximum delay for case 3 was
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around 283 ms whereas in this case this delay is around 300 ms. This can be explained by the

fact that increasing the number of cars and still deploying 3 fixed RUSs implies that more spaces

are covered which can leadto higher distance as well as higher delays.

5.2.4 Scenario 4

This simulation will consist of 100 cars and 9 RSUs randomly dispersed over an area of 4 km x 3

km
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Figure5.11 network topology scenario 4
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Figure5.12 Delay over time (100 cars—9 RSUs)
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In this scenario the number of RSUs is three times greater than the ones in previous simulations.
In terms of delay, increasing the number of RSUs has not affected the maximum delays in case 1
and case 2. For example, in a comparison with the previous simulation (100 cars and 3 RSUs),
after 60 secondswe had a maximum delay of around 231 ms and 282 ms for V2V and adaptive
V2V-V21 communication respectively whereas in this case this delay is around 234 ms ad 286
ms for case 1 and 2 respectively as shown in figure 5.12. This indicates that delays for case 1 and
2 are higher than the one in the previous simulation; however, this increase is slightly higher and
will notaffect the overall performance of the system. On the other side, the maximum delay of
case 3 has highly increased in this scenario compared to the previous one. For instance, in the
previous scenario case 3 had a maximum delay of around 300 ms and in this scenario itis around
377 ms. This shows that increasing the number of RSUs has negatively affected the performance
of the system. This implies that not always having a high number of RSUs will provide more
connectivity, coverage areas and lower delays. In this case for instance adding new RSUs has no
benefit on the performance of the system and will eventually cost more money.

Figures 5.13-5.14 and 5.15 give specific and more detailed representation of the figure 5.12.
These figures are presented to give a more zoomed image of the delaysand that these delays

showed in figure 5.12 are not fixed line but are varying over time.
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Figure5.13 V2V MaxDelay

Figure 5.13 shows the maximum delay for case 1 which is the V2V communication. This figure
is the same as the grey line in figure 5.12. Based on this figure, we can infer that the maximum
delay in this case started to be 234.85 ms and then after certain period of time this value became
almost 234.25 ms. This shows that V2V communication not only achieved the lowest delays

among the other two cases, but its performance is even getter better with time.

Adaptive V2V-V2I
287
286.8

286.6

N
00
o
~

delay (ms)
N
&
N

286
285.8

285.6
0 0.2 0.4 0.6 0.8

duration (min)

Figure 5.14 Adaptive V2V-V2I MaxDelay
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Figure 5.14 shows the maximum delay for case 2 which represents the adaptive V2V-V2I
communication. This figure is the same as the orange line in figure 5.12. Based on this figure, at
t=0.4 min the maximum delay is almost 286.6 and at t=0.8 min this delay is 286.1. This enforces
the idea that case 2 has low delays which are improving over time. This delay is enhanced but
still higher than case 1. This indicates that case 1 is still better than case 2 and must be used for

the highest critical cases.
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Figure5.15 12V MaxDelay

Figure 5.15 shows the maximum delay for case 3 which represents the 12V communication. This
figure is the same as the blue line in figure 5.12. Att=0.2 the maximum delay is 377.3 ms, at
t=0.4 min this delay is 377.6 ms and at t=0.8 min this delay is 378.2 ms. In this case we see that
notonly case 3 had the highest delays but still its performance is declining over time. This shows
that changing the simulation parameter has affected case 3 and reduced its performance. Despite
the fact that the performance of case 2 will improve in some scenarios, all the simulations

showed that they will never be better than case 1.
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5.2.5 Scenario 5

This simulation will consist of 300 cars and 3 RSUs randomly dispersed over an area of 4 km x 3

km
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Figure 5.16 network topology scenario 5
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Figure5.17 Delay over time (300 cars — 3 RSUs)

In this scenario, we have highly increased the number of vehicles (3 times greater) while using
simply 3 RSUs. Increasing the number of cars as well as pertaining a moderate number of RSUs
with a considerable coverage area as in this scenario led to improvements in the maximum delay

of 12V communication with for example a maxim delay of 307.21 ms and 306.65 ms at t=12s
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and t=60s respectively as shownin figure 5.17. The delay values of V2V and adaptive V2V-V2I
communication remained stable and enforcing our proposed idea of usinga V2V communication
in case of a high emergency warning message since after several combination of the number of
cars and RSUs and after many test cases V2V communication is always getting the lowest delay
value.

