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Abstract 
 

Cooperative driving holds the potential to considerably improve the level of safety and 
efficiency on our roads. Recent advances in in-vehicle sensing and wireless 
communication technology have paved the way for the development of cooperative 
traffic safety applications based on the exchange of data between vehicles (or between 
vehicles and road side units) over a wireless link. The access to up-to-date status 
information from surrounding vehicles is vital to most cooperative driving applications. 
Other applications rely on the fast dissemination of warning messages in case a 
hazardous event or certain situation is detected. Both message types put high 
requirements on timeliness and reliability of the underlying communication protocols.  

The recently adopted European profile of IEEE 802.11p defines two message types, 
periodic beacons for basic status exchange and event-triggered hazard warnings, both 
operating at pre-defined send rates and sharing a common control channel. The IEEE 
802.11p Medium Access Control (MAC) scheme is a random access protocol that does 
not offer deterministic real-time support, i.e. no guarantee that a packet is granted access 
to the channel before its deadline can be given. It has been shown that a high number of 
channel access requests, either due to a high number of communicating vehicles or high 
data volumes produced by these vehicles, cannot be supported by the IEEE 802.11p 
MAC protocol, as it may result in dropped packets and unbounded delays. 

The goal of the work presented in this thesis has therefore been to enhance IEEE 
802.11p without altering the standard such that it better supports the timing and 
reliability requirements of traffic safety applications and provides context-aware and 
efficient use of the available communication resources in a vehicular network. The 
proposed solutions are mapped to the specific demands of a set of cooperative driving 
scenarios (featuring infrastructure-based and infrastructure-free use cases, densely and 
sparsely trafficked roads, very high and more relaxed timing requirements) and 
evaluated either analytically, by computer simulation or by measurements and 
compared to the results produced by the unaltered IEEE 802.11p standard.  
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As an alternative to the random MAC method of IEEE 802.11p, a centralized solution is 
proposed for application scenarios where either a road side unit or a suitable dedicated 
vehicle is present long enough to take the coordinating role. A random access phase for 
event-driven data traffic is interleaved with a collision-free phase where timely channel 
access of periodic delay-sensitive data is scheduled. The ratio of the two phases is 
dynamically adapted to the current data traffic load and specific application 
requirements. This centralized MAC solution is mapped on two cooperative driving 
applications: merge assistance at highway entrances and platooning of trucks. Further, 
the effect of a context-aware choice of parameters like send rate or priority settings 
based on a vehicle’s position or role in the safety application is studied with the goal to 
reduce the overall number of packets in the network or, alternatively, use the available 
resources more efficiently. Examples include position-based priorities for the merge 
assistance use case, context-aware send rate adaptation of status updates in an 
overtaking warning application targeting sparsely-trafficked rural roads and an efficient 
dissemination strategy for warning messages within a platoon. 

It can be concluded that IEEE 802.11p as is does not provide sufficient support for the 
specific timing and reliability requirements imposed by the exchange of safety-critical 
real-time data for cooperative driving applications. While the proper, context-aware 
choice of parameters, concerning send rate or priority level, within the limits of the 
standard, can lead to improved packet inter-arrival rates and reduced end-to-end delays, 
the added benefits from integrating MAC solutions with real-time support into the 
standard are obvious and needs to be investigated further.  
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Step from the road to the sea to the sky… 
                                               (Red Hot Chili Peppers - “Snow (Hey Oh)”) 
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1 Introduction 
 

Advances in the field of Intelligent Transport Systems (ITS) have received much 
attention in academic, industrial and political arenas lately. In particular cooperative 
driving applications based on inter-vehicle communication show the potential to save 
lives, reduce monetary damage caused by road traffic accidents and promise 
environmental benefits. This thesis focuses on the challenges arising from the strict 
demands on the timely and reliable data delivery in such cooperative ITS safety 
applications. 

 

1.1 Motivation  
 
According to the World Health Organization (WHO) [1] 1.3 Million people die in road 
traffic related accidents worldwide every year. This number has been fairly stable over 
the last decade and, while the lack of safety-belts or airbags still contributes to fatal 
accidents in many third world countries, the potential of these passive safety measures 
seems pretty much reached in the western world. Recent advances in in-vehicle sensing 
and wireless communication technology have opened the door for another type of safety 
systems: active traffic safety systems, more specifically cooperative traffic safety 
applications. While passive safety measures aim to minimize injuries and damage 
during or shortly after a crash (by e.g. tightening the seat belt or inflating the airbag), 
active safety systems focus on mitigating the accident altogether by warning the driver 
in time for her/him to be able to react properly or by providing an automated control 
system with the necessary information to handle the situation without driver 
involvement. Depending on the type of situation and application, active safety systems 
act in the range of seconds to milliseconds from the expected crash and thereby have a 
considerably higher impact on fatalities reduction than the passive safety measures 
implemented in our cars today (Figure 1). Examples of such applications are overtaking 
warning, lane change warning, merge assistance, blind spot detection, collision warning 
at intersections or platooning of trucks.  
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Global cooperation between industry and academia has provided input to 
standardization and driven the development to a point where field operational tests are 
underway and we can expect to see implementations of cooperative driving applications 
on our roads in the near future. Although many decisions about e.g. the choice of 
dedicated ITS frequency bands and the standardization of protocols for short to medium 
range inter-vehicle communication are taken, further evaluations and adaptations to the 
specific requirements of vehicular networks are needed and on-going right now. With a 
focus on Medium Access Control (MAC) methods for safety-critical real-time data and 
the context-aware and efficient use of the available communication resources, this thesis 
hopefully contributes to that.  

 

 

1.2 Cooperative ITS safety applications  
 
Generally, ITS applications can be grouped into comfort applications (e.g. media 
download or customer information services delivered to the vehicles), efficiency 
applications (as route planning or map updates) and safety applications [2] (Figure 2). 
While many safety applications can be built on data available from in-vehicle sensors 
only, cooperative driving aims at combining this information with data shared between 
vehicles or obtained from road side infrastructure over a wireless link. This gives the 
vehicle access to information that lies outside both the driver’s and the vehicle control 
system’s “awareness horizon” enabling a more informed and correct assessment and 
prediction of potentially dangerous traffic situations. Due to the high mobility of a 
vehicular network, the success of a cooperative driving application usually depends on 
the freshness of the shared data. Consider e.g. a lane change warning application relying 
on up-to-date position data from surrounding vehicles. Integrating outdated data in the 
safety application or presenting the lane change warning to the driver with a delay will 
create a situation that is far more dangerous than not using the application at all. These 

Figure 1: Schematic visualization of the impact of ITS safety applications on fatalities 
reduction, derived from the European Integrated Safety Program. 
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strict requirements on the timely exchange of safety-critical real-time data in 
cooperative driving applications put high demands on the underlying communication 
protocols and are the focus of this thesis.  

 

 

1.3 Enabling technologies and standardization  
 
Cooperative ITS safety applications rely on a combination of data from in-vehicle 
sensors and data shared by surrounding vehicles over a wireless link. Another central 
piece of information is the vehicle’s current position. A vehicle equipped with the 
relevant sensors and communication technology for cooperative ITS can be assumed to 
even carry a receiver for global navigation satellite systems (GNSS). While the low-cost 
global positioning system (GPS) receivers in our cars today are limited to an accuracy 
of 10-15 m, enhancements like differential GPS (DGPS) reach an accuracy of 1 m or 
below, while high-end solutions with an accuracy in the centimeter range have recently 
become commercially available [3]. GNSS receivers also play a vital role in the time 
synchronization of the mobile nodes, a prerequisite for most communication solutions. 

On the communication side, several technologies are considered for cooperative ITS 
applications (a detailed list and comparison e.g. be found in [2] or [4]). Wireless Local 
Area Network (WLAN)-based technologies (IEEE 802.11b/g) provide a vehicle with 
access to the Internet or data made available through a communication backbone when 
in range of a WLAN hot spot but does not provide the necessary coverage nor the low 
communication delays required for vehicle-to-vehicle communication. Even cellular 
networking technologies such as 3G or LTE have a role in less time-critical comfort and 

Figure 2: Classification of ITS applications 
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efficiency applications, especially for long range applications. Even though 
communication takes place between vehicles in close vicinity, it has to involve a base 
station, adding delays that exceed the limit for safety-critical real-time data exchange. 
Based on the ad hoc nature of vehicular network and the tight timing requirements of 
many cooperative driving applications recent standardization efforts have resulted in the 
IEEE 802.11p standard [5] specifically tailored to the nature and demands of vehicular 
ad hoc networks (VANET). IEEE 802.11p was approved in 2010 and recently 
incorporated into the WLAN standard [6]. Although it is realistic to expect future 
cooperative driving applications to employ several co-existing technologies, this thesis 
focuses on IEEE 802.11p, in particular from a MAC layer perspective. The IEEE 
802.11p MAC method is a random access scheme that does not provide guaranteed 
channel access for real-time data packets and the necessary support for the timing 
requirements of many ITS safety services. This shortcoming is one of the central 
aspects of the evaluations, comparisons and proposals of this thesis. Both in Europe and 
the US frequency bands in the 5.9 GHz range have been set aside for ITS 
communication [4]. Those dedicated channels, where only safety-critical data is 
allowed, can be combined with a number of service channels that are less strictly 
regulated and open for other types of data traffic.  

