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Abstract

Intelligent Transportation Systems (ITS) has impulsed the vehicular communications at the
present time. The vehicular communications field is a hot research topic and is attracting
a great interest in the automotive industry and telecommunications. There are essentially
two main lines of work: (1) communication services related to road safety and traffic infor-
mation; and (2) information and entertainment services, also named infotainment services.
These latter services include both transmitting multimedia (voice over IP, streaming, on-line
gaming, etc.) and classic data services (e-mail, access to private networks, web browsing,
file sharing, etc.). In this thesis we will focus on these infotainment services because further
research in this immature research field is necessary and, until nowadays, the main effort
of the research community regarding vehicular communication has been focused on road
safety and traffic information.

Vehicular nodes need to be reached from the Internet and vice versa to be able to access
to infotainment services. While vehicles move along the road infrastructure, they change
their wireless point of attachment to the network. During this process, connectivity breaks
down until the vehicle is connected again to a new road side unit in its area. This disconnec-
tion causes a disruption in the communications. Fast handoffs are a crucial requirement for
vehicular networks to avoid long disruption times, since the high speed of vehicular nodes
involves suffering a lot of handoffs during an Internet connection.

This thesis is focused on Vehicular-to-Infrastructure (V2I) real-time infotainment ser-
vices. The main contributions of this thesis are: i) a new testing framework for V21 com-
munications to be able to test infotainment services in an easy way; ii) the analysis of the
deployability of infotainment video services in vehicular networks using mobility protocols;
and iii) the development of a new Transport Control Protocol (TCP) architecture that will
provide a better performance for all TCP-based infotainment services in a vehicular scenario
with handoffs.

In this thesis, firstly, we propose a new testing framework for vehicular infotainment
applications. This framework is a vehicular emulation platform that allows testing real
applications installed on Linux virtual machines. Using emulation, we are able to evaluate
the performance of real applications with real-time requirements, so we can test multimedia
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applications used to offer infotainment services in vehicular scenarios in a straightforward
way.

Secondly, using the testing framework implemented in the first part of the thesis, we
have done a performance evaluation of an infotainment service. Among these services, we
think that video on demand services on highways will be interesting for users, and generate
revenue to network operators. So we evaluated how network-layer handoffs can limit the
deployment of a video streaming service. According to the results obtained, driving at high
speeds will be an issue for a correct playback of video content, even using fast handoffs
techniques.

Finally, we developed a new TCP architecture to enhance performance during handoffs.
Most of the infotainment services on ITS rely on TCP, one of the core protocols of the
Internet Protocol Suite. However there exists several issues related to TCP and mobility
that can affect to TCP performance, and these issues are particularly important in vehicular
networks due to its high mobility. Using new IEEE 802.21 MIH services, we propose a new
TCP architecture that is able to anticipate handoffs, permitting to resume the communication
after a handoff, avoiding long delays caused by TCP issues and adapting the TCP parameters
to the new characteristics of the network. Using the architecture proposed, the performance
of TCP is enhanced, getting a higher overall throughput and avoiding TCP fairness issues
between users.
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Chapter 1

Introduction

1.1 Context

Intelligent Transportation Systems (ITS) have impulsed the vehicular communications at the
present time. The vehicular communications field is a hot research topic and is attracting
a great interest in the automotive and telecommunications industry. There are essentially
two main lines of work: (1) communications services related to road safety and traffic infor-
mation; and (2) information and entertainment services, also named infotainment services.
These latter services include both transmitting multimedia (voice over IP, streaming, on-line
gaming, etc.) and classic data services (e-mail, access to private networks, web browsing,
file sharing, etc.).
Also, two types of communications are defined:

* V2V (Vehicle-to-Vehicle). This type of communication is between vehicular nodes,
through multi-hop or through a single hop, but without the participation of an infras-
tructure, using ad hoc networks.

* V2I (Vehicle-to-Infrastructure) or 12V(Infrastructure-to-Vehicle). This type of com-
munication involves both the vehicular nodes and the infrastructure (e.g. Internet
communications).

