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1 Introduction

The advanced driver assistance systems (ADAS) are one of the prime work
lines in the field of intelligent transportation systems (ITS). With the aim
of decreasing the number of deaths and injures caused by traffic fatalities,
ADAS developments try to automate the traffic perception and, in general,
the driving task. Collision avoidance support systems (CASS) can be consid-
ered nowadays one of the main researching lines in ADAS. These systems are
designed to detect oncoming collisions and warn the user with time enough
for making possible an evasive manoeuvre, or directly perform an automated
control action. The relevance of CASS solutions has grown to such point that
a great number of researchers take it as the reference service in the design of
communication architectures in the ITS field. Nowadays, several approxima-
tions study the CASS problem from different points of view. In autonomous
solutions, the subject vehicle is equipped with radars or vision sensors which
provide pose information about the rest of the vehicles in the traffic environ-
ment. Although these systems can potentially offer a complete vision of the
obstacles the vehicle can find on the road, they are restricted to the sensing
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capabilities, and generally are not cost efficient solutions. In distributed or
cooperative solutions, on the other hand, using wireless communications, ve-
hicles can share useful information to infer dangerous states. The concept of
cooperative driving appeared in early nineties (Varaiya, P., 1993) and, grad-
ually, more and more works started to be published. Depending on the level
of cooperation among vehicles, the object vehicle can track the surrounding
vehicles, in order to detect risk conditions, or directly receive or send a traffic
event when it is necessary. In the first case, a periodical transmission of state
messages to surrounding vehicles must be maintained; whereas in the second
only one message sent by an affected vehicle (or the one which detects the
problem) is sent and propagated over the network when it is necessary.

This paper is focused on a generic distributed CASS, and main requirements
for any level of cooperation among vehicles will be embraced. Some works in
the literature mention several technologies which has to be integrated in the
on-board unit (OBU) of a CASS. Our study is focused on the relevance of the
wireless network and the navigation subsystems, considered the main archi-
tectural elements of a distributed CASS. Too often, current proposals assume
ideal performances of these subsystems, but the reality is very far from this
assumption. In wireless communications, several transmission problems arise
in a real V2V mobility scenario and, as it is further explained, the obtained
performance is directly related with the technology used. Common network
simulations do not consider many external factors of real mobility scenar-
ios. The performance of the navigation subsystem in CASS solutions is even
more underestimated. Although there are many collision avoidance systems
that propose novel protocols for vehicle to vehicle communications (V2V), the
relevance that the positioning subsystem has in the system performance has
not sufficiently considered. Most of the approaches available in the literature
include the GPS position in the messages broadcasted by vehicles. However,
even though the messages can reach efficiently the destination, if the reported
position has been distorted by external factors at the source equipment, the
overall performance will be affected.

The rest of the paper will be focused on performance issues regarding the
wireless network and the positioning system, and its weight in a distributed
collision avoidance solution. Real tests have been carried out using on-board
prototypes, with the aim of emphasizing key performance factors. Main ob-
jectives of this paper are:

• to ascertain the requirements of CASS’s regarding its main two subsystems,
navigation and communication,

• to analyze current solutions in the literature and address main CASS feasi-
bility problems,

• to identify a feasible solution for communication and navigation units in the
case of study,
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• to analyst cellular network (CN) potential in vehicular communications and
its feasibility in a CASS,

• to determine sensors contribution to the navigation subsystem according to
the CASS needs,

• to validate the prototype results taking into account CASS requirements.

The paper is organized as follows: Section 2 analyzes existing works in col-
lision avoidance systems and performance evaluation. Section 3 treats the
different architectural elements of a CASS, and pays a special attention to
communication and navigation subsystems. Section 4 describes the on-board
unit designed for the tests, and analyzes the results obtained from real tests
carried out over several traffic environments. Finally, Section 5 concludes the
paper.

2 Related work

It has been stated that several technologies have been considered in the lit-
erature to deal with the requirements of a collision avoidance system. Radar
sensors are one of the most extended information sources for obstacle detec-
tion in autonomous collision avoidance systems. In (Shen, S. et al., 2006) a
radar-based tracking architecture enables the object vehicle to predict colli-
sions in highways. A similar system is described in (Jamson, A.H. et al., 2008),
where a study of the impact of such systems in drivers has been made, taking
into account realistic scenarios through a simulator. As this work states, the
usefulness of the forward collision warning system used is indisputable under
any environment, and independently of the driver profile. Vision-based sys-
tems are also applied over autonomous CASS (Toulminet, G. et al., 2006).
However visibility problems can degrade the performance of the system. In
order to deal with this problem, hybrid solutions based on both radar and
vision sensors have been developed (Amditis, A. et al., 2005).