 

The periodic exchange of basic status information like position, speed or heading plays 
a vital role in cooperative driving and enables a variety of applications to share a 
common view on the current traffic situation. Actions can then be triggered accordingly 
or warnings and recommendations can be presented to the driver. It is important that 
these status updates are received regularly from all relevant surrounding traffic 
participants. A vehicle that fails to transmit several updates in a row will remain 
invisible to its neighbors and their cooperative safety applications for that time, 
jeopardizing the success of the application. Unexpected hazardous events (e.g. the 
sudden deceleration of a vehicle due to engine failure or the driver hitting the break) call 

Figure 3: Communication directly between vehicles and/or involving static or semi-
static road side infrastructure 

Information exchange directly
between vehicles (V2V)

Information exchange involving
road side infrastucture (V2I)
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for a second type of message that is only spread in the relevant area and during the 
duration of the actual event. Here, the fast and reliable dissemination of those hazard 
warnings to all concerned vehicles is the main priority.  

Both message types are typically exchanged directly between vehicles (vehicle-to-
vehicle, V2V) through medium to short-range wireless communication within a 100 to 
500 m transmission range. If there is roadside infrastructure present, e.g. in form of a 
road side access point (Road Side Unit, RSU), this RSU can be integrated into the 
information exchange. We are then talking about vehicle-to-infrastructure (V2I) 
communication (Figure 3). We define the term infrastructure as access point that might 
or might not be connected to a communication backbone. Using this definition, an RSU 
comprises both statically installed access points at e.g. a highway ramp or intersection 
and semi-static units in form of e.g. a police car securing an accident site or a temporary 
access point put up at a road work site. A connection to a communication backbone 
enables access to information such as weather updates or data on ongoing road work, 
current road surface conditions etc. that can either be integrated into ITS safety 
applications or be used to increase traffic efficiency.  

 

1.4 Challenges and research questions 
 
The main challenges we are facing in the implementation of cooperative driving 
applications can be backtracked to the following points:  

High mobility 

A VANET is a highly mobile network where nodes may pass each other at relative 
speeds of 300 km/h or more and only stay within each other’s transmission range for a 
few seconds. Communication overhead should therefore be kept to a minimum. Even 
vehicles passing a stationary RSU will only remain within radio range of the access 
point for a short time and time consuming procedures to join an access point or hand 
over between two access points should be avoided. High mobility also implies that the 
network topology constantly changes, which makes centrally controlling clusters of 
vehicles challenging (if the cluster is not deliberately maintained as in e.g. platooning 
applications). A vehicle that was in reach or a perfect candidate to relay information to a 
specific geographical area or group of vehicles might not remain in that position long 
enough to use it from a communication protocol’s perspective. From an application’s 
point of view, high mobility means information might be outdated before it is even 
received or the time that is left for the driver or the system to react to a hazardous 
situation might be too short once the necessary data was exchanged and hazard 
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identified. All these examples boil down to the very tight timing requirements on the 
communication protocols employed in cooperative driving applications. 

Problems inherent to wireless communication in difficult radio environments 

The transmission range that can ideally be reached by a vehicle is defined by its 
antenna’s output power which is limited by regulation. Several factors further 
deteriorate the signal and introduce packet errors that render the data undecodable and 
useless at the receiver end. Shadowing refers to the fact that the direct line of sight 
(LOS) path between sender and receiver is blocked by an object, e.g. a truck or a 
building situated between sending and receiving vehicle. Especially in urban 
environments multipath fading introduces a multitude of paths radio waves can travel 
between source and destination due to reflection and scattering from buildings or other 
vehicles creating several time-delayed copies of the signal [3]. Several sources (see e.g. 
[3], [7] and [8]) state a clear correlation between the absence of a LOS communication 
path and a high experienced packet error rate in VANETs. Although this thesis is not 
concerned with physical layer aspects as such, they provide input to the MAC layer 
simulation evaluations. Furthermore, the high and varying packet error probability 
stresses the importance of MAC solutions that increase the chances of successful 
channel access when required by the safety application for reduced delays and improved 
reliability.  

Limited resources 

Only one dedicated control channel for safety-critical ITS data exchange is currently 
available in Europe. This channel is shared by regular status updates, event-driven 
warning messages and service announcements pointing to service channels for non-
safety critical data. In case of a busy multilane highway the number of communicating 
vehicles can easily amount to several hundred nodes. The task of a MAC protocol is to 
organize the access to a shared medium in a scalable, reliable, efficient and fair way and 
ensure that the channel access delay due to resource limitations is kept as low as 
possible. When resources are shared between data traffic classes of different priority 
(e.g. safety, efficiency and comfort data to provide heterogeneous services to vehicles or 
safety data of different criticality) methods are needed that distinguish between those 
classes and grant access to the shared resources accordingly. An aspect related to a 
node’s limited transmission range is that intermediate nodes might be needed to 
disseminate data to vehicles that are not within a one-hop distance of the sender. This 
calls for dissemination strategies that are efficient enough to ensure that the information 
reaches its intended recipients but does not flood the network with unnecessary amounts 
of data packets that starve other, potentially equally or more safety-critical, data traffic 
classes. 
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The decentralized ad-hoc network 

Research on real-time communication is almost exclusively focused on the MAC 
method. To support real-time deadlines, the MAC method should be predictable such 
that the maximum delay before granting channel access is known for all nodes. The 
real-time community traditionally differs between contention-based and collision-free 
MAC protocols in this respect, where the latter is said to support real-time deadlines. 
However, a “collision” is not straightforward to define in a wireless broadcast scenario 
with multiple receivers. In addition, the number of nodes in a VANET is typically not 
known as it varies greatly and the MAC method must allow all nodes access to the 
channel.   
 

Traditional performance measures are not directly applicable 

For traffic safety applications, the traditional performance measure throughput is of less 
importance since high reliability rather than high transmission rates are required. 
Further, it is not enough with a high average reliability, but rather it is the distribution of 
lost packets that is critical. A single lost packet is often acceptable, whereas several 
consecutive packet loses from the same vehicle will lead to mute, invisible vehicles. 
Network fairness and packet-inter arrival times are therefore more relevant measures.  
The real-time community uses the performance measure “deadline miss ratio” in which 
a lost message is regarded as having infinite delay and any message that misses its 
deadline is considered erroneous. Consequently, this measure captures both the delay 
beyond the deadline and the probability of losing messages due to communication link 
failure. All traffic safety applications are deadline dependent. Either it is critical that the 
message reaches its intended recipient(s) before a particular time instant, e.g., before a 
traffic accident, or the deadline simply tells us that the message is now expired and no 
longer of interest, possibly because a newer version is available. However, to be useful 
for traffic safety applications, the performance measure deadline miss ratio still needs to 
be redefined to consider a broadcast scenario with multiple receivers. Successful 
message reception needs to be defined as a function of the message deadline, the 
number of vehicles within communication range as well as the geographical area of 
interest for this particular message content. 

 
For the scope of this thesis, these challenges can be summarized in the following 
research questions: 

1) Is the random access MAC method chosen in the IEEE 802.11p standard suitable for 
the exchange of safety-critical data required by cooperative driving applications and 
how can different enhancements to the standard improve its real-time performance? 
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2) How can the shared bandwidth be used efficiently considering the preconditions and 
requirements on timing and reliability dictated by a range of cooperative driving 
applications and road traffic scenarios? 

3) What performance measures are suitable for evaluating the performance of different 
cooperative driving applications? 

 

1.5 Research approach 
 
The results presented in this thesis are based on literature studies, simulation 
evaluations, analytical calculations and real-world measurements, always closely 
following the on-going development in European standardization. Through literature 
studies a potential mismatch between the MAC method proposed for the then up-
coming IEEE 802.11p MAC method and the real-time requirements of ITS safety 
applications could be identified very early on. It has always been a goal, however, not to 
replace the standard but rather propose enhancements that require no or only minor 
changes to the IEEE 802.11p MAC protocol. This was accomplished by studying and 
adapting protocols and communications solutions from related (WLAN) or non-related 
(uni-processor scheduling) areas. Furthermore, a key term throughout the thesis has 
been context awareness. The proposed MAC solutions were mapped on the specific 
requirements of a wide range of cooperative driving scenarios (infrastructure-based and 
infrastructure-free use cases; densely and sparsely trafficked roads; very high and more 
relaxed timing requirements) and evaluated either analytically or by computer 
simulation and finally compared to the results produced by the unaltered IEEE 802.11p 
standard. Real-world measurements with vehicles equipped with IEEE 802.11p inter-
vehicle communication technology were performed to get input to the protocols and 
simulations that was not available in literature at that point in time. 

 

1.6 Summary of Contributions 
 
The contributions of this thesis all relate to the area of medium access control and 
resource allocation to support delay-sensitive cooperative driving applications. The 
proposed solutions and protocols can be divided into two general groups: centralized 
and decentralized MAC methods. Furthermore, three application scenarios covering 
different road traffic situations and timing requirements provided the background for the 
evaluation of the proposals: Merge assistance at highway entrances with road side 
infrastructure support, overtaking warning on sparsely trafficked rural roads and 
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platooning of trucks. Figure 4 positions the appended papers relative these application 
scenarios and general MAC strategies. 

 

 

 
The main contributions can be summarized as follows: 

1. The execution and evaluation of a measurement campaign with vehicles 
equipped with 802.11p communication technology that provided insight into the 
correlation between packet error rates and non-line-of-sight conditions due to 
obstacles like buildings, vegetation or crests in urban and rural environments. 
(Paper B) 
 

2. The evaluation of the IEEE 802.11p MAC method for the requirements of 
various cooperative traffic safety applications (Papers A, C, D and E). In Papers 
D and E special focus lies on the study of the effect of send rate and priority 
level adaptations on the performance of co-existing periodic and event-triggered 
data. 
 