Vehicular networks have been primarily driven for safety reasons. However, non-safety
applications are also important for the successful deployment of them, mainly because in-
fotainment applications will probably be an impulse not only for users, but also for network
operators because they will be an interesting business opportunity that will promote the
necessary investment in a road-side infrastructure.

Notice that the communication requirements for safety and non-safety applications are
very different. For example, safety applications usually disseminate data in geographical
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areas. This strategy results in unique protocol mechanisms for geographically-based data
forwarding, congestion control, and reliable data transfer with strong cross-layer dependen-
cies. Usually, these mechanisms are not part of the TCP/IP protocol stack. On the other
hand, non-safety applications establish sessions with other principals, and the data dissemi-
nation strategies depend on each particular application.

Despite this, safety and non-safety applications will probably be integrated into a sin-
gle system. There are several initiatives that try to standardize vehicular communications
and integrate both (V2V and V2I) types of communications in a single protocol stack. For
example, the Car-to-Car Communication Consortium (C2C-CC), has defined a Car-to-Car
Communication (C2C-C) [39] protocol stack that offers specialized functionalities and in-
terfaces to applications. The IEEE is also involved in the standardization of vehicular
communications with the standard family IEEE 1609 - Wireless Access in \ehicular En-
vironments (WAVE) [4]. Another relevant project for vehicular communications is leaded
by the European Telecommunications Standards Institute (ETSI) and is aimed to develop
the CALM concept (Continuous Air-Interface Long and Medium Range) [1]. The goal of
CALM is to develop a set of standards to get seamless communications in vehicular net-
works using different access networks and different technologies.

All these initiatives use WAVE physical (PHY) and medium access control (MAC) lay-
ers based on IEEE 802.11p [48] as access technology, which is an amendment to the IEEE
802.11 standard to enhance the wireless access in the vehicular environment. IEEE 802.11p
is currently considered the best candidate for basic safety-oriented systems, and it is allo-
cated around 5.9 GHz in a protected frequency band dedicated to road safety. C2C and ETSI
also consider that other types of data traffic may rely either on different frequency bands or
on alternative wireless technologies. In particular, one or more amendments of the 802.11
standard (i.e., IEEE 802.11a/b/g/n), or 3GPP technologies (i.e., UMTS or LTE), can also be
used in vehicular networks with minimum additional complexity.

One of the main problems in vehicular communications is produced by the high mobil-
ity of vehicles, which generate network partitions frequently, and this is normally translated
to a lack of route availability, causing disruptions and packet loss. These mobility and route
availability problems are addressed by ad hoc routing protocols when only V2V communi-
cations are used [74].

On its side, in a V2I communications scenario most infotainment services require In-
ternet access, so an Internet gateway is needed. Vehicles cannot be attached to the network
using a static point due to their mobile nature. A global addressability and bidirectional
Internet connectivity is needed. Mobility management protocols should guarantee global
reachability and seamless mobility of nodes in the vehicular network. A network layer mo-
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bility solution like Mobile IP [88] can be used to provide access to vehicles to the Internet.
Also, Network Mobility (NEMO) [45] can be used when each vehicle is considered as a
whole network that moves, permitting that the passengers’ devices can be plugged into the
car communication equipment. These mobility protocols are basic to provide seamless con-
nectivity to a peer that is moving between different subnets or domains. Fast handoffs are
also a crucial requirement for vehicular networks due to the high speed of vehicular nodes.
This way, Fast Handoffs for Mobile IP (FMIP)! [71] should also be considered.

In this thesis we will focus on infotainment services, because further research in this
immature research field is necessary. Until nowadays, the main efforts of the research com-
munity regarding vehicular communication have been focused on road safety and traffic
information. Also, we will focus our efforts on V2 communications, emphasizing the as-
pects related to mobility issues and handoff management. In this spirit, it is clear that any
optimized mechanism aimed at achieving seamless communications during vehicular trips
will enhance users’ quality of experience when using Internet based services based on V2I
communications.