Regarding distributed collision avoidance systems through wireless communi-
cations, many works can be found in the literature. In (Misener, J.A. et al.,
2005), for example, a cooperative CASS which uses 802.11b V2V communi-
cations is given. This work presents a complete prototype where the human-
machine interface (HMI) has been completely developed and tested in field
trials. Ueki, J. et al. (2005) proposes another CASS based on 802.11b, and
give different approaches to detect a crash, sharing state information. Au-
thors also include a study of 802.11 transmission problems in urban canyons,
which concerns the purposes of the current paper. In (Shladover, S.E., 2005)
and (ElBatt, T. et al., 2006) a dedicated short range communication (DSRC)
specification is used in collision avoidance systems. The latter evaluates the
network performance in terms of latency and probability of reception of pack-
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ets, according to several traffic conditions. The problem of routing an eventual
traffic incidence through the network, where the subject vehicle is not in charge
of inferring a potential collision, is evaluated in (Biswas, S. et al., 2006). Au-
thors demonstrate how the propagation delay of the multi-hop network affects
the CASS performance at some hundred meters of a collision, propoking new
crashes in a convoy of vehicles.

Some authors that describe some performance issues of both communication
and navigation subsystems in a CASS are (Ammoun, S. et al., 2006; Ueki, J. et
al., 2004), although a detailed study of these problems is not given. (Korkmaz,
G., Ekici, E., 2006) includes a deeper study about the impact of positioning
problems over a location-based V2V routing protocol. Sengupta, R. et al.
(2007) evaluate the navigation system used in a CASS, which consider, as
our proposal, an extended Kalman filter to integrate information from several
sensors. However this analysis is not directed to the CASS performance, and
communication issues are not teated in detail. In (Tan, H., Huang, J., 2006),
the performance of the positioning system is evaluated over the model used to
predict a collision, which estimates future trajectories of surrounding vehicles.
An extended Kalman filter is also used to improve the differential GPS navi-
gation system. The impact of communication issues in the CASS performance
is further considered by the authors in (Huang, J., Tan, H., 2007). Neverthe-
less, in these two works the communication network has been simulated, and
therefore the conclusions achieved are limited.

Our work, in contrast to the previous ones, is focused on the inherent perfor-
mance problems of both communication and navigation subsystems over real
scenarios. For that purpose, an intensive analysis of the current literature in
the field has been enriched with field trials using an on-board prototype. Dif-
ferent traffic environments have been chosen, obtaining further conclusions of
the performance results. Furthermore, novel ideas have been proposed to im-
prove the whole system performance. The communication system considered
is based on cellular and peer to peer networks, and, to the best of our knowl-
edge, there are no previous solutions similar to our design, although a recent
work supports the ideas presented in this paper (Rybicki, J. et al., 2007). The
navigation subsystem integrates information from several inertial sensors, in
order to guarantee localization in conditions of lack of GPS coverage. The
usefulness of position integrity for CASS applications is also explained, and
an innovative integrity calculation is presented.

3 System design

A distributed collision avoidance system enables the vehicle to dodge potential
crashes by means of communication technologies and on-board sensors. Since
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most of the traffic fatalities are caused by human errors, the support of a
collision warning system may decrease the number of injures in roads. To
achieve this, some general considerations related to CASS design must be
taken into account.

• The integration of a collision avoidance system must deal with the driver
acceptance (Jamson, A.H. et al., 2008). Distracting warnings and auto-
matic control actions (eg. brakes), when considered, should not interfere
with normal driving operation. A reasonable goal is to design a unobtrusive
system which prevents collisions or reduces the severity of the unavoidable
ones (Seiler, P. et al., 1998).

• The level of cooperation among vehicles. Since CASS solutions can detect
potential crashes by predicting future trajectories of vehicles (Huang, J.,
Tan, H., 2007), the exchange of positioning and kinematic information re-
sults crucial.

• A distributed CASS should be capable of propagating eventual incidences,
and not only rely on collision prediction. In such systems the effective prop-
agation of warning messages along the network is a key issue (Biswas, S. et
al., 2006).