We have implemented several other test cases as a combination of either increasing or decreasing

the number of cars and RSUs, as well as changing the coverage area and duration of the

simulation. Table 5.2 summarizes the different test cases.

20 9 4*3 60
45 9 4*3 60
100 3 4*3 180
100 3 4*3 300
100 2 4*3 60
100 9 2*1 60
300 3 4*3 60
100 3 2*1 180

Table 5.2 Simulation Test Cases

In all test cases, V2V communication was giving the best output in term of delays, thenthe
adaptive V2V-V21 communication comes in second place and finally the 12V communication
has the highest delays. In some cases, case 2 and 3 were giving improved delay results; however,
they were never better than the ones of case 1. Despite the fact of having a congested network or
not, and despite the fact of having few of excess RSUs, and despite the fact of having a wide or
narrow area, V2V is the best way to deliver safety messages with minimal delays. Critical

messages that come with a slightly higher delays should be delivered using the adaptive V2V -
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V2l communication. Finally, messages with high delaysare distributed using 12V

communication.

5.3 Comparison between proposed V2V, adaptive V2V-V21 communication and normal

ones (without any tweaking):

Suppose we have 20 cars and 3 RSU covering an area of 4x3 km. In this scenario we are going to
display a comparison between the proposed V2V communication model and an existing
approach which does not take into consideration the criticality of the message. On the same side
we are going to display the same comparison while applying an adaptive V2V -V2I

communication and an ordinary one.
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Figure 5.18 Delay comparison (20 cars— 3 RSUs)

Based on this scenario, we can infer that at t=24s the maximum delay for our proposed V2V is
around 226 ms and for an ordinary V2V which does not take into consideration safety
information this delay is around 366 ms as shown in figure 5.18. Similarly, this delay for our

proposed adaptive V2V-V21I communication is around 281 ms compared to a delay of 576 ms in
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an ordinary case. The parameters we tweaked in our simulation led to great improvements in
terms of delays for both V2V and adaptive V2V-V2I communications. Regarding the proposed
V2V communication model, the received power is a key factor in determining whether cars can
communicate with each other or not. For instance, cars who have a received power greater than -
110 dBm will be able to perform a V2V communication. To be more specific and create a more
robust safety environment, the cars are clustered using the k-means algorithm based on the
number of RSUs. This way, cars within the same cluster and having a received power more than
-110 dBm will only execute a V2V communication. After applying these changes, we can infer
that delays related to V2V communication were highly improved. In a normal case which does
not take into consideration the criticality of messages, delays are higher for the main reason that
there are no boundaries or restrictions whether the message will reach its destination within a
specific time limit or not. Also, there are no boundaries on the quality of the received message as
well as message loss. The adaptive V2V-V2I communication model can be summarized in three
stages:

1. Communication between car and RSU

2. Communication between RSUs

3. Communication between RSU and car
Each car is grouped within a specified cluster head (RSU) using the k-means algorithm as
specified before. For the first stage, the red cars which are within 700 meters from their red RSU
will be in direct communication. The rest of cars are reachable through relay nodes. Also, all the
red cars which are within 500 meters will be able to communicate with each other. To this point
we have settled the environment in which cars within the same cluster can communicate with

each other and with their RSU. In the second stage, the communication is between RSUs. This
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stage is needed when onered car for example needs to send a warning message to a green car. As
mentioned before, in the adaptive model we have eliminated the choice of allowing one RSU
having a direct communication with a very far RSU. Therefore, the delay between RSUs is
improved. The last stage is very similar to the first stage with the single difference is that the
communication now is from the RSU to the car and not from the car to the RSU. Each of the
proposed phases as discussed has several metrics which will improve it in term of delays. For
this reason, the adaptive V2V-V2I communication is overpassing the ordinary one which does
not have any constraints on the different stages.