1.2 Objectives

This thesis aims to mitigate the issues of mobility for V21 communications used for info-
tainment services over vehicular networks. The work of this thesis follows three lines: (1)
the design and implementation of a vehicular simulator based on emulation to provide a
testing tool for real-time infotainment services, such as video based services over vehicular
networks; (2) a performance evaluation of video services using Mobile IP and FMIP proto-
cols; and (3) a solution to enhance the TCP communications handoff procedures using IEEE
802.21 cross-layer information. Therefore, the objectives of this thesis are as follows:

1. Analysis of existing vehicular simulation tools: Researchers and developers need a
framework to evaluate protocols and services in this challenging scenario. But prepar-
ing and performing tests in real scenarios can be extremely costly and several draw-
backs can appear due to the difficulty of managing a fleet of cars. For this reason,
software experiments can play an important role to test vehicular scenarios, and in
fact most research in vehicular networks relies on simulations. Network simulators
combined with traffic models generated by mobility simulators can recreate both the
vehicular network and the mobility pattern. In this thesis we analyze existing simula-
tion tools that can be used to test infotainment services in vehicular networks.

LEMIP is an enhancement of the Mobile IP protocol to get seamless communications during handoffs
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2. Design and implementation of a vehicular emulator platform: Most conventional
simulators are unable to simulate networks in real-time, so the results obtained during
these simulations can vary from the real behavior. Another typical inconvenience is
that most existing vehicular simulation platforms are focused on V2V communica-
tions for safety applications. This means that they simulate the ad hoc domain pretty
well, allowing communications among cars using multi-hop and V2V communica-
tions, but they do not consider the infrastructure side, which is essential for most
infotainment services based on V21 communications. For this reason, we propose
a testing framework for infotainment applications called VESPA (Vehicular Emula-
tionS Platform for real Applications), that consists of a set of software developments
and a GUI tool that integrates a network simulator with emulation features (ns-2) [9],
a road traffic mobility simulator (SUMO) [36] and UML (User Mode Linux) virtual
machines [46].

3. Evaluate the performance of video based services using V21 communications:
Infotainment services are becoming more and more attractive to users, and more par-
ticularly, video streaming applications, which can provide services like video on de-
mand or road-side video advertisement broadcasting. However, video streaming ap-
plications under vehicular networks suffer from playback disruptions resulting from
handoff blackout periods. Despite the importance of reliable results, nearly all ongo-
ing research activities addressing video streaming over vehicular networks are based
on V2V communication simulation studies that neglect the effects of frequent hand-
offs over real video applications. We use VESPA to study the performance of video
infotainment applications with infrastructure participation in vehicular networks. We
present a study for the potential deployment of video on demand services in vehicu-
lar networks where a Mobile IP solution is used for real-time video using UDP+RTP
protocols. In this study we gauged the effects of mobility over the video transmission
using Mobile IP and Fast Handovers for Mobile IP (FMIP) protocols. We show that
although fast handoffs techniques minimize blackouts using slow speeds, the recur-
rence of handoffs at high speeds limits the deployment of video streaming services in
vehicular networks.

4. Propose a TCP modification to alleviate the impact of infrastructure handoffs in
V21 communications: There are some issues related to the use of the Transmission
Control Protocol (TCP) in vehicular networks. TCP is a protocol designed for the
wired network and reacts to packet loss caused by handoffs as a signal of network
congestion, dropping its congestion window (cwnd) and reducing the transmission
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rate. Old TCP states can cause poor performance after reconnection due to a bad
configuration of TCP timers, and because TCP needs some time to learn new pa-
rameters. Also, handoffs disruptions can cause unfairness between vehicular nodes
going at different speeds. We propose a new architecture, named VSPLIT, for V2I
communications to enhance the handoff procedures when using TCP in IEEE 802.11
networks, which is based on the IEEE 802.21 Media Independent Handover (MIH)
services. The proposed architecture uses a new version of TCP that we developed.
This new version of TCP modifies the standard congestion control, learning the char-
acteristics of the new network after the handoff, and using the cross-layer information
provided by the MIH services. Our architecture is a TCP-splitting architecture where
the modified TCP protocol is used between a Performance-Enhancing Proxy (PEP)
and the vehicular user. The use of PEPs allows Internet hosts to use standard TCP.
VSPLIT architecture reduces the handoff disruption time for TCP communications
during handoffs, increases the aggregated throughput of all the vehicular users in the
network and enhances the fairness between TCP connections in the vehicular network.