Independently of the concrete system design, most of the CASS solutions have
in common an equivalent high-level architecture. Fig. 1 shows the general
block diagram of a generic CASS. Here, vehicles maintain a communication
channel with the traffic environment in order to warn the driver about dan-
gerous conditions. As can be seen, the architecture is composed of four main
elements. The communication module is in charge of connecting the system
with surrounding vehicles (and possibly the infrastructure). The navigation
module provides positioning and pose information of the subject vehicle, which
is shared with the rest of vehicles. By means of this data exchange, the sys-
tem logic is capable of detecting or processing a collision state, and warn
the driver through the human machine interface (HMI), or directly perform
a control action. Current work presents a cellular network-based alternative
to 802.11 solutions for the communication module. The navigation subsystem
designed is based on GPS but, as it is further explained, it is hybridized with
others sensors in order to assure a reliable operation under unfriendly envi-
ronments. Before explaining this on-board architecture, next sections give a
generic analysis of common performance issues of communication and naviga-
tion subsystems.

3.1 Communication subsystem

Vehicle communications are more and more integrated in road safety solutions.
However, up to now, only fleet management and tracking systems solutions can
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be found in the market. In last years the research community has been specially
interested in architectures which, very far from a simple CN connection with
a central station, use novel vehicle to vehicle and vehicle to infrastructure
(V2I) communications technologies to improve the traffic efficiency and safety.
Collision avoidance systems play an important role in such developments. They
use V2V communications to route messages among vehicles, usually through
vehicular ad-hoc networks (VANETs).

Regardless of the communication technology used, there are a set of quality
parameters that must be taken into account in a vehicular network archi-
tecture. The network throughput and, overall, the availability and the edge
to edge latency must be seriously attended in safety applications. In spite
of the most of the vehicular network solutions in the ITS world are VANET
and 802.11-based, our work, as it is further explained, is centered on a novel
platform based on cellular networks. Both VANET and CN technologies are
considered in the following subsections with the aim of analyzing the most
important factors in vehicular communication performance.

3.1.1 Communication technology

Among all communication technologies considered in the vehicle domain (Nolte,
T. et al., 2005), the most extended technology in V2V is 802.11 through
VANET solutions. In collision avoidance applications, where it is necessary
to receive a continuous information flow from close vehicles, the propagation
delay is a key issue (ElBatt, T. et al., 2006). Nevertheless, a low delay in near
vehicle to vehicle patterns does not imply a good performance when services
notify unsafe situations (a car crash, icy surface, etc.) along the network. This
way, not only one-hop traffic, but also multi-hop patterns must be considered
in the performance of VANET approaches (Yousefi, S. et al., 2007).

On the other hand, regarding CN, recent improvements in operators’ infras-
tructures (UMTS Forum, 2006) encourage us to consider CN not only in V2I,
but also in V2V communications. The Universal Mobile Telecommunications
System (UMTS) offer new capabilities which clearly improve classical GSM
networks. According to recent studies (Wewetzer, C. et al., 2007), the usually
obtained latencies of some hundreds of milliseconds in CN are too high to send
a critical notification to an adjacent vehicle. However, if we consider distances
from some hundred meters, current UMTS technology is able to give prop-
agation times even better than some multi-hop-based VANET approaches,
according to our tests.
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3.1.2 Network availability

Network availability is one of the main drawbacks of CN systems. In VANET
designs, a physical infrastructure is not necessary due to the inherent decen-
tralized design. Regarding CN, operators do not offer the same service over
the entire terrestrial surface. In urban environments, CN coverage is excellent,
due to the vast amount of base stations where the mobile terminal can con-
nect. In rural locations, however, CN deployment is poor, or even null in some
places. This way, a vehicle equipped with a VANET system always can emit
messages because the vehicle itself is part of the “infrastructure”, but in CN
approaches, the availability is a key issue.

In CN connections, it is also important to differentiate between two impor-
tant concepts regarding network availability: coverage and capacity. Coverage
can be understood as the possibility of the mobile terminal to use the net-
work, because in this exact location an operator has deployed the necessary
infrastructure. However, even under good coverage, the user can be rejected
to establish a call or a data connection if the capacity of the network has been
exceeded. Depending on several technological issues, such as modulation, fre-
quency allocation, time slot scheduling, etc., this effect has a different behavior.
This way, the number of users who are concurrently using the network also
restricts the CN availability.

3.1.3 Mobility effects

Apart from potential access to the network, some problems arise in both
VANET and CN technologies due to mobility effects. In (Wewetzer, C. et
al., 2007), experimental evaluations give real results of these effects. In 802.11
transmissions, the distance between sender and receiver is an important fac-
tor, the more the distance the smaller the probability of reception of packets.
In CN, handoffs between base stations are also important, due to potential
decrease of performance in the process. If the mobile terminal is moving at lo-
cations far away from the UMTS Node B without performing a handoff, poor
latency and throughput results can be obtained (Alexiou, A. et al., 2004).