Suppose the test case consists of 100 cars and 9 RSUs covering the same area. So, in this case

both the number of cars and RSUs were highly increased.
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Figure 5.19 Delay comparison (100 cars—9 RSUSs)

The same results we got in the previous scenario remain applicable here as shown in figure 5.19.
In fact, the proposed V2V model is way better than the normal one with a maximum delay of

around 234 ms and 381 ms respectively. Similarly, the proposed adaptive V2V-V21 model is
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extremely better in term of delays than the original case with maximumdelays of around 286 ms
and 755 ms respectively. We can infer that increasing the number of cars and RSUs has
negatively affected the performance of the original V2V and adaptive V2V-V2I model, and more
specifically a drastic performance for the adaptive V2V-V2I one, whereas our proposed
approaches remained stable and generated similar delay to previous scenarios. Based on these
two scenarios, the proposed adaptive V2V-V2I communication was outperforming the original
V2V. In other words, the proposed adaptive V2V-V2I communication approach can be better

than a normal V2V communication unless several parametersare added to it.

5.4 Resource Allocation Based on Information Index:

In a heterogeneous network the whole system will be improved as a result of proper resource
allocation. Also, the different kinds of transient bottlenecks involved in the network will be
avoided. Since our system is delay sensitive, we must ensure that in a high critical case we have
the sufficient resources always available. This means that the standard quality of service must be
met through fairness in resource allocation. Several fairness strategies were discussed before in
the literature review part such as proportional fairness, exponential proportional fairness, and
modified largest weight delay first. On the same side, as mentioned before the 3GPP
specification hasset 7 configurations in which the number of uplink and downlink slots are
specified and fixed. These configurations might be very useful in several scenarios; however, in
our case none of the defined configurations will be suitable for our network. For instance,
configuration 0 of the 3GPP specification is composed of 2 DL slots, 6 UL slots, and 2 SSF slots.
This configuration has the highest number of uplink slots among all the other configurations, and
still this number is not the sufficient for a high critical case as accidents in the network. For this
reason, in this thesis we are going to define new configurations for the uplink and downlink slots
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in a way to balance and meet the load conditions of the network and boost its performance. This
way, the number of uplink and downlink slots will dynamically change based on the criticality of
the case. For instance, in a high critical case, since most of the communication is between cars

then the number of uplink slots will be more than 6 slots.

The number of downlink and uplink slots will dynamically change in order to cope with the three
mentioned cases and reach the best uplink and downlink throughput. Suppose in a network we
have 10 cars and as shown in the figure 5.20 each car has a certain information index. 1
represents case 1, 2 case 2 and so on.

5.4.1 Scenario 1:

1 1 1 1 1 1 1 1 2 -

Figure 5.20 Information Index->80% (10 cars)

Based on figure 5.20 we can say that car 1 has an information index 1 which means car 1 has a
very critical case and needs to performa direct V2V communication. Similarly, from this figure
we can infer that car 10 has an information index 3 which means car 10 has no need to perform
any immediate action and will just be able to receive periodic updates from its appropriate RSU.
Also, we can say that 80% of the cars have an information index 1. For this reason, we will
tweak the LTE TDD frame and change its configuration to the following: 1 downlink slots, 1
special subframe slots and 8 uplink slots. This way, the majority of the slots are reserved for the
uplink which is fundamental and obvious since we need to cater for the sudden increase in the
number of messages being sent by the vehicles to other vehicles. After this new frame

configuration, we need to evaluate the downlink and uplink throughput (discussed later).
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5.4.2 Scenario 2:

1 1 2 1 2 1 1 1 2 |-

Figure5.21 Information Index- 30-80%o (10 cars)

Based on figure 5.21 we can deduce that the percentage of cars having info index equals to 1 is
between 30%-80% of the cars. This case is less critical compared to the previous one in which
80% of the cars had an info index 1. In this scenario since we will use both a mix of V2V and
V2l communication then we will adjust the LTE TDD frame configuration into the following: 3
downlink slots, 2 special subframe, 5 uplink slots. The number of uplink slots is slightly higher
than the number of downlink slots for the main reason that V2V is still needed and which
requires more uplink slots. The number of downlink slots is higher than the one in scenario 1

since V21 was not needed and in that scenario, and now it is needed.

5.4.3 Scenario 3:

Figure 5.22 Information Index-<30% (10 cars)

Based on figure 5.22 we can infer that the percentage of cars having info index 1 is less than
30% of the cars. This case is the least critical compared to the previous scenarios. In this scenario
V2V communication is not used at all and simply it consists of an 12V communication. For this
reason, we will adjust the LTE TDD frame configuration into the following: 8 downlink slots, 1
special subframe, 1 uplink slot. It is obvious that most of the time slots are reserved for the

downlink since in this scenario the main job is allocated to the RSU and not the cars. The RSUs
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will keep on sending periodic updates to cars in their vicinity and that is explain why we have 8

downlink slots.

5.5 Downlink and Uplink Throughput Calculation:

Channel Bandwidth (MHz)
1.4 3 5 10 15 20
Number of Resource Blocks 6 15 25 50 75 100

Table 5.3 LTE Channel Bandwidth

Based on the specification set by the 3GPP, the LTE channel bandwidth as shown in table 5.3
canbel1.4,3,5,10,15, 20 MHz. In this thesis we will use 20 MHz bandwidth for the main

reason that wider bandwidth will automatically imply higher throughput.
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MCS Index (IMCS) | TBS Index Downlink (ITBS_DL) NPRB (100) TBS Index Uplink (ITBS_UL)
0 0 2792 0
1 1 3624 1
2 2 4584 2
3 3 5736 3
4 4 7224 4
5 5 8760 5
6 6 10296 6
7 7 12216 7
8 8 14112 8
9 9 15840 9
10 9 15840 10
11 10 17568 10
12 11 19848 11
13 12 22920 12
14 13 25456 13
15 14 28336 14
16 15 30576 15
17 15 30576 16
18 16 32856 17
19 17 36696 18
20 18 39232 19
21 19 43816 19
22 20 46888 20
23 21 51024 21
24 22 55056 22
25 23 57336 23
26 24 61664 24
27 25 63776 25
28 26 75376 26
29
30 Reserved Reserved
31

Table 5.4 TransportBlock Size Table
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The essential steps to calculate the LTE downlink-uplink throughput are:

1. Choose one of the available bandwidths. In our case we decided to choose 20 MHz to get
higher throughput.

2. Map the bandwidth to the appropriate number of resource blocks (RBs). So, in our case it
is 100 Physical Resource Blocks (PRBs) since bandwidth is 20 MHz.

3. Choose a Modulation and Coding Scheme Index (IMCS) value. In our case each car will
randomly getan IMCS value which is between 0 and 28. MCS defines how many useful
bits can be transmitted per Resource Element (RE). Whenever we have a better radio link
quality, we have higher MCS which implies more useful data transmitted. It is important
to mention that MCS is directly related and depend on the Channel Quality Indicator
(CQI). However, mapping between CQI and MCS values is vendor specific. For the
scope of this thesis we will base our work on the MCS values specified in the 3GPP
specifications.