1.3 Related Publications

This thesis has been supported partially by the Spanish Research Council with Project
TEC2011-26452 (SERVET), by Spanish Ministry of Science and Education with Project
CONSOLIDER CSD2007-00004 (ARES), by Generalitat de Catalunya with Grant 2009
SGR-1362 to consolidated research groups and with the support from the SUR (Secretaria
d’Universitats i Recerca) of the DEC (Departament d’Economia i Coneixement), and by the
European Social Funds. Most of the research results presented in this dissertation have been
published in journals and conferences. In this section we provide a list of such publications,
together with their complete bibliographic information. Further, we include other comple-
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1.4 Outline of this Thesis

The structure of this dissertation is in line with the research objectives defined in Section 1.2.
Chapter 2 illustrates the background of V21 communications. This chapter presents what
a vehicular network is, the different standardization initiatives that exist and the different
issues in V21 communications that this thesis will deal with. Chapter 3 presents the analy-
sis of existing vehicular simulation tools and the design and implementation of VESPA, a
real-time open-source emulation platform that allows testing real implementations of info-
tainment applications. Chapter 4 focuses on the analysis of the deployability of real info-
tainment applications in a vehicular network scenario. We evaluate the effects of handoffs
between RSUs caused by vehicles mobility. We simulate network-layer handoffs using
Mobile IP and FMIP protocols and we analyze the performance of a video playback in a
highway scenario with both protocols. Chapter 5 details the new TCP-splitting architecture
for vehicular environments to enhance the handoff procedures using a modified TCP proto-
col is used between a Performance-Enhancing Proxy (PEP) and the vehicular users. Finally,
Chapter 6 concludes this thesis summarizing the main findings of the presented work and
making suggestions for the future research. In Appendix A we detail the Mobile IP, and the
FMIP protocols. In Appendix B we include some guidelines about how to use VESPA.






Chapter 2

Background

2.1  Vehicular Communications and Services

Vehicular networks based on Dedicated Short-Range Communications (DSRC) [65] pro-
vide communications among Vvehicles and the roadside infrastructure. DRSC is a kind of
communications, operating in the 5.9 GHz licensed spectrum band, which physical (PHY)
and medium access control (MAC) layers are defined in the IEEE 802.11p standard. DRSC
support the requirements of vehicular communications, such as achieving high and reliable
performance in highly mobile, often densely populated, and frequently non-line-of-sight en-
vironments. DSRC involve several entities and different network domains. DSRC entities
are depicted in Figure 2.1. Vehicular Nodes (VN) are equipped with devices termed On-
Board Units (OBU), which implement the communication protocols and algorithms. OBUs
can communicate among them, or with fixed stations installed along roads termed Road
Side Units (RSU). OBUs and RSUs implement the same protocol functionalities and form a
self-organizing network, also called as the Ad-hoc Domain. OBUs offer an interface to the
devices present in the car, which are called Application Units (AUs). These AUs and OBU
form another mobile domain, which is usually termed In-Vehicle Domain. RSUs can either
be isolated or attached to a larger structured network. If RSUs are isolated, their function
is usually to distribute static information (e.g. dangerous curve, construction site ahead)
or simply to extend the OBUs communication range by acting as forwarding entities. If
RSUs are part of a large infrastructure deployed along the road, they are usually responsi-
ble for assuring connectivity to vehicles. This infrastructure network is generally called the
Infrastructure Domain.