Nevertheless, the distance between two physical edges in the communication is
not the only noticeable effect of mobility. Interference with other radio equip-
ments in the case of VANET should also be considered, due to the wide usage
of the 802.11 frequency spectrum (Wewetzer, C. et al., 2007). The presence of
the terminal at locations with bad orography features could also cause com-
munication problems in both VANET and CN systems. Other external factors,
like communication block due to the rest of vehicles or buildings are considered
in realistic mobility patters for VANET solutions (Naumov, V. et al., 2006).
More specifically, mobility patters with includes realistic urban considerations
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should pay attention to streets layouts, traffic behavior, independent vehicular
motion, average speed, etc., which affect the network performance (Mahajan,
A. et al., 2007; Ueki, J. et al., 2005).

3.1.4 Routing protocols

In VANET solutions, there are multitude of routing protocols in the litera-
ture. In collision avoidance systems, where tracking the surrounding vehicles is
important, the most usually considered strategy is the broadcast (ElBatt, T.
et al., 2006). However, when multi-hop transmission of critical information is
considered (Biswas, S. et al., 2006), the complexity of the routing layer grows.
At this point, two main types of routing protocols inherited from common ad-
hoc networks arise: proactive and reactive protocols. In proactive protocols the
multi-hop route is known in advance, due to periodical messages are exchanged
between nodes to maintain the network topology. Reactive protocols calculate
the route at the moment of requiring the network. It is clear that depending
on the protocol design and the network configuration, the performance will be
different. (Naumov, V. et al., 2006) includes an evaluation of the first packet
delay over several protocols and scenarios, which is an important metric in
multi-hop solutions. In (Biswas, S. et al., 2006), an interesting study about
the propagation of safety messages using a multi-hop VANET is considered
in terms of latency and reaction time of the driver. As this work shows, some
collisions could arise at vehicles located 200 m. behind the transmission source
and further on, due to transmission delays. Our CN-based system can solve
these problems, as it is shown in the tests.

In the CN case, the situation is much more established. There are a set of low
level routing protocols used at physical and MAC layers between the different
elements of the network infrastructure. Several works study the impact of
TCP/IP protocols over CN (Landman, J., Kritzinger, P., 2005; Alexiou, A. et
al., 2004), and emphasize the problems of TCP over a the non-wired transport
channel in situations where coverage is not good.

3.1.5 Penetration rate

The problem of penetration rate is well-known in VANET solutions. These
require the presence of enough equipped vehicles to route messages across the
network (Wisitpongphan, N. et al., 2007). Although a low penetration rate
is obviously a problem in safety of life applications, such as collision avoid-
ance, an excess of equipped vehicles also arises transmission difficulties. Due
to the wireless network has a maximum theoretical capacity (Gupta, P., Ku-
mar, P.R., 2000), when traffic density substantially increases, communication
performance degrades (Naumov, V. et al., 2006). In CN, situations of dense
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traffic also present a problem. In these cases, a poor performance can be ob-
tained when the time slot scheduler need to serve so much users (Landman,
J., Kritzinger, P., 2005).

Solutions to penetration rate problems in VANET can be found in a better
usage of network resources at the routing layer (Naumov, V. et al., 2006). At
the physical level, decreasing interference levels can also alleviate the problem
(Torrent-Moreno, M. et al., 2006), with the aim of decreasing packet collision
rates.

3.1.6 Vehicle speed

Vehicle speed has a direct effect in topology change frequency (Wisitpongphan,
N. et al., 2007). Although the fragmentation problem is a direct consequence
of vehicle speed, high mobility rates in highway can be used to forward packets
in the opposite direction, to reduce propagation time and fragmentation at the
same time (Agarwal, A. et al., 2007).

The speed is also a noticeable issue in cellular networks (Litjens, R., 2002). At
the physical level, effects such as Doppler shift, Rayleigh fading and multipath
propagation limit the maximum bit rate allowable in CN at high speed. At link
level, handoff issues must be considered. When a mobile terminal roams from
one coverage cell to another, a handoff process is carried out. This process
is mainly performed attending to the signal strength with the base station.
Several types of handoff exist, although they can be summarized in soft and
hard handoffs. Soft handoffs do not imply any significant change in the quality
of service offered, but in hard handoffs data losses can even appear. Because
the handoff process takes time (depending on the type), vehicles at high speed
could have problems in places where the base station density is too high. For
this reason, a high rate of base stations at highways is favorable, apart from
the obvious reduction in deployment costs.