4. The obtained MCS Index (IMCS) will be mapped to its corresponding Transport Block
Size (TBS) Index. TBSrefers to the number of bits which can be transmitted per 1 TTI
(=1ms)

5. Map the ITBS value with its corresponding number of physical resource block (NPRB).

After getting all the needed information, the downlink and uplink throughput can be calculated

as following:

e DL_throughput = Number of chains * NPRB_DL * (Contribution by DL Subframe +

Contribution by DWPTS in SSF)
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e UL_throughput = Number of chains * NPRB_UL * (Contribution by UL Subframe +

Contribution by UpPTS in SSF)
For example, as said we have 200 MHz bandwidth which is 100 PRB:

e Suppose the LTE TDD frame configurationis as follows (DL =1, SSF =1, UL = 8). As
mentioned earlier the special subframe 7 will be used (DWPTS =10, GP =2, UpPTS =

2).
e Suppose the MCS index is equals to 20. Based on table 5.4:

o MCS Index =20 =» TBS index Downlink =18 (based on table 5.4)

o MCS Index =20 =» TBS index Uplink =19 (based on table 5.4)
Since we have 100 PRBS, then also from the same table we induce that:

e TBS Index Downlink 18 = 39232 NPRB (based on table 5.4)

e TBS Index Uplink 19 =43816 NPRB (based on table 5.4)
Therefore, we have:

DL_throughput = 2 * 39232 * (1/10 + ((1/10)*(10/14))) = 13450.97 = 13.45097 Mbps ~ 13

Mbps

UL_throughput =1 * 43816 * (8/10 + ((1/10)*(2/14))) = 35678.74 = 35.67874 Mbps ~ 36

Mbps
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5.5.1 Downlink-Uplink Throughput for Case 1 (V2V):
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Figure 5.23 and 5.24 shows respectively the downlink and uplink throughput for 20 cars. The
calculation of the uplink and downlink throughput was explained in the previous section, and in
this section as shown in figure 5.23 and 5.24 we have calculated the downlink and uplink
throughput for each car. Itis important to notice that these two figures are different since the y-
axis in the two graphs is totally different with maximum values around 25000 kbps (25 Mbps)
and 60000 kbps (60 Mbps) respectively in figure 5.23 and 5.24. Based on the performed
simulation satisfying the parameters of case 1, it is clear that the uplink throughput is much
higher than the downlink one. In fact, the highest downlink throughput is 25000 (25 Mbps)
whereas the highest uplink throughput is 60000 (60 Mbps). Case 1 represents critical event
detected as car accidentand a V2V communication model is proposed for this category of
events. Since V2V is excessive and directly employed in case of emergency as accident then this
explains why the uplink throughput is much higher than the downlink one. Based on the
simulation, car 4 has for example around 8 Mbps (8000 kbps) and 19 Mbps (19000 kbps) as

downlink and uplink throughput respectively. For example, car 10 has 25 Mbps (25000 kbps)
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and 60 Mbps (60000kbps) as downlink and uplink throughput respectively which represent the

peak throughput values in uplink and downlink.
5.5.2 Downlink-Uplink Throughput for Case 3 (12V):

In another simulation satisfying the parameters of case 3, the maximum downlink throughput is
around 120000 (120 Mbps) and the maximum uplink throughput is 8000 (8 Mbps). This reveals
that the downlink throughput is more than 10 times greater than the uplink one. This support our
proposed configuration in which we gave the advantage for the downlink slots since it is case 3
in which cars are somehow passive and the mainrole is for the RSU. The flow of messages will

mainly be from the RSUs to cars and this explains why downlink throughputs are much higher

than the uplink ones.
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CHAPTER 6

CONCLUSION

In this thesis we aim to introduce a new traffic safety application and that is why VANET
is used. The main challenges can be summarized in delay constraints and bandwidth limitations.
In other words, time is a fundamental factor in providing an efficient vehicular communication
system in VANET. This implicates that we must guarantee that the emergency warning message
will reach its destination within a time limit; otherwise, the whole system will fail which can
result in drastic consequences as severe injuries and deaths. On the other side, VANET suffers
from a lack of bandwidth management and coordination mainly in high-density areas. The LTE-
TDD frame configuration as specified by the 3GPP specifications have fixed uplink and
downlink slots. These static configurations limit users’ choices of dynamically allocating the

resources and creating the frame that suits the current event in the network.