3. The proposal of a framework for a centralized communication solution 
extending IEEE 802.11p by introducing a collision-free MAC phase based on 
real-time schedulability analysis that guarantees the timely treatment of delay-
sensitive data. An adaptation of the framework to the infrastructure-based merge 
assistance scenario (Paper A) includes methods for fast connection setup and 
proactive handover between RSUs while the co-existence of periodic status 

Figure 4: Schematic overview of publications and application scenarios 
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updates and event-triggered warning messages in platooning applications is the 
focus of Papers D and E. 
 

4. The proposal of methods for the bandwidth-efficient use of communication 
resources based on the prioritization of data traffic classes. A position-based 
prioritization scheme is presented in Paper A, while Papers C and D base 
priorities on the role a vehicle plays in the application scenario at hand. 
 

5. The detailed description of three scenarios for cooperative driving applications 
and their specific timing requirements: Merge assistance with road side 
infrastructure support (Paper A), overtaking warning on sparsely-trafficked rural 
roads (Paper C) and platooning of trucks (Papers D and E). 
 

6. Proposal of several different performance measures for evaluating the targeted 
cooperative driving applications. In the case of Merge assistance on a highway, 
the number of supported vehicles as well as their distances from the highway 
entrance is evaluated (Paper A). For the Overtaking warning application, single-
sided contact and full contact with on-coming traffic on sparsely-trafficked rural 
roads is measured (Paper C). Finally, for Platooning, the dissemination delay 
within a platoon and the up-to-dateness of platoon control packets is considered 
jointly (Papers D and E). 

 

1.7 List of publications 
 
Publications related to the scope of this thesis are listed below. (Main authorship is 
indicated by underlining.) 

1.7.1 Appended papers 
 
Paper A: 

A. Böhm and M. Jonsson, “Real-time communication support for cooperative, 
infrastructure-based traffic safety applications”, International Journal of Vehicular 
Technology, vol. 2011, Article ID 541903, 2011.  

Paper B:  

A. Böhm, K. Lidström, M. Jonsson and T. Larsson, ”Evaluating CALM M5-based 
vehicle-to-vehicle communication in various road settings through field trials”, Proc. of 
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the 4th LCN Workshop On User Mobility and Vehicular Networks (ON-MOVE 2010), 
Denver, CO, USA, October 2010.  

(In this publication the main-authorship is shared with Kristoffer Lidström who had the 
main responsibility for the development and setup of the field trials while I was mainly 
responsible for writing the paper. The actual measurement campaign was conducted 
jointly and the data evaluation was done separatly by the main authors within their 
respective area of interest.) 

Paper C: 

A. Böhm, M. Jonsson and E. Uhlemann, “Adaptive cooperative awareness messaging 
for enhanced overtaking assistance on rural roads,” Proc. of the 74th IEEE Vehicular 
Technology Conference (VTC-fall 2011), San Francisco, CA, USA, September 2011. 

Paper D: 

A. Böhm, M. Jonsson and E. Uhlemann, “Co-existing periodic beaconing and hazard 
warnings in IEEE 802.11p-based platooning applications”, accepted at the 10th ACM 
International Workshop on VehiculAr Inter-NETworking, Systems and Applications 
(VANET 2013), Taipei, Taiwan, June 2013. 

(A short version of this paper will be published in the conference proceedings and can 
be found in the list of related papers below.) 

Paper E: 

A. Böhm, M. Jonsson and E. Uhlemann, “Performance evaluation of a platooning 
application using the IEEE 802.11p MAC on a control channel vs. a centralized real-
time MAC on a service channel”, to be submitted  
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K. Bilstrup, A. Böhm, K. Lidström, M. Jonsson, T. Larsson, L. Strandén and H. 
Zakizadeh, ”Vehicle alert systems”, Proceedings of the 14th Worlds Congress on 
Intelligent Transport Systems (ITS), Beijing, China, October 2007. 

A. Böhm and M. Jonsson, “Position-based forwarding techniques for vehicular ad-hoc 
networks”, Proceedings of the Swedish National Computer Networking Workshop 
(SNCNW 2008), Karlskrona, Sweden, April 2008. 
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Computer Networks (LCN 2008), Montreal, Canada, October 2008. 

A. Böhm and M. Jonsson, “Real-time communication in infrastructure-based safety-
critical information exchange”, Proceedings of the 15th Worlds Congress on Intelligent 
Transport Systems (ITS), New York City, NY, USA, November 2008. 
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applications”, Licentiate Thesis, School of Science and Technology at Örebro 
University, June 2009. 
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A. Böhm and M. Jonsson, “Handover in IEEE 802.11p-based delay-sensitive vehicle-
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2009. 
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2011. 

A. Böhm and M. Jonsson, “Position-based real-time communication support for 
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2011. 
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message delivery in road side unit based vehicular communication”, Proceedings of the 
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USA, September 2012. 

M. Jonsson, K. Kunert and A. Böhm, “Increased communication reliability for delay-
sensitive platooning applications on top of IEEE 802.11p,” M. Berbineau et al. (Eds.): 
Nets4Cars/Nets4Trains 2013, LNCS 7865, Springer-Verlag Berlin Heidelberg, pp. 121-
135, 2013. 
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2 Prerequisites from Standardization 
 

A key factor to the success of future cooperative driving applications is to ensure its 
operability across borders and independence of vehicle manufacturer. This chapter 
summarizes the recent standardization efforts with special focus on Europe. The IEEE 
802.11p MAC protocol and its limitations are presented, as well as the message types 
defined for ITS safety data exchange in Europe and their parameters. This provides a 
background to and motivation for the protocol enhancements proposed in this thesis. 

 

2.1 Standards for vehicular communication 
 
Standardization within the area of vehicular communication has been ongoing since the 
late 1990s. Several standardization bodies, first in the US, later in Europe, have been 
involved in the process that has resulted in the allocation of dedicated ITS frequency 
bands and the development of communication stacks for vehicular networks. While the 
IEEE is the organization behind the development of the WAVE (Wireless Access in 
Vehicular Environments) protocol stack in the US [9], the European standardization is 
the responsibility of the European Telecommunications Standardization Institute (ETSI) 
and the Comité Européen de Normalisation (CEN). Although the protocols used in the 
physical and MAC layers of the two protocol stacks are identical, there are major 
differences concerning e.g. the use of multiple channels, the definition of message types 
or networking issues like multi-hop support. An extensive overview and comparison 
can be found in [10].  

Figure 5 shows the structure of the protocol stack defined by ETSI for Europe [11]. The 
facilities layer constitutes an interface between the applications and the communication 
part of cooperative driving. Here, e.g. data is managed by updating and maintaining the 
relevant databases that applications have access to. The network/transport layer is 
concerned with the end-to-end communication involving more than one hop. It contains, 
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e.g. a low-overhead connectionless transport layer protocol and support for several 
strategies of point-to-point and point-to-multipoint communication, e.g. geo-broadcast 
where data is spread to receivers within a well-defined geographical area of interest. 
Medium access control and physical layer issues are grouped into the so-called access 
layer. Here we find the IEEE 802.11p physical and MAC layer protocols.  

Based on the well-known IEEE 802.11 standard for Wireless LANs, the IEEE 
developed 802.11p, a profile specifically targeted to the requirements of highly mobile 
vehicular networks. While the work for this thesis was conducted, IEEE 802.11p was 
available in various draft versions used as references in some of the appended papers. 
The final approved version can be found in [5]. Recently, however, 802.11p was 
incorporated into the general IEEE 802.11 standard document IEEE 802.11-2012 [6]. 
The separate IEEE 802.11p document is therefore superseded, but the term is still used 
throughout this thesis to refer to the profile. Details about the IEEE 802.11p MAC 
protocol and its limitations will be given in Chapter 2.2.  

    

 

The International Organization for Standardization (ISO) developed a framework called 
Communication Access for Land Mobiles (CALM) [11] that combines various types of 
existing wireless communication technologies (e.g. cellular networking technologies 
like 3G or LTE for long range, IEEE 802.11 WLAN technology for medium range and 
CEN-DSCR for short range communication) in a holistic approach to support a wide 
range of services, from traffic safety to electronic toll collection. The part concerned 
with the support of ad hoc V2V communication is based on IEEE 802.11p and referred 
to as CALM-M5. In Paper B, the term CALM-M5 is used interchangeably with IEEE 
802.11p. 

Both in the US and Europe, a specific frequency band in the 5.9 GHz range has been set 
aside for cooperative driving, divided into one dedicated control channel for safety-

Figure 5: The ETSI TC ITS protocol stack for safety applications 

Applications

Facilities

AccessM
an

ag
em

en
t

Network/Transport

Se
cu

rit
y



 
 

15 
 

related communication only, plus several service channels. In Europe, 30 MHz have 
been set aside for safety data exchange [4]. Only one 10 MHz channel, however, is 
available as control channel at the moment. Best-effort data connected to comfort or 
efficiency applications are referred to a 20 MHz service channel in the 5.8 GHz band.  