Applications for vehicular networks are grouped into safety (e.g. hazard warning, work-
zone warning) and non-safety applications (e.g. point-of-interest notification, Internet ac-
cess). These application types put different and partially conflicting requirements on the
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Fig. 2.1 Vehicular Network

system design. The communication requirements for safety and non-safety applications are
different. On one hand, non-safety applications typically establish sessions with other peers
using the Internet protocols. Data are transmitted as packets from source to destination, us-
ing unicast or multicast. On the other hand, safety applications usually disseminate data in
geographical areas. This implies in-network processing that allows aggregating, modifying,
and invalidating the information to be forwarded. The fundamentally different informa-
tion dissemination strategy of safety applications results in unique protocol mechanisms for
geographically-based data forwarding, congestion control, and reliable data transfer with
strong cross-layer dependencies [77]. Usually, these mechanisms are not part of the TCP/IP
protocol stack.

In order to reach a considerable number of equipped vehicles after market introduction,
safety and non-safety applications must be integrated into a single system. In particular,
a number of safety applications need a minimum share of equipped vehicles for vehicle-
to-vehicle communication. The support for non-safety applications is also important for
successful market introduction of a safety communication system and the successful de-
ployment of a vehicular network infrastructure. DSRC serve as the basis for connected
vehicle safety and infotainment applications integration. Infotainment jointly with traffic
efficiency applications can improve drivers’ experience, making vehicular communications
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systems more attractive to end-users. Internet access, multiplayer games, multimedia ap-
plications, chat and videoconference are examples of infotainment services. Infotainment
applications will be an impulse not only for users, but also for network operators because
they will be an interesting business opportunity that will promote the necessary investment
for infrastructure deployment.

Infotainment services are mainly related to the provision of classic IP applications, using
common Internet protocols over IPv6. Connections to the Internet can be established by
using V21 communication, allowing typical communication services like web browsing,
mail or chat. Infotainment services also can be used by the passengers of a vehicle to be
informed of nearby services, restaurants, companies or touristic sights. Some examples of
infotainment services are listed in Figure 2.2):

PERSONAL COMMUNICATION SERVICES INTERNET ACCESS SERVICES
- Voice and video calls - E-mail access
-Instant messaging - Web browsing

- VPN support
- Transparent access
- E-commerce

VEHICULAR SPECIFIC SERVICES
- Software upgrade

- Car diagnostics

- Traffic information

- Route planning

- Fleet management

- Parking information

P =

ENTERTAINMENT SERVICES BROADCAST/MULTICAST SERVICES
- Gaming - Advertisements

- Multimedia streaming and - Forecast/traffic information
downloading - Television

Fig. 2.2 Infotainment services examples

Among all the open issues that are present in the vehicular networks environment, there
are three main functionalities that must be provided to V21 communications in order to
provide the availability of IP communications to vehicular users: address autoconfiguration,
efficient routing and mobility management. These three main aspects that must be addressed
in V2I communications were firstly introduced in [26]. Address autoconfiguration [25,
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32] and efficient routing [30] are out-of-the-scope of this thesis. This thesis is focused on
mobility issues.

Bringing infotainment services to the vehicular environment requires complying with
standard protocols and mechanisms that allow heterogeneous networks to be interconnected
in the Internet. In the next section we present the most important standard initiatives that
propose a protocol stack for vehicular networks.

2.2 ITS Standardization initiatives

It is important the development of an adequate standard compatible either with V2V and V2I
communications, supporting both safety and infotainment applications. The standardization
of vehicular network protocols concerns to different international organizations. A lot of
research projects has led to standardization initiatives from different parts of the world. For
example, American research projects, such as Cooperative Intersection Collision Avoid-
ance Systems (CICAS) [43], SafeTrip21 [98] or California Partners for Advanced Trans-
portation Technology (PATH) [83]; Japanese projects, such as Smartway [92] or ITS-Safety
2010 [27]; and European projects, such as CVIS Cooperative Vehicule-Intrastructure Sys-
tem [44], NOW Network-on-Wheels [81] or SEcure VEhicular COMmunication [100]. All
these, among others, have served as a basis to develop vehicular standards for the different
standardization organizations. The IEEE has developed the protocol stack WAVE, including
an extension of the 802.11 family protocols for the low layers, as well as an alternative to
IP in higher layers. The Car-to-Car Communications Consortium (C2C-CC) has developed
and experimented specific protocols for vehicular networks. The ETSI Technical Commit-
tee ITS is involved in the harmonization of ISO, IETF, IEEE and C2C standards.