3.2 Navigation subsystem

Car navigation systems currently available in the market usually employ a
single GPS receiver and digital cartography for map matching purposes. This
simple combination brings many possibilities at a low cost, although some
problems arise when high performance is demanded. To mitigate these prob-
lems, different sensors can be included in the on-board equipment (OBE)
of the vehicle, such as GLONASS (Global Navigation Satellite System) and
SBAS (Satellite Based Augmentation System) capable receivers, INS (Inertial
Navigation Systems), and odometry captors. To integrate different sensors in
a unique navigation unit, many options are available in the literature based
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on extended Kalman filters (Carlson, R., et al., 2002; Toledo-Moreo, R., et al.,
2006), neural networks (Wang, J., et al., 2005), particle filters (Yang, N., et
al., 2005; Gustafsson, F., et al., 2002) or sigma point filters (Shin, E., et al.,
2007; Merwe, R., et al., 2004).

The performance of a navigation system dedicated to collision avoidance pur-
poses must be much higher than those oriented to travel guidance and ori-
entation (Toledo-Moreo, R. et al., 2007). Four parameters must be attended:
accuracy, coverage, continuity and integrity. These four features and the ef-
fects of using aiding sensors to improve the system response are discussed
next. From this analysis, it can be concluded that the inclusion of sensors
with different features in the navigation unit may be the key to achieve high
levels of performance in every aspect.

3.2.1 Accuracy

The accuracy of a navigation system can be defined as the degree of precision
of its pose estimates as compared to actual values. For collision avoidance ap-
plications based on information exchange among vehicles, this feature becomes
crucial, since the system relies on the knowledge of the position, orientation,
velocity, etc. of the ego-vehicle and the rest involved in the scene. Solutions
based on the estimation of TTC (Time To Collision) and TTR (Time To Re-
act), such as (Hillenbrand, J. et al., 2006; Ammoun, S. et al., 2006), must take
into account the estimated values of accuracy in the vehicle pose.

Commonly used single GPS receivers supply position with an accuracy of 6–
10 m. within the 95% of the fixes (assuming Gaussian distributions). Some of
these receivers provide a number of accuracy parameters based on the geome-
try of the satellite signals used for the solution, such as the GDOP (Geometry
Dilution Of Precision) measurements. The HDOP (Horizontal Dilution Of
Precision) is specially considered in road applications, due to the relevance of
the horizontal plane. Errors in the pseudorange values are not considered, and
therefore the GDOP parameters only represent a part of the actual value of the
accuracy error. These errors can be classified into two groups: common mode
and non-common mode errors (Grewal, M.S. et al., 2001). Common mode er-
rors are ionospheric, tropospheric, clock, and ephemeris errors. Non-common
mode errors are caused by multipath effects and the noise in the receiver.
While the latter depends on the very concrete position of the receiver and
its local environment, common mode errors can be estimated and corrected
based on the error calculations obtained in reference stations, if we assume
that their value remain similar within a certain area. This is usually called
differential GPS or DGPS, and is the basis of the SBAS. The European Geo-
stationary Navigation Overlay System (EGNOS) provides corrections to those
receivers capable to understand its messages, through geostationary satellites,
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what improves the horizontal position accuracy till 1–2 m. for the 95% of the
fixes (Lucas, R., 2005).

The influence of the Russian GLONASS in the accuracy of the navigation
has not been found significant in most of the studies of the current literature,
although different experts provide different results depending on the test area
(Toledo, R., 2005; Bruyninx, C., 2006; Kuzin, S., et al., 2006; Zinoviev, A.,
2007). This is probably due to the a priori more dedication of GLONASS to
higher latitudes. On the other hand, although the use of dual frequency GPS
receivers improve the position accuracy until ranges of 0.1–0.5 m (Hein, G.W.,
2000), prices are still not competitive for cars.

Finally, according to the literature, inertial and odometry sensors appropriate
for car navigation (low cost MEM based units) cannot improve the accuracy
of GNSS sensors when these are operational. Its accuracy in situations with-
out GNSS coverage decreases as time goes by, due to the integration process
required to obtain position from the acceleration measurements, and can be
characterized.

3.2.2 Coverage

The data coming from four satellites (at least) are necessary to compute a
GPS position, although collision avoidance support applications for cars usu-
ally focus exclusively on horizontal movements, what simplifies the position
calculation. The appearance of obstacles such as trees, buildings, tunnels or
near trucks may impede the direct view of satellites, provoking a total loss of
GPS position or its significant degradation.

The addition of GLONASS may increase the number of satellites locked by the
receiver, specially at higher latitudes (Titterton, D. H., Weston, J.L., 2004),
since GPS receivers work better at mid latitudes. However, in places with
very poor satellite visibility, such as tunnels, a solution exclusively based on
GNSS cannot guarantee total coverage (Toledo, R., 2005). On the other hand,
inertial measurements, accelerations, and rates of turn in the body-frame of
the vehicle, do not depend on visibility conditions or any external reference,
being its coverage performance total.