Two types of messages are considered by standardization: periodic position updates, 
a.k.a. cooperative awareness messages (CAM) [13] and event-driven warnings, a.k.a. 
decentralized environmental notification messages (DENM) [14]. The current proposal 
of both European and US standardization efforts is that all vehicles must share a 
common frequency channel for transmitting CAM and DENM. Message types not 
complying with the CAM and DENM specifications have to use a service channel 
instead, even if they can be directly associated with safety data exchange, such as 
control data from various communication protocols.  

A basic CAM is only 326 bytes long, whereof 222 bytes are security-related, 6 bytes are 
the header and only 32 bytes contain the payload, i.e. the actual status data as position 
data received from a GNSS, the object type (passenger car, motorcyclist, heavy truck, 
pedestrian etc.) and information like speed, heading, curvature and driving direction. 
CAMs with a larger payload are available to include more details about the vehicle 
(size, indicator status etc.) and a path history, i.e. the history of recent position points. 
This longer CAM has a total packet length of around 400 bytes and is sent less 
frequently. The basic CAM is sent with an update rate of 1-10 Hz, while the less 
frequently sent extended CAM has an update rate of 1-2 Hz. As the actual CAM content 
needed by the application in the simulated use cases of the appended papers in this 
thesis is not specified in detail, a CAM size of 400 byte is assumed.  

A DENM is generated as soon as an event is detected and distributed while the event is 
ongoing. The DENM in broadcasted by every receiving node within a certain 
area/group of interest. The report rate, as well as the method to stop the dissemination 
process, is application-dependent. The dissemination seizes either after the hazardous 
event has passed (which could be indicated by a node sending a specific DENM-stop 
message) or after a certain time has elapsed or number of DENMs have been sent. A 
DENM is repeated at a rate of 1-20 Hz.  

The IEEE 802.11p random access MAC protocol does not cope well with large packet 
volumes [15] [16]. Thus, the channel busy time (the percentage of time the channel is 
perceived as busy by a node and not available for channel access) is recommended to be 
kept under 15% on the control channel [17]. There are several congestion control 
strategies defined by the standard to reduce the load of periodic data traffic on the 
channel. Reducing the transmit power of each node decreases the number of packets 
competing for the same resources within a vehicle’s transmission range. The same can 
be achieved by a reduction of the number of packets sent out by a node by adapting the 
update rate of the periodic data. A data rate of 6 Mbit/s is assumed in the simulations of 
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this thesis. Doubling this rate means cutting the transmission time of a packet in half 
and a decreased channel occupancy. Congestion control is governed by the management 
layer of the ETSI ITS protocol stack.  

As broadcast is the preferred communication mode in vehicular ad hoc networks, no 
acknowledgements are sent back from individual receivers to inform a sender of the 
success of a transmission. This lack of feedback makes e.g. the dissemination of vital 
information within a group of vehicles, e.g. a platoon of trucks, a challenging task as it 
is not obvious when all members of the targeted group have successfully received the 
data and the dissemination process may stop.   

 

2.2 Medium Access Control in IEEE 802.11p 
 
A MAC protocol is a set of rules that determines which node gets to access the common 
medium (in our case, the dedicated frequency band), when to access it and for how long. 
MAC protocols can ensure a fair access to the medium or deliberately prioritize certain 
data traffic classes, e.g. safety-critical over best-effort packets. The two main types of 
MAC methods, contention-based and collision-free MAC protocols, are presented in 
this chapter, along with a more detailed introduction to the IEEE 802.11p MAC 
protocol and its shortcomings. 

 

2.2.1 Contention-based MAC protocols 
 
A contention-based MAC protocol is based upon a certain amount of randomness. A 
well-known example is Carrier Sense Multiple Access (CSMA) and in its simplest 
form, CSMA grants access to the medium to the node that starts sending first, while 
other nodes have to wait until the medium is available again. By listening to the 
medium, a node can determine if the medium is free or occupied and hence act 
accordingly [18]. The MAC layer of IEEE 802.11p uses CSMA/CA (CSMA with 
Collision Avoidance) [6], where a node only attempts to transmit if the channel remains 
free during a certain waiting time (Inter Frame Spacing, IFS). If the channel becomes 
busy during the IFS or is busy to begin with, the node randomizes a backoff time (based 
on discrete values limited by a so-called contention window, CW) that is counted down 
only during time periods when the channel is sensed free. When the backoff value 
reaches zero, the node transmits directly without any further delay. Despite those 
measures, no upper bound to the time a node has to wait for channel access can be 
provided. In other words, packets that end up in backoff mode will remain there if the 
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backoff timer cannot be counted down due to a continuously occupied channel. This 
packet will be dropped when its deadline expires. This drawback makes the category of 
contention-based MAC methods rather unsuitable for highly delay-sensitive real-time 
data traffic that must be delivered to its destination before a given deadline in order to 
be of use for its target application, as is the case in cooperative driving applications [15] 
[16] [19].  

 

2.2.2 Collision-free MAC protocols 
 
There are several mechanisms to avoid packet collisions entirely. Examples are 
Frequency Division Multiple Access (FDMA) or Time Division Multiple Access 
(TDMA), where each node (or data traffic class) gets its own frequency or time slot 
where its data can be sent without competition [18]. Collision-free MAC protocols are 
considered deterministic as data collisions do not occur and a worst-case delay from 
packet generation to channel access can be calculated. On the down side, collision-free 
MAC methods often require central coordination. In TDMA for example, each node 
needs to be informed about the beginning and duration and/or periodicity of the time 
slot that is dedicated for it. For a fixed schedule, this may be done only once in the 
beginning or even at design stage, while adaptability to changing network conditions 
requires a variable schedule that needs to be communicated to the nodes. 

 

2.2.3 IEEE 802.11p MAC 
 
Enhancements of CSMA found in e.g. IEEE 802.11e [5] introduce different priority 
levels for Quality of Service (QoS) support and were later adapted for the use in 
vehicular networks in IEEE 802.11p. The length of the IFS, here called Arbitrary IFS 
(AIFS), as well as the minimum and maximum setting of the CW, is defined for each 
priority class. Both AIFS length and CW sizes for the four priority classes are given in 
Table 1. Both parameters are based on a so-called slot time, a defined time unit that is 
set to 13 µs. Table 1 provides the AIFS times in µs, and the CW size in number of 
discrete values that the backoff time is randomly chosen from. This chosen value is then 
multiplied with the slot time to get the actual backoff duration. A longer AIFS makes 
low priority packets wait longer for access to the channel, giving high priority packets a 
chance to “sneak in” and start their transmission. The increased CW of the low priority 
classes increases the probability of longer backoff times. A disadvantage of a decreased 
number of available discrete backoff values for high priority data is that, in case several 
nodes are forced into backoff at the same time, it is more likely that more than one 
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choose the same backoff value, leading to undetected simultaneous channel access 
attempts with packet collisions as a direct consequence. 

It should be mentioned that minimum and maximum CW values are defined for service 
differentiation in IEEE 802.11e, where the contention window is increased every time a 
packet collision occurs until the maximum value is reached. Since messages in 
VANETs are broadcasted, no acknowledgements are used and thereby no collision 
detection is possible. Therefore, the contention window is never extended as in 
traditional IEEE 802.11 and a maximum of one backoff procedure is invoked.  

 

In most versions of IEEE 802.11, even a collision-free phase is possible. Due to reasons 
of complexity, this phase does not exist in the proposed IEEE 802.11p standard for ITS 
applications [6]. The collision-free phase needs centralized support from a 
“coordinator” (e.g. an RSU or a dedicated vehicle) that has knowledge about all 
communicating nodes and their communication requirements and that takes 
responsibility for scheduling the traffic and providing the mobile nodes with 
information about their individual time slot. During the collision-free phase, a node can 
thereby be assigned the exclusive right to use the channel without competition for a 
specified amount of time. As no collisions occur, this access method is deterministic 
and therefore suitable for the delay-sensitive real-time data traffic needed in many ITS 
safety applications.  

 

 

 

 

 

 

 

Table 1: AIFS and contention window values in IEEE 802.11p 

Priority class TAIFS  (µs) CW value 
Prio 1 58 3 
Prio 2 71 7 
Prio 3 110 15 
Prio 4 149 15 
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3 Cooperative driving scenarios 
 

A central aspect of this thesis is the performance comparison of standard-compliant 
MAC schemes and parameter settings and various proposed enhancements in terms of 
throughput and communication delay. These metrics only gain meaning if they can be 
put in relation to the prerequisites and requirements of a specific application scenario 
and its targeted road traffic setting. Three different cooperative ITS safety applications 
were chosen as backdrop for the performance evaluations throughout this work.  

 

3.1 Merge assistance at highway entrances 
 
For cost reasons, initially, a seamless coverage of the highway network with access 
points cannot be expected. Therefore, V2I-based data exchange is concentrated to hot 
spots like accident-prone intersections or highway entrances that are covered by a RSU. 
Merging into the flow of heavy traffic at a highway entrance is a common source of 
traffic accidents. The merge assistance scenario is based on V2I communication 
involving a RSU placed close to a highway ramp, supporting both entering and passing 
vehicles with heterogeneous communication services covering a variety of QoS 
requirements, Figure 6. The following types of messages are assumed to coexist in the 
network: 

• Periodic status updates – Status information containing a vehicle’s current 
position, speed, length and intention (e.g. indicator status) is broadcasted 
periodically by every vehicle. When received by a RSU, these status updates 
constitute the basic building blocks of the merge assistance application and are 
therefore considered safety-critical and deadline dependent. In Paper A these 
periodic, CAM-like status updates are referred to as “merge heartbeats”. 