Next we summarize the main proposed standards to develop a protocol stack for vehic-
ular networks, both from public and private organisms.

2.2.1 IEEE 1609

IEEE has defined WAVE (Wireless Access in Vehicular Environment) or the 1609 protocols
family. WAVE specifies a complete protocol stack (1609.0 to 1609.4), relying on 802.11p
for the low layers. The DSRC radio technology 802.11p is essentially IEEE 802.11a ad-
justed for low overhead operations in the DSRC spectrum. The overall DSRC communica-
tion stack between the link layer and applications has been standardized by the IEEE 1609
working group. Hence, IEEE 1609 is a higher-layer standard on which IEEE 802.11p is
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based. Indeed, the IEEE 1609 family of standards for wireless access in vehicular environ-
ments consists of four standards:

* |IEEE 1609.1 - Resource Manager: It defines the basic application platform and in-
cludes application data read/write protocol between RSU and OBU.

» |IEEE 1609.2 - Security Services: It defines the 5.9-GHz DSRC security, anonymity,
authenticity, and confidentiality services.

» |IEEE 1609.3 - Networking Services: It defines network and transport layer services,
including addressing and routing, in support of secure WAVE data exchange.

* |EEE 1609.4 - Multichannel Operations: It provides DSRC frequency band coor-
dination and management, where it manages lower-layer usage of the seven DSRC
channels, and integrates tightly with IEEE 802.11p.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

| |

| | Future Higher
| | Layers

| |
___________________________________

TCP / UDP

WSMP

IPv6 - 1609.3

LLC

WAVE MAC i‘ 1609.4

(including channel coordinator)

Security
Management

— 802.11p
PHY

Fig. 2.3 WAVE protocol stack

The WAVE protocol stack is depicted in Figure 2.3. Non-safety applications can use
the traditional Internet protocol stack containing IPv6, and the transport layer User Data-
gram Protocol (UDP) for connectionless services, as well as Transmission Control Protocol
(TCP) for connection-oriented services. Both parts of the protocol stack share the same data
link layer and physical layer for transmission. The 1609.3 standard includes the WSMP
protocol (WAVE short Messages Protocol) for V2V communication, presented as an alter-
native to IPv6. In this protocol, messages are routed with an Application Class Identifier



14 Background

(ACID) and an Application Context Mark (ACM) to replace the IP address and the port
number. This would ease the communications in dynamic environments. IEEE 1609.2 adds
a transversal layer responsible of the security, anonymity, authenticity and confidentiality of
security communications. IEEE 1609.4 defines optional multichannel operations to manage
the usage of the seven licensed DSRC channels for single radio devices.

222 C2C

The CAR 2 CAR Communication Consortium (C2C-CC) [39] is a non-profit industrial
driven organization initiated by European vehicle manufacturers (Audi, BMW, Daimler-
Chrysler, Fiat, Renault, and Volkswagen) supported by equipment suppliers, research orga-
nizations and other partners. The C2C-CC is dedicated to the objective of further increasing
road traffic safety and efficiency by means of cooperative ITS (V2V) with inter-vehicle
communications supported by V21 communications. The C2C-CC supports the creation of
a European standard for future communicating vehicles spanning all brands. The C2C-CC
also works in close cooperation with European and international standardization organiza-
tions, in particular the ETSI TC ITS. The C2C-CC follows the realistic deployment strategy
and business model in order to speed-up the market penetration, and it is a roadmap for the
deployment of V2V and V21 services

L Active Safety Traffic Efficiency Infotainment
Application Application Application
l I ) ]
F— C2C Transport TCP / UDP / Other

! }

Ipv6
Optional Movile IPv6 NEMO
C2C Network T

v

C2C Network ’

¢ y

MAC/ LLC
|IEEE 802.11 a,b,g,etc.
¢ Other Radio
(e.g. UMTS)

Information Connector

MAC / LLC
- —| C2C MAC Layer Extension
European 802.11p

PHY PHY
European 802.11p IEEE 802.11 a,b,g,etc.