3.2.3 Continuity

Continuity can be understood as the capability of the system to provide un-
interrupted pose estimates. Although in normal operation GPS service is un-
interrupted, providers do not guarantee this, and non-schedule constellation
failures can stop the system function.
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Extra sensors must be considered to supply continuity in the positioning sub-
system operation. The nature of the inertial sensors assures pose estimates,
only constrained by power or mechanical accidents during operation. More-
over, the usual working frequency for an inertial sensor is 100 Hz., at least
ten times higher than GPS receivers, making high dynamic motions also de-
tectable by the navigation unit.

3.2.4 Integrity

Integrity can be defined as the capability of the system to detect performance
anomalies and warn the user that the system should not be used. Currently,
two different approaches to provide integrity in GPS-based navigation sys-
tems are Receiver Autonomous Integrity Monitoring (RAIM) and the use of
SBAS. The RAIM technique, which is based on an over-determined solution
to evaluate its consistency, requires a minimum of five satellites to detect a
satellite anomaly and six or more to be able to reject it (Kaplan, E.D. , Ed.).
Unfortunately, this cannot be assumed in usual traffic situations, especially
in cities. The use of SBAS allows one to have integrity information through
the geostationary satellite. SBASs offer to their client equipments the pos-
sibility of calculating an indicative value of position integrity that considers
pseudorange errors, by means of the Horizontal Protection Level, or HPLSBAS.
These messages can be obtained in Europe via the geostationary satellite, by
using EGNOS, or via Internet, by means of Signal In Space through Internet
(SISNeT) (Toran-Marti, F., Ventura-Traveset, J., 2004). In (Santa, J. et al.,
2006), the HPLSBAS parameter is proven to be of high importance in liability
critical applications for road transport.

However, since integrity parameters based on GNSS are provided by means of
satellite signals, the same coverage and continuity issues previously described
can be applied now. Moreover, some of the assumptions done in the calculation
of the HPL values cannot be guaranteed in a road environment. The use of
an alternative integrity parameter, uninterrupted and with total coverage is
advisable for collision avoidance support purposes. In (Boysen, P.A., Zunker,
H., 2004), the HTL (horizontal trust level) value is presented as a confidence
estimator of the vehicle positioning, based on all the sensor variances, and not
only on GNSS indexes. This HTL has been successfully applied in (Toledo,
R., 2005). In this occasion, however, we have defined HIT (horizontal integrity
threshold), a new integrity parameter more in accordance to the considered
CASS specifications.
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4 Experimental set-up

The previous analysis of communication and navigation issues in collision
avoidance solutions, has been considered in the development and test of both
subsystems over a real prototype. This section deals with the design details
of the on-board unit, and analyse main results obtained from several field tri-
als. Communication tests, performed with a CN-based approach, point up the
effects that real traffic and environment conditions provoke in the communi-
cation performance. Potential benefits of the communication architecture are
also addressed, taking into consideration the requirements of collision avoid-
ance support applications. Navigation tests cover main aspects presented in
the previous section from the point of view of the extra sensors contribution.
A brief description of the on-board hardware and software platform of our
prototype is firstly given.

4.1 Prototype vehicle and on-board unit

A real prototype of the on-board unit has been created and tested, using a
car widely sensorized at the University of Murcia. Fig. 2 shows this car and
the main components of the on-board unit. The vehicle has been enhanced
with odometry captors, a gyroscope, an accelerometer, and two GPS receivers.
Serial buses communicate the sensors with the PC via RS-232 and the Con-
troller Area Network (CAN) bus. A SBAS capable Trimble Ag 132 GPS and
an Ashtech GG24 GPS/GLONASS receiver are installed in the car. An em-
bedded computer of VIA is the central processing unit, with a Linux Fedora
Core 4 operating system, and a Java Virtual Machine 1.5. This computer is
located at the rear part of the passenger’s seat. As can be seen, the dashboard
has also been modified as well to install a LCD monitor. Regarding commu-
nications, a cellular network PCMCIA transceiver has been used. The model
is a Huawei E220, which allows UMTS data connections.

4.2 Communication tests

The communication architecture considered for its evaluation in a collision
avoidance system is based on cellular networks. Details in depth about the
communication subsystem can be found in (Santa, J., Gomez-Skarmeta, A.F.,
2008).