• Merge recommendations – Based on the incoming status data of passing 
vehicles, the RSU computes and broadcasts merge recommendations that are in 
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their turn incorporated in the merge assistance application on the vehicle side 
and presented as appropriate warning or suggested actions to the driver. Even 
here deadlines have to be met and merge recommendations are considered a 
safety-critical message type. 

• Road information updates - Information about, e.g., traffic conditions, accidents 
or roadwork sites as well as weather and road condition data need to be sent to 
passing vehicles. The update frequency for this type of messages is lower but 
must be high enough to ensure that each vehicle, even at high speed, receives at 
least one copy before it leaves the transmission range. Therefore, even this 
traffic class is considered safety-critical. 

• Best-effort data traffic - This category comprises all kinds of ad hoc V2V 
communication that takes place without the knowledge and involvement of the 
RSU. It also includes RSU-based services like, e.g., digital map updates, 
advertisements or short downloads. Multimedia data for e.g. entertainment 
applications are not considered as these need more or less seamless RSU-
coverage.  

 

In the light of recent developments in standardization [13] [14], the assumption of Paper 
A, that all the above mentioned QoS classes share one channel per driving direction, is 
outdated today. Status updates would share a common dedicated control channel with 
other safety data while merge recommendations, road information updates and best-
effort traffic would reside on a service channel. Nevertheless, the merge assistance 
scenario still provides a realistic mix of priority classes to make the results presented in 
Paper A both interesting and relevant and the evaluated solutions for deterministic 
channel access, position-based prioritization of vehicles in the channel access process, 
fast connection setup with an RSU and proactive handover between RSUs still apply. 
Hence, the merge assistance use case constitutes a scenario representative of a category 
of applications where a centralized MAC approach is feasible and it is desirable to 

Figure 6: Information exchange in the RSU-based merge assistance scenario 
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provide deterministic channel access to safety-critical data traffic classes while 
supporting best-effort traffic whenever necessary resources can be made available.  

 

3.2 Overtaking warning on rural roads 
 
According to statistics from the Swedish Road Administration [20], more than 50% of 
the fatal accidents happening on Swedish roads each year are classified as head-on 
collisions, often in connection with overtaking maneuvers. Furthermore, the statistics 
show that rural roads with relatively high speed limits and no physical separation 
between the driving directions are the most common sites of fatal crashes. Trucks or 
caravans queuing up traffic on single-lane rural roads are a common sight. Often on-
coming traffic is detected too late to prevent dangerous overtaking maneuvers. This is a 
scenario where an IEEE 802.11p-based cooperative overtaking assistance application 
offers great potential to issue early warnings to drivers, prevent severe accidents and 
potentially save lives.  

Each vehicle periodically sends out beacons (defined as CAMs by the standard [13]) to 
inform its neighbors about e.g. its position, speed and heading. These beacons can be 
used by a vehicle to detect new nodes in its vicinity, e.g. on-coming traffic that might 
still be hidden to the driver by a crest, a curve with dense vegetation or simply by a 
large vehicle in front. As soon as a vehicle has detected on-coming traffic - most likely 
it is the vehicle leading the queue as it has the best communication path with the on-
coming traffic - a specific overtaking warning message will be broadcasted to all 
vehicles within its transmission range. Figure 7 illustrates the two steps of node 
detection and warning dissemination. The detection of an on-coming vehicle can be 
considered an unforeseen and hazardous event of limited duration. Overtaking warning 
messages are therefore a perfect match for the event-triggered DENMs defined by the 
standard [14].  
An overtaking warning, issued locally to the driver of the vehicle or broadcasted as a 
DENM, can only be viewed as successful if it leaves him/her with enough time to react 
properly. For sudden and unexpected warnings a driver reaction time of 2 s is realistic. 
No time for breaking needs to be added to that number as the warning should only 
prevent the driver from starting an overtaking maneuver or, in case he/she has already 
started it, to aboard the maneuver – not to bring the vehicle to a standstill. Once the on-
coming traffic is detected, this information has to be spread to other vehicles in the 
vicinity and warnings to the corresponding drivers have to be issued. Based on these 
timing requirements, paper C investigated the effect of send rate adaptation and 
prioritized channel access for the leading vehicle of a line of cars on the overtaking 
warning application and its ability to warn drivers in time to prevent a crash.  
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3.3 Platooning 
 
Development towards fully autonomous driving is considered a strategic move for many 
vehicle manufacturers and platoons of trucks constitute a first step in that direction. As 
an area of ITS applications where the gain from inter-vehicle communication is 
particularly obvious, platooning has received much attention from research and media 
recently. A platoon of trucks driving at the same, mutually agreed speed while keeping a 
minimum inter-vehicle distance will reduce fuel consumption [21], enhance transport 
efficiency and improve the safety of other adjacent road users. Consider a platoon of 
tightly spaced vehicles driving on a busy highway. A platooning application can be built 
on the same building blocks as other cooperative driving applications; periodic status 
updates, CAMs [13], stating a vehicle’s speed, position, acceleration, direction of 
movement etc. and event-based warning messages, DENMs [14], that are spread within 
the platoon either in the case of an unforeseen hazard or to distribute control data 
needed to change or maintain the platoon topology. An inter-vehicle gap of 5 m or less 
offers considerable benefits in fuel consumption. At a speed of 90 km/h, this gap can be 
expressed in time as < 200 ms and illustrates the extremely tight timing requirements 
the distributed platooning control loop puts on V2V communication. In the light of 
these requirements, Paper D investigates how the send rates and priority levels offered 
by the IEEE 802.11p standard affect the access of CAMs and DENMs to the common 
control channel and the delay experienced in CAM broadcasts and DENM 
dissemination. 

Figure 7: The use of CAMs and DENMs in an overtaking warning application for 
sparsely-trafficked rural roads 

DENM-based overtaking warningCooperative awareness through CAM exchange
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Although platooning is characterized by a high level of automation, the leading vehicle 
itself is still controlled by a human. As illustrated in Figure 8, the platoon leader even 
plays a special role for the information exchange within the platoon. Many hazardous 
situations are probably detected by the platoon leader first and the rest of the platoon is 
informed by fast DENM dissemination backwards in the platoon. For long platoons, it 
cannot be presumed that all platoon members are within radio range of each other. The 
shadowing effect of vehicles blocking the LOS path between sender and receiver further 
decreases the probability for a successful packet reception. DENMs must therefore be 
relayed or re-broadcasted either periodically or upon reception until the entire platoon 
has received a warning. Furthermore, the platoon leader can be assumed to have a 
coordinating function in the maintenance and set-up of the platoon. From a 
communication protocol perspective, this deliberately maintained cluster of nodes offers 
a number of advantages. Even if vehicles leave and join the platoon occasionally, the 
high mobility and frequent topology changes that are usually inherent to vehicular 
networks and complicate protocol design do not apply. It is therefore possible to employ 
a centralized MAC protocol, where a control node (e.g. a node in the middle of the 
platoon for best platoon coverage) assigns exclusive channel access to individual nodes 
and guarantees that safety-critical data exchange will happen within the timing 
requirements stated by the application. This aspect is studied in paper E. 

 

 

 

  

Figure 8: CAM exchange and DENM dissemination to support platooning applications 
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4 Related works 
 

With the allocation of dedicated frequency bands for ITS-related communication in the 
late 1990s and the international standardization efforts that followed, research on 
vehicular networking has taken off about 10 years ago. Several survey papers have been 
written since then to summarize the state-of-art on communication technologies, 
architectures and protocols and their promises and limitations for vehicular networks, as 
well as the possible application scenarios they support [2] [22]. Surveys and overviews 
that are more tightly connected to standardization are [9], [23] and [10], where [9] and 
[23] focus on the development of the WAVE standard in the US, while [10] highlights 
the differences between and commonalities of the European and North American 
standardization within the area of vehicular ad-hoc networks. A detailed description of 
the ETSI defined use cases and how they fit into the European protocol stack is 
provided by [24]. 

Since the vehicular communication community started its research activity, all layers of 
the protocol stack have been investigated, either separately or as a cross layer approach. 
Physical layer considerations concern e.g. the characterization of the wireless channel in 
realistic vehicular environments. Related to the measurements performed in Paper B, 
channel measurements to assess parameters like Doppler spread or frequency shift in 
802.11p-based V2V communication equipment in the 5.9 GHz range have been 
conducted by Tan et al. [25]. Data from multiple locations were gathered but not 
presented and analyzed separately as the authors focused on a general understanding of 
the channel impairments on average. They conclude that the proposed standard is 
subject to potentially high error rates, especially for larger packets. In [26], the received 
power over a transmitter-receiver distance of 0 - 1000 m for 5.9 GHz V2V 
communication was studied in urban and rural field experiments. A rapid drop in 
received power at around 750 m corresponds to the findings of Paper B for an open road 
setting with constant LOS between the communicating vehicles. Real world 
measurements in a city environment were conducted by Mangel et al. [27] and confirm 
the finding from Paper B, that the non-LOS conditions of urban intersections have a 
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considerable effect on the packet reception probability but that the multiple paths added 
by reflection on buildings help to reach packet reception ratios of 50% at distances of 50 
m or less from the intersection. 