Fig. 2.4 C2C-CC protocol stack

C2C-CC defines a protocol stack (Figure 2.4) based on Geocast [30] ad hoc protocol
for V2V communications and Mobile IP/NEMO for V21 communications. Geocast routing
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protocols rely on GPS positions to route messages from vehicle to vehicle. \ehicular com-
munications in C2C-CC are also based on DSRC, which rely on the IEEE 802.11p protocol.
However, in contrast with WAVE standard, also takes into account optionally other access
technologies, such as WLAN 802.11 protocols (802.11a/b/g/n) or 3GPP technologies.

The consortium is looking forward to allowing interoperability among cars from dif-
ferent car manufacturers and suppliers of on-board and roadside units. In this context, the
C2C-CC is concerned with real-life demonstrations of safety applications for tangible ad
hoc networks, providing a framework for system prototyping. C2C-CC demonstrates the
C2C-System as proof of technical and commercial feasibility.

The C2C-CC is well connected to other organizations. Various European R&D projects
contributed to specifications of C2C. There is a close cooperation between C2C-CC and
ERTICO [91] (an European public-private partnership for ITS) that ensures the deployment
of the developed standards, and interaction with other standardization development organi-
zations (CEN, CENELEC, IEEE, ISO, ITU).

223 ETSITCITS

The European Telecommunications Standards Institute (ETSI) is developing a unified ITS
architecture for Europe upon the CALM (Continuous Air-interface Long and Medium) con-
cept and the C2C architecture, detailed in the previous section. The ETSI TC ITS station
reference architecture [24] is depicted in Figure 2.5. This architecture was firstly described
in the COMeSafety Project [90] in 2008. The International Organization for Standardization
(1SO) [60] also fulfills this CALM architecture. The concept of CALM is based on hetero-
geneous cooperative communication framework to provide continuous communication to
vehicular nodes.

Several communication layers are defined in the architecture: applications layer on top,
followed by a facilities layer and the networking and transport layer. Below, the access
technologies layer is placed, where again multiple communication technologies may be
used. Apart from the transversal management plane, the architecture also defines a layer-
independent security plane. The facilities layer is capable to provide the basic services
that are common for all applications and it bundles information that different applications
want to transmit. As an example, positioning information is only contained once in the
transmitted messages, but may be used by several applications. The ETSI ITS-G5 protocol
(ETSI ES 202 663), an adaption of IEEE 802.11p, has been defined to be used in direct
communication between vehicles in Europe. The access layer combines the data link layer
and the physical layer and it is perceived as a single entity. The security plane can be viewed
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Fig. 2.5 ETSI protocol stack

as a specific part of the management plane. The network and transport layers are grouped
together in a similar way as in the WAVE approach in Fig. 2.3.

2.3 IEEE 802.11p

All the previous standardization initiatives detailed in Section 2.2 use PHY and MAC
layers based on IEEE 802.11p [22] as one of the main candidate access technologies. The
IEEE 802.11p standard is an amendment to the IEEE 802.11 standard to enhance the wire-
less access in the vehicular environment, and it is currently considered the best candidate
for DSRC communications.

The purpose of 802.11p is to provide the minimum set of specifications required to
ensure interoperability between vehicular wireless devices. This is due to IEEE 802.11p de-
vices may be used in environments where the physical layer properties are rapidly changing
and where very short-duration communications exchanges are required, for instance in situ-
ations where transactions must be completed in less time frames than the minimum possible
in IEEE 802.11, either using infrastructure or ad hoc mode. 802.11p is based on extensive
testing and analyses of wireless communications in a mobile environment. This previous
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