The network infrastructure uses a P2P approach over the cellular network ba-
sis to enable vehicles to receive and send contextual information. Fig. 3 shows
a general diagram of the proposed communication architecture. Traffic zones
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are organized in coverage areas, each one using different P2P communication
groups. These zones are logical areas which do not have to fit in the cellular
network cells. Information about the geometry of each area is maintained in
the Group Server (GS) entity. Vehicles are able to move from one P2P group
to another through a roaming process between coverage areas. This roaming
is based on the vehicle location, provided by the navigation subsystem. Infor-
mation about areas is received from GS using a TCP/IP link over UMTS. A
local element called Environment Server (ES) manages special messages inside
the area. Event notifications are sent and received by service edges, located
either at the vehicle or at the road side (Environment Servers). Messages are
encapsulated in P2P packages, and two different techniques of emission have
been developed. Consequently, P2P messages can be broadcasted in the area
or sent to a specific vehicle.

This network architecture has been developed for both vehicle and road side
edges. This way, software entities at the road side execute over a a Linux-
based system with an AMD Opteron multiprocessor architecture, and the
described on-board unit contains the vehicle implementation. For the message
propagation tests, apart from the described car, an extra laptop was used
inside a second vehicle. This computer uses a Windows XP operating system
with Java 1.5. An extra Novatel OEM3 receiver have been used and, both the
prototype vehicle and the common one use the GPS sensor for positioning
and time synchronization. A software which uses this network platform has
been installed to send messages at a fixed rate of one per second; the other
on-board unit inside the second vehicle receives these messages and saves a
log. Both vehicles have been closely driven through the test circuits. A ZTE
MF620 transceiver, and the Huawei E220 one in the prototype vehicle, have
been used to connect the two terminals to the cellular network. Both devices
support HSDPA (High Speed Downlink Packet Access), which improves the
UMTS performance in terms of throughput and delay, as can be noted if the
results obtained are compared with the ones shown in (Santa, J., Gomez-
Skarmeta, A.F., 2008).

Next sections give latency results obtained in real tests carried out at the
surrounding of the University of Murcia. Table 1 summaries some features
about the three followed circuits, and Table 2 includes information about
several tests performed over them, which start at the same point (Computer
Science Faculty). Through the latency results obtained in the tests, a number
of conclusions can be deducted according with the traffic environment.

4.2.1 Availability analysis

Fig. 4 shows the network performance following the C1 circuit in the test T3.
As can be noted, the delay is bounded bellow 400 ms. along most of the circuit.
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However network delay problems appears in the middle of the path, caused
by coverage problems. Inside the university bounds the coverage is good, due
to the presence of a base station at the central part; however, the problematic
stretch of the path belong to a small urbanization far away of the base station.
Next problems arise when the vehicles drive around the northeast edge of the
campus, hidden from the base station by a small hill. After that, the path
ends at the initial point.

The effect of a progressive lack of coverage can be seen in Fig. 5, that shows test
T5, where the vehicles drive along the C2 path. The vehicles start the circuit
at the University facilities, and arrive to a point far away from the base station
coverage. At this point the connectivity is lost, and the last packet is received
with a delay of more than three minutes. It can be noticed an interesting effect
related to the continuous peaks observed even at the beginning of the travel.
Because the path begins at a medium coverage location, and the vehicles
start to drive far away the base station, the channel quality feedback send by
the vehicle is not good. Hence, the UMTS channel does not become stable,
as occur in the previous test T3. HSDPA includes this feedback system to
dynamically modify modulation features of the data channel depending on
the signal quality (3GPP, 2007).

In order to solve availability problems of CN, the only solution seems to be
the improvement of the operator infrastructure through a deeper study about
the number of mobile terminals which usually connect to the UMTS network
at these locations. In process improvements of operators for making the most
of the spectral efficiency can also impact on system performance.

4.2.2 Mobility issues

In cellular networks, mobility effects are noticeable due to the variability of
signal quality. Even in good coverage conditions, and without any apparent
problem, small variations in transmission delay are noticeable, as can be seen
in Fig. 4. These small variations can be turned into large jitter if the UMTS
scheduling algorithm cannot attend efficiently the terminal, as can be seen at
the beginning of test T5 (Fig. 5).

Handoffs between base stations, and the “ping-pong” phenomenon which arises
when the mobile terminal connection is alternating between different base sta-
tions, is a key problem in CN. Fig. 6 includes the test T10, where the mobile
terminal cannot stabilize the network connection (like in T5), because the ve-
hicles start to drive around a hill until reaching a big urbanization located at
the north part of the campus. At this location, a new base station is detected
and, although the one located at the campus is closer, the hill hides the signal
reception. The bad operation of the network subsystem in the first third is
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due to handoffs between these two base stations, and the poor performance
obtained if the connection to any of them is established. Orography problems
could be solved again spreading more base stations, in order to deal with
performance requirements of critical ITS services, such as collision avoidance.