On the MAC layer, issues concerning the random nature of the chosen CSMA/CA 
MAC scheme for IEEE 802.11p have been identified early on [28]. High delays and a 
considerable decrease in throughput due to packet collisions were reported in [16]. Zhu 
and Roy [29] mention the lack of real-time support for the differentiated services 
expected in ITS applications, as well as the inability of CSMA to cope with hidden 
nodes in multi-hop scenarios. Furthermore, for V2I communications, due to very high 
mobility and the limited time a vehicle resides in the range of a RSU, the need to 
support bursty traffic with high data rate requirements is identified. Several alternatives 
to CSMA/CA were suggested to add support for the delay-sensitive data traffic classes 
that are certainly to be part of ITS safety applications. The performance of CSMA/CA 
was compared to self-organizing time division multiple access (STDMA) in a busy 
highway scenario in [15] and [30]. STDMA allows simultaneous transmissions but 
separate those in space by maximizing the distance between two simultaneously 
transmitting nodes. Another form of space division is exploited in space division 
multiple access (SDMA) [31], where the road network is divided into zones that 
correspond to communication channels the node switches to as it moves from zone to 
zone. Apart from issues connected to fine-grain positioning and practical issues as the 
implementation of a global partitioning scheme, SDMA, just as any MAC solution 
competing with CSMA, requires drastic changes to the standard. The advantage of the 
minor enhancements presented in this thesis is that changes related to standardization 
and hardware are not needed, or can be done in a non-intrusive way by e.g. adding a 
real-time layer on top of IEEE 802.11p, hiding those changes from the standardized 
MAC layer.   

The presence of an RSU opens up for centralized MAC solutions. Paper A makes use 
for that advantage by interleaving CSMA with a polling-based real-time MAC phase. 
Mak et al. [32] propose a similar V2I MAC solution with a polling-based phase for 
safety data exchange and a phase for non-safety services. However, since no 
schedulability analysis is done, no timing guarantees can be given. The real-time 
schedulability analysis that the collision-free phase of Paper A (and Paper E for the 
platooning applications) is built upon was first introduced in [33] and later refined in 
[34]. The adaptation to a communication context was first done by Hoang [35]. It has 
since been used in different delay-sensitive networks, e.g. IEEE 802.15.4-based 
industrial networks [36].  

Another aspect explored in Paper A is handover between RSUs. Solutions to reduce 
handover delays are mostly targeting the detection and search phases of the handover 
process. Most authors assume a regular WLAN with several APs operating on various 
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frequencies and a relatively slow mobility amongst the mobile nodes. In [37], 
Montavont et al. present the idea of periodic scanning, where a vehicle performs scans 
for possible new access points already while it is still connected with good channel 
quality to an access point. In order to eliminate the search phase and speed up the 
execution of a handover, Tseng et al. [38] propose a location-based solution where a 
mobile node, knowing its own position and direction of movement, gets information on 
nearby access points from a location server. Mobility patterns in vehicular networks are 
fairly predictable. In their paper [39], Paik and Choi take advantage of this fact and 
chose the next access point and the best time for handover based on a vehicle’s known 
mobility pattern. Their solution targets public transport vehicles like busses and trains, 
running on a known and tight schedule along a predefined path. Based on their mobility 
prediction-based WLAN enhancement, fast handover between hot spots is performed 
and passengers experience seamless connectivity. 

Context awareness has been a theme throughout this thesis. Context awareness is often 
used for congestion control, adapting e.g. the report rate of a data traffic class or the 
output power of the transmitter to control the amount of data that has to be handled by 
the MAC protocol. The focus of [40] lies on adapting the report rate based on vehicle 
speed and density and the position accuracy required by the application, but it does not, 
however, evaluate or propose methods to deal with application specific delay 
requirements. Another aspect is the adaptation of the data rate. 6 Mbit/s are commonly 
assumed for VANET transmissions. Jiang et al. [41] identify the optimal data rate for 
various vehicle safety communications use cases with varying channel load and 
establish that the default 6 Mbps actually is the best selection for various safety message 
sizes. Transmission power adaptations for improved VANET performance have been 
studied intensely. An interesting example is the joint adaptation of the report rate and 
the transmission power presented in Sepulcre et al. [42]. The effect of this joint 
adaptation strategy on the channel busy time in the context of a lane change warning 
application is studied. Rawat et al. [43] explore the combination of dynamically 
adapting the transmission power while the contention window size is adjusted to 
achieve service differentiation. In [44], Reinders et al. study the impact of the 
contention window sizes defined in IEEE 802.11p on the delay and inter-arrival time of 
periodically broadcasted status messages. Although time-critical ITS safety applications 
are the target, only the average CAM inter-arrival time is studied, while the worst-case 
inter-arrival time is used as performance metric in the appended papers of this thesis, 
producing more directly applicable results for a real-time application. Furthermore, the 
authors of [44] assume a channel with CAM traffic only and therefore do not investigate 
the effect that different combinations of priority settings for both periodic and event-
based traffic has on either of those message types. Kaul et al. [45] identified the age of 
periodic status updates in vehicular networks as an important performance metric and 
propose a rate control algorithm to improve its properties. 
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One contribution of Paper D is a dissemination strategy that reduces the overall amount 
of nodes, and thereby packets, involved in the dissemination process of DENMs within 
a platoon. In [46], Bür and Kihl compare several selective DENM broadcast algorithms 
for safety applications in VANETs, amongst others intelligent flooding that seizes after 
overhearing re-broadcasts, a strategy related to that proposed in Paper D. The authors 
measure the effect of those strategies on the DENM dissemination process, e.g. on the 
warning time of the last reachable vehicle in a platoon, but do not consider their impact 
on other messages types like co-existing CAMs broadcasted within the platoon. 
Depending on the nature of the applications, the vehicle’s driving direction could be 
incorporated into the decision if it is a suitable relaying vehicle or not. Vehicles 
travelling in the opposite direction can play an important role in the fast dissemination 
of data from the site of the detected event to a group of interested recipients that are 
geographically situated far from that site [47].  

The idea of using multiple channels for differentiated services in a vehicular network 
has been discussed by several authors [48], [49]. These multi-channel proposals, 
however, aim at providing non-safety critical data over service channels, while the 
control channel is used for safety data exchange. The use of a service channel for the 
combined collision-free and contention-based MAC protocol of Paper E rather intents to 
make use of the freedom a service channel offers in terms of packet send rates and 
MAC design to support data traffic with particularly high timing and reliability 
requirements that are not properly supported by the control channel.   
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5 Summary of appended papers 
 

This chapter introduces the motivation, goals and results of each individual paper and 
their contribution to the overall objective of the thesis. 

 

5.1 Paper A 
 
The development of cooperative ITS applications is driven both by their potential to 
prevent accidents and the opportunity to provide non-safety related services to the 
drivers. The coexistence of highly heterogeneous services with a wide range of timing 
and reliability requirements sharing a common communication channel are the subject 
of the framework presented in Paper A. The exchange of delay-sensitive data in a merge 
assistance application (see Chapter 3 for details) supported by road side infrastructure at 
a highway entrance represents the type of high priority, safety-critical messages that 
share the available bandwidth with low priority best-effort data from comfort or 
efficiency applications (e.g. weather or map updates or service advertisements collected 
by a vehicle while it passes a RSU). 

Although cooperative traffic safety applications rely heavily on the support of real-time 
communication, the MAC mechanism proposed by the IEEE 802.11p standard does not 
offer deterministic real-time support, i.e., the access delay to the common radio channel 
is not upper bounded. To address this problem, Paper A presents a framework for a V2I 
communication solution extending IEEE 802.11p by introducing a collision-free MAC 
phase, centrally controlled by the RSU, assigning each vehicle an individual priority 
based on its geographical position, its proximity to potential hazards and the overall 
road traffic density. This solution is able to guarantee the timely treatment of safety-
critical data, while minimizing the required length of this real-time MAC phase and 
freeing bandwidth for best-effort data traffic classes. Additionally, the position-based 
priorities ensure a decrease of the period and deadline of data packets to and from 
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vehicles close to a zone of hazard. Communication resources are thereby focused on 
areas where they are most needed and the response time of proactive safety applications 
(and thereby ultimately even the reaction time of the driver) to critical situations is 
improved. Real-time schedulability analysis is used to minimize the bandwidth reserved 
for safety-critical data traffic while still guaranteeing its timely delivery. The remaining 
bandwidth can be used for various best-effort services. The centralized real-time MAC 
concept is evaluated analytically and by simulation based on a realistic set of logical 
real-time channels from the V2I highway merge assistance scenario. The evaluation 
shows that the proposed framework is suitable for the bit rates supported by the 802.11p 
standard and the road traffic capacity expected from a 2 - 4 lane highway. The number 
of priority zones, their respective period and the threshold for reserved bandwidth for 
best-effort services can be fine-tuned to fit the conditions of the individual road. 
Thereby, the proposed MAC solution provides the flexibility to e.g. adjust the number 
of supported vehicles, the reactiveness of certain ITS safety applications or the amount 
of possible best-effort data traffic in the network. 

Furthermore, a fast connection setup is targeted, associating a passing vehicle to an 
RSU, as well as proactive handover between widely spaced RSUs. Safety critical 
services require a deterministic and fast mechanism to associate a vehicle to an RSU 
and integrate the vehicle into the centralized polling schedule. Paper A proposes and 
analyzes a random access-based connection setup mechanism during the contention-
based phase of an 802.11p superframe. As packet collisions are possible, this 
mechanism itself does not offer a guaranteed delay bound for connection setup and we 
therefore suggest further improvements by proactively forwarding information about 
approaching vehicles to the next RSU along the road. Thus, vehicles are already part of 
the communication schedule even before they enter the next RSU’s transmission range, 
thereby providing an upper bound on the connection setup (or handover) delay. An 
analysis of this proactive handover mechanism is provided, showing that, even for 
dense road traffic, the bandwidth requirements to support the proactive handover 
solution do not compromise the proposed system design for infrastructure-based ITS 
safety applications. 