The proposed approach is based on a dual communication between V2V and V21 where
both systems will cooperate in order to reach the ultimate goal which is drivers’ safety. In this
system, based on several criteria the communication might be between: (i) 12I communication
only, (ii) V2V only, (iii) V21 only, (iv) adaptive V2V-V2I-12]1 communication. The main
significance of the proposed work is the reconfigurability of the message dissemination
architecture based on the actual VANET configuration, traffic conditions, and criticality of
messages being relayed. Moreover, a dynamic LTE resource allocation is needed in order to
optimize the message delivery process. Every single time, the number of uplink and downlink
slots will be set differently based on several different metrics such as traffic volumes and quality

of service requirements (delay, rate) in the uplink and downlink. This way, the available
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resources in a TDD-LTE frame will not be wasted and will be used efficiently. The proposed
system based on dynamic resource management in addition to a collaboration between V2V and
V21 will ensure that emergency warning messages will reach destination vehicle within a time
limit with minimal delays.

We have evaluated the performance of the proposed approach using Python. Several
simulation scenarios were derived and performed. Likewise, we implemented the same algorithm
without tweaking any elements or adding new functionalities in order to compare them with the
proposed approach. We gathered several results such as the maximum delays for the different
approachessuch as V2V (casel), adaptive V2V-V2I (case2), 12V (cased); the resource allocation
based on the different information index; the downlink -uplink throughput calculation for the
different cases.

The obtained results show that despite changing the simulation environment (varying the
number of cars, number of RSUs, coverage areas) V2V communication (casel) had the best
performance in terms of delays, then in the second place with a slightly higher delay comes the
adaptive V2V-V2I communication, and finally the 12V communication has the worst delays. It is
worth to mention that tweaking certain parameters as power, distance, and clustering has
extremely improved the performance of the system and led to have the lowest delays for V2V
communication and being best suitable for the delivery of critical messages. The results validate
our hypothesis in which we suggested to use V2V communication for the most critical cases. In
fact, in all the scenarios V2V was extremely performing well and reaching the lowest delays
which implicates that it must be used for high-critical cases as road accidents. Deploying V2V
will assure that the destination will receive the information message within a minimal reliable

time limit, and which will lead to the ultimate goal in which drivers are alerted and have enough
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time to take precaution steps that will limit crashes and deaths. On the same side, another
hypothesis is validated when deploying the adaptive V2V-V2I communication for less critical
cases. In fact, the adaptive V2V-V2I had delays higher than the V2V communication and this
explains why they must be used for cases that are still critical but not to the degree of being
dangerous accidents and crashes. The last hypothesis suggested to use 12V communication for
cases that are not critical. This validates our work in which this category had the highest delays
since these cases are not critical and not delay-sensitive. The other part of our work is related to
resource allocation and downlink and uplink throughput calculation. The obtained results show
that: (i) in high critical cases, the uplink throughput is way higher than the downlink one, (ii) in
critical cases; however, not considered extremely critical, the uplink throughput is slightly higher
than the downlink one, (iii) in normal cases such as periodic updates on weather, the downlink
throughput is way higher than the uplink one. These results support our suggestions: for high
critical cases, it is essential to give the majority of the slots reserved for the uplink since all the
communications are between cars in absence of any communication with RSUs. For lesser
critical cases, the uplink throughput is not way higher than the downlink one for the main reason
that the direction of communication is not only between cars but also with RSUs. For the normal
case, the downlink throughput is way higher than the uplink one since the direction of

communication is from RSUs to cars only.
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