 

5.2 Paper B 
 
Cooperative driving applications aimed to improve safety on our roads put high 
demands on the underlying wireless communication system. To gain better 
understanding of the limitations of the 5.9 GHz frequency band and the set of 
communication protocols for medium range V2V communication proposed in the IEEE 
802.11p protocol suite, a set of field trials with IEEE 802.11p enabled prototypes has 
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been conducted. The test bed, measurement setup and data collection methods are 
described and the actual measurement results are presented and evaluated in Paper B. At 
the point of time when the measurements were conducted, only very few performance 
studies of the IEEE 802.11p physical and MAC layer protocols over the dedicated 5.9 
GHz frequency band were available. The findings from these measurement campaigns 
thus served as important input to design and simulation in several ITS related projects, 
e.g. the CSMA/CA simulator that the simulation evaluations in Papers C, D and E are 
based upon. (In this paper we use the term CALM M5 to refer to the substandard of the 
ISO-approved CALM framework for packet-switched communication in mobile 
environments that is based on IEEE 802.11p.)  

The paper describes five different real vehicle traffic scenarios covering both urban and 
rural settings at varying vehicle speeds and under varying LOS conditions and discusses 
the connectivity (measured as packet reception ratio) that could be achieved between the 
two test vehicles. A rather problematic LOS sensitivity could be observed, where 
connectivity is almost immediately lost with the loss of LOS. This strongly influences 
the performance of V2V-based applications and limits the range of safety applications 
that can be built around IEEE 802.11p technology. In urban scenarios, the connectivity 
between two vehicles approaching an intersection was studied. Related to the overtaking 
warning application presented in Paper C, several sites relevant to this scenario were 
chosen and it could be concluded that crests or even curves where vegetation obstructs 
the LOS path considerably decrease the packet reception ratio. The connectivity of 
vehicles meeting at high speed on a highway was another studied scenario. The 
shadowing effect of intermediate vehicles situated between sender and receiver in a 
queue of cars were only studied as a side track and the results were not included in the 
paper, but still provided input to the simulations of the platooning scenarios in Papers D 
and E.  

Paper B further discusses how the awareness of these context-based connectivity 
problems can be used to improve the design of possible future cooperative ITS safety 
applications. Despite the need for LOS, the potential of cooperative safety applications 
is still huge. Limited LOS by e.g. vegetation or other vehicles between transmitting and 
receiving vehicle still offers reasonable connectivity where a driver might not be able to 
assess the traffic situation correctly. Applications that help avoid dangerous and 
uneducated overtaking maneuvers or increase a driver’s awareness horizon in severe 
weather (such as fog, snow or sand storms) have the potential to save many lives. The 
use of infrastructure to mitigate non-LOS link failures is yet another way of addressing 
the situations observed in our measurements. 
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5.3 Paper C 
 
Statistics confirm that cooperative traffic safety applications like overtaking assistance 
have the potential to save lives by increasing the driver’s awareness horizon beyond 
what he/she can visually assess. From a communication perspective, this is done in two 
steps: 1) The exchange of periodic beacons (CAMs) broadcasted by a vehicle at any 
time to make other traffic participants (in particular vehicles in the opposite driving 
direction) aware of its presence and 2) the dissemination of warning messages 
(DENMs) to concerned vehicles in case on-coming traffic is detected. Paper C is mostly 
concerned with step 1, i.e. the fast vehicle detection through CAM exchange. At the 
point of writing Paper C, ETSI defined a periodic report rate of 2 Hz for CAMs in 
Europe. (This number has since then been revised to a suggested range of 2-10 Hz. 
Furthermore, a more on-demand approach to CAM broadcasts has been introduced into 
the European standard, moving away from strictly periodic transmissions. Paper C, 
however, is based on the assumption of a 2 Hz send rate limitation imposed by the ETSI 
standard.) Although a high report rate is the key to early hazard detection, the 2 Hz rate 
has been chosen to avoid congestion in settings where the vehicle density is high, e.g., 
on major highways and in urban scenarios. However, on rural roads with a limited 
number of communicating vehicles, a report rate of 2 Hz leads to an unnecessary delay 
in cooperative awareness. By adapting the CAM report rate depending on the specific 
application and road traffic density, and by making use of the priority levels provided 
by the 802.11p quality of service mechanism, the simulation study presented in Paper C 
shows that hazards can be detected earlier and the available bandwidth is used more 
efficiently, while not overexploiting the network resources. This reduction in response 
time provides drivers with valuable extra seconds to react to safety warning and avert 
potential accidents on rural roads by aborting an overtaking attempt in time.  

Another contribution of this paper is the initial implementation of a CSMA simulator 
that was later refined and extended for the simulation of the centralized and 
decentralized MAC protocol comparisons conducted for the platooning scenario in 
Papers D and E. Furthermore, a simple channel model for the simulator was derived 
from the measurement data from Paper B. Evaluation metrics for measuring were 
defined for the time between the first successful packet reception and the potential crash 
or the distance at which the two driving directions actually become aware of each other 
through CAM exchange. 
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5.4 Paper D 
 
An application of particular interest to the research community as well as vehicle 
manufacturers right now is platooning. Due to fuel saving and transport efficiency 
aspects, platoons of trucks are often the focus of these studies. As commercial vehicles, 
trucks are expected to be amongst the first to be equipped with the wireless 
communication technology platooning applications will be built upon. While the 
leading vehicle is still operated by a driver, the following platoon members follow the 
platoon leader in a fully automated fashion, i.e. a proper speed is maintained to keep the 
small but fuel-efficient distance to the vehicle in front and the actions to adapt to sudden 
changes or avoid hazardous situations are taken by the system without driver 
involvement. This, however, puts high demands on timeliness and reliability of the 
underlying data exchange between platoon members that constitutes the input to the 
distributed control loop maintaining safe operation of the platoon. As in the above 
mentioned overtaking warning scenario of Paper C, two standard compliant message 
types are present: periodic status updates of the CAM type and event-based warning 
messages, DENMs. The European profile of IEEE 802.11p for inter-vehicle 
communications uses a single 10 MHz control channel dedicated to safety-critical data 
exchange. This channel is shared by all CAM and DENM traffic, platoon related and 
non-platoon related. Due to this potentially heavy competition for communication 
resources, coupled with the random access delay inherent to the 802.11p medium access 
method, the strict timing and reliability requirements of platoon applications are not 
easily met. 

The main focus of Paper D is the performance study of co-existing CAMs and DENMs 
on the common control channel. The concurrent requirements on high reliability and 
timely treatment of safety-critical data make existing performance metrics as throughput 
inapplicable. Two new metrics are therefore introduced: 1) The DENM dissemination 
delay, i.e. the delay from the generation of the first DENM by e.g. platoon leader 
(triggered by an unforeseen hazardous event or the need to distribute information related 
to platoon maintenance) until every platoon member has received the information about 
this particular event, i.e. until the point in time when the DENM dissemination process 
is concluded. 2) The CAM up-to-dateness, that can be viewed as the packet inter-arrival 
time, i.e., the time elapsed between when a particular receiver gets a CAM from a 
particular sender, to when it gets the next one from the same sender. These two metrics 
are used in a simulation study to answer the question how different IEEE standard 
compliant parameter settings influence the performance of a platooning application as a 
whole. These parameters are the send rate and dissemination strategy chosen for 
DENMs and the choice of priority level for the two message types. 
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Key to a successful co-existence of periodic status messages and event-triggered 
warnings on a common channel is to not overload the medium with unnecessary data 
traffic. An increased DENM send rate does not necessarily lead to a faster DENM 
dissemination and platoon warning time. Simulation results show that the bursts of 
DENM traffic following an event-detection can in fact impair the successful channel 
access of both CAMs and DENMs due to an overloaded channel. To keep the number 
of DENMs involved in the warning process to a reasonable number we proposed a 
dissemination strategy that showed significant improvements in terms of CAM inter-
arrival time while still maintaining platoon warning delays of 10 ms or below 
throughout the simulation. Another interesting result concerns the choice of standard 
defined priority levels stating e.g. the CSMA/CA backoff values available to the traffic 
class. Both the DENM dissemination and the CAM up-to-dateness were influenced 
negatively by the choice of a common priority level for both message types. Overall, it 
can be concluded that the choice of priority class, send rate and dissemination strategy 
influences the performance of both CAM and DENM traffic in the simulated platooning 
scenario and that the results from Paper D provide valuable input to the parameter 
selection for time-critical applications relying on the co-existence of the CAM and 
DENM traffic types on a common data channel, both for platooning applications in 
particular and other cooperative traffic safety applications in general. 

 

5.5 Paper E 
 
Paper E builds directly on the results from Paper D. The same platooning use case and 
argumentation concerning its high reliability and timing demands is used to compare 
two MAC solutions: 1) A decentralized IEEE 802.11p compliant scheme based on 
CSMA/CA random access to the dedicated control channel using the send rate and 
priority settings defined in the standard for CAMs and DENMs sharing the channel; and 
2) a centralized MAC scheme. This centralized solution uses an additional service 
channel and therefore requires an extra transceiver pair tuned to this so-called 
“platooning channel”. Part of the available bandwidth of the platooning channel is used 
by a centralized, collision-free MAC scheme for periodic data traffic, scheduling 
resources in advance and thereby guaranteeing channel access before a certain deadline. 
This collision-free phase fits the characteristics and requirements of periodic CAM 
broadcasts. Its duration is dynamically adapted once the number of CAM packets to be 
scheduled (or their periods or deadlines) changes, either due to vehicles joining or 
leaving the platoon or a change in the CAM send rate requested by the application. 
Those collision-free phases are interleaved with contention-based phases based on the 
decentralized random access CSMA/CA MAC method defined by the IEEE 802.11p 
standard. Event-triggered DENMs use this phase to access the channel. 
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The main contributions of Paper E are a 2-step protocol for the context aware choice of 
the duration of the two MAC phases and the simulation study comparing the 
decentralized, control channel-based, standard compliant solution to the proposed 
centralized scheme over the platooning channel. The performance metrics of DENM 
dissemination delay and CAM up-to-dateness introduced in Paper D are used for that 
purpose. Simulation results show that the decentralized standard compliant approach is 
unable to support the amount of periodic CAMs produced by longer platoons while the 
proposed platooning channel solution is able to successfully adapt the size of the 
collision-free phase to the required traffic requirements. For CAM send rates of 10 and 
25 Hz this was accomplished without increasing the worst-case DENM dissemination 
delay. At higher CAM send rates, however, the percentage of the bandwidth that has to 
be dedicated to scheduled CAM packets does not leave enough resources for a fast 
DENM dissemination, at least not for larger platoons. 
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6 Summary and conclusions 
 
Cooperative driving applications put high timing and reliability demands on the 
underlying communication protocols. Resources for exchange of safety-critical data are 
limited and it is therefore important to not overload the channel with unnecessary 
packets. Furthermore, the available resources should be assigned to nodes, applications 
or message types that hold the most valuable and urgent information right now. This 
thesis explores such aspects in the context of several application scenarios.  

The access to the shared channel is coordinated by a MAC protocol. In the light of the 
tight timing requirements of cooperative traffic safety applications, it is desirable to 
guarantee that a safety-critical packet is granted channel access before a certain 
deadline. Deterministic MAC protocols are, however, a challenge in highly mobile 
decentralized networks with unpredictable and time-varying channel qualities. A 
possibly large number of vehicles and a variety of heterogeneous services need to be 
supported. At the same time, interoperability and common standards are key to a 
worldwide implementation and acceptance of cooperative ITS safety applications. The 
possibility of unbounded delays occurring with the IEEE 802.11p MAC protocol have 
been pointed out as one of the standard’s major limitations. In this thesis, the focus is on 
various ways of enhancing the standard to mitigate these effects, rather than proposing 
changes to the standard.  

With an RSU as the central control node, a centralized MAC solution supporting 
heterogeneous services has been proposed. Safety-critical real-time data from a merge 
assistance use case shares the communication channel with best-effort data traffic. 
Depending on the timing demands of the data traffic class, channel access is either 
granted during a collision-free phase based on a schedule provided by the RSU and 
adapted to the number of communication nodes and their requirements; or during the 
contention-based phase employing the CSMA/CA random access protocol of IEEE 
802.11p. Simulation results show that, for a data rate of 6 Mbps, vehicle quantities of 
around 80 nodes (a realistic number for a busy 2- or 3-lane highway scenario) can be 
supported by the collision-free real-time MAC protocol while still leaving 20% of the 
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shared resources for best-effort data traffic. Geographical priority zones, increasing the 
send rate of vehicles close to a zone of hazard, while decreasing the send rate of 
vehicles further from that zone, leads to a more efficient use of the bandwidth. 
Simulation results show that the number of vehicles supported by the proposed MAC 
scheme thereby could be doubled.  

A centralized MAC concept has also been proposed for platooning applications and 
compared to the decentralized random access protocol of the unaltered IEEE 802.11p 
standard. Here, one dedicated vehicle in the platoon (typically the platoon leader) takes 
the role of the central coordinator, providing the remaining platoon members with a 
schedule for deterministic channel access. While the simulation of the standard IEEE 
802.11p MAC protocol shows considerably long inter-arrival times of periodic status 
updates (highly delay-sensitive information needed by the platoon’s distributed control 
loop to maintain safe but minimum inter-vehicle distances), sometimes up to two or 
more periods, they were bounded to one period by the proposed real-time MAC 
solution. At the same time, the effect on the dissemination delay of event-triggered 
warning messages within the platoon was studied and simulation results indicate that a 
combined collision-free and contention-based MAC scheme supports status update rates 
of 25 Hz without increasing the worst-case dissemination delay of event-triggered 
warning messages. The results are applicable also to long platoons consisting of up to 
20 vehicles. 

Further results presented in this thesis are the performance study of the unaltered IEEE 
802.11p MAC method with various, context-aware parameter settings. Several priority 
levels are available to influence the probability of successful channel access for certain 
data traffic types. Furthermore, the send rate can be adapted to the timing requirements 
of a certain traffic class, vehicle or application in the context of the current road traffic 
conditions or resource availability. Both approaches were evaluated for an overtaking 
warning application for sparsely-trafficked rural roads. Cooperative awareness based on 
the exchange of status messages enables the overtaking warning application to issue 
warnings about on-coming traffic to the driver. This is particularly important when 
conditions like fog or the presence of large vehicles make a visual detection impossible. 
Simulation results show that a bandwidth-efficient, context aware choice of send rate 
and priority parameters reduce the time to detect on-coming traffic by several seconds, 
providing more valuable time for the driver to react. Further examples of improved 
performance through context-awareness studied in this thesis are the position-based 
periodization of vehicles in the merge assistance use case and the general study of the 
effect of send rates and priority settings on the performance of periodic status updates 
and event-triggered warning messages in a platooning application. Results from the 
latter suggest that the choice of the same priority level for both messages types leads to 
additional channel access delays for both messages types. The results also provides 
insight into the challenge of increasing the send rate for faster application reaction, 
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while not overloading CSMA/CA with too many channel access attempts, with dropped 
packets and decreased performance as a consequence. 

To summarize, it can be concluded that IEEE 802.11p as is does not provide sufficient 
support for the specific timing and reliability requirements imposed by the exchange of 
safety-critical real-time data for cooperative driving applications. The high mobility 
inherent to vehicular networks combined with the characteristics of the dedicated 5.9 
GHz frequency band lead to potentially high packet drop rates, especially in non-LOS 
conditions. The decentralized topology of a VANET together with the random nature of 
IEEE 802.11p, unable to provide guaranteed channel access, also contributes negatively 
to that fact. While the proper choice of parameters, concerning send rate or priority 
level, within the limits of the standard, can lead to improved packet inter-arrival times 
and reduced end-to-end delays, the added benefits from integrating MAC solutions with 
real-time support into the standard are obvious and needs to be further investigated.  
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7 Future work 
 

Many important questions concerning active ITS safety applications lie outside the field 
of data communication. What is to be done with the large amount of data collected 
through inter-vehicle communication? How should it be presented to the driver in order 
to assist him/her in the best possible way without adding too much distraction? Is this 
information trustworthy enough to base life and death decisions upon it? And whose 
fault is it if it was not? Reliable data communication is one of many important issues on 
the path towards a future reduction of road accidents through cooperative driving 
applications. The efficient use of the common wireless medium and the timely treatment 
of access attempts to the shared resources are just two of many important aspects of 
reliable data communication for cooperative driving applications.  

Nevertheless, during the work on this thesis, several directions of future work were 
identified. Due to the broadcast nature of ITS safety applications, the standard does not 
provide acknowledgements that confirm the successful reception of a packet by an 
individual receiver. Support for reliable real-time communication by the means of a 
retransmission scheme on top of IEEE 802.11p has already been investigated [50] [51]. 
Results from this thesis, regarding the context-aware prioritization of traffic classes, can 
likely be successfully extended to message types as acknowledgements and 
retransmission of erroneous or lost data packets. The bandwidth-efficient dissemination 
of information within a restricted area or group of vehicles (e.g. a platoon) is another 
promising area that is worth exploring further, with the prioritization of certain nodes in 
the dissemination process as one possible area to study.  

This thesis covers both single-channel communication over the European ITS control 
channel and multi-channel communication involving both control and service channels. 
This is done by fixing individual transceivers to the different channels. A different 
approach is to combine multiple channels with a single transceiver, switching between 
the channels. Deterministic MAC protocols for this type of system would offer an 
interesting combination of cost-efficiency and real-time support. 
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To build further on the concept of context awareness, further investigations of the nature 
of the data provided by various in-vehicle sensors and the specific requirements from 
cooperative safety applications are needed. In order to be able to put the results from 
protocol enhancements into perspective, it is important to understand the impact 
positive results like the reduction of data dissemination delay or packet inter-arrival 
time has on the success of a specific application and if this particular track is worth 
continuing. Ultimately, the best performance measure for a cooperative driving 
application would be the number of avoided traffic accidents, but any indication on how 
much closer a specific strategy brings us, is of interest. The cooperative driving 
applications studied in this thesis assume different levels of driver involvement, with 
platooning being a clear step towards fully automated driving, an area considered of 
strategic importance by many vehicle manufacturers. Although the specific demands of 
such systems still have to be investigated in detail, it is obvious that the requirements on 
the timely and reliable exchange of delay-sensitive safety data will certainly not 
decrease and further research in this area is both motivated and necessary.   
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