4.2.3 CN eventual disconnections and delay continuity

An important issue in CN communications is the packet drop ratio. In all
the tests carried out, no packet loss were appreciated. This is because under
lack of UMTS coverage, and when the network start to loss packets, the P2P
protocol used over the TCP/IP stack directly give up to route messages (as
it is noticeable in test T5). The JXTA P2P protocol used does not appear
to correctly work under eventual disconnections. This fact reveals a problem
which has to be solved in P2P protocols over cellular networks, in order to
consider this technology for high reliable services, such as collision avoidance.
Further researching is necessary in this line, as it is proposed by Rybicki, J.
et al. (2007).

Nevertheless, the suitability of the network architecture presented is demon-
strated over a common environment, as the one used in the tests carried out
over the circuit C1. Here, the latency results under good coverage conditions,
and without availability problems, are around 400 ms. in most of the cases,
as can be seen in Table 2. The application of such architecture in a collision
avoidance system based on eventual transmissions of warning messages along
the road, is possible with the obtained results. Although the transmission de-
lay to a near vehicle is higher than those given by 802.11 solutions, as the
distance between the source and the destination vehicle increases, a CN-based
architecture becomes even preferable than some multi-hop solutions (Biswas,
S. et al., 2006). Cellular networks can maintain almost the same propagation
latency over a huge area.

4.2.4 Capacity problems in crowded areas

Test T4 analyses capacity problems of CN without losing connectivity in the
first low coverage area of circuit C2. As can be seen in Fig. 7, three problematic
zones can be extracted from the results, according to the peaks observed. The
first one is obtained between messages 280 and 400, when the vehicles pass
under a highway with dense traffic and drives near it for several minutes.
The next set of peaks (between messages 480 and 580) are obtained when the
vehicles passes over another highway. Finally, the highest peaks are found at
the location where the connectivity was lost in test T5.

One consideration related to the capacity of the network which has not been
taken into account up to now, is the time when the tests were performed.
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Observing Table 2, if the same circuit is fixed, it can be noted a variation in the
mean delay times obtained. During tests T1 and T2, the traffic density around
the campus is medium, but increases until the maximum level at lunchtime.
After that, the amount of connected users decrease around three o’clock (test
T3), and then start to gradually increase due to the return to work of part of
the university staff and students, as can be seen in test T11, T12 and T13.
For the circuit C2, results reveal a worse performance in the afternoon, due to
traffic jams in the two highways where the vehicles drive close. The presence
of several shopping centers in the area, the Christmas period, the time close
to a common end of the working day, and the fact that these highways are
the access to the city of Murcia, are the main reasons of this problem. In tests
carried out through the C3 circuit, the behavior is similar to C1 cases, because
a half of the path is along the campus and the other half belongs to a stretch
near a urbanization at work time.

4.2.5 Vehicle speed

The vehicle speed did not have a noticeable effect in the network performance,
as can be seen in tests T11, T12 and T13. These tests were carried out through
the C1 circuit at the maximum speed allowed on each stretch. The results of
the network delay do not show big differences as compared to tests T1, T2 and
T3. T11 and T3 were made at similar times of the day, and only 22 ms. more
of mean delay were obtained. The results are in accordance with the expected
performance. Because the density of base stations around the test place is low,
the vehicle speed does not increase the number of handoffs per unit of time.
Furthermore, it has been proven that vehicle speed is even favourable in some
cases. In test T4 (Fig. 7), the small period of time in which the vehicles stay
under bad network conditions is decisive in order to not lose connectivity, as
occurred in test T5 (Fig. 5). In this last case an eventual traffic jam forced
vehicles to stay for several minutes in a location of low coverage and high
density of vehicles, what caused a connectivity loss.

In the future, the vehicle speed will be further analyzed, considering highway
tests and higher speeds at urban locations, where the density of base stations
provokes frequent handoffs. The physical channel with the base station has
demonstrated to be suited to mobility scenarios, in contrast to common 802.11
technologies, and only handoffs and driving at locations far away from the base
station imply serious mobility problems in CN communications.
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4.3 Navigation tests

In this section the performances of different navigation sensors and configura-
tions are tested and analyzed for the case of study, considering a DGPS/INS
implementation. The estimated performance requirements for the navigation
subsystem are assumed to be: a horizontal positioning error of 1.5 m. (it is
expected that the system could distinguish road lanes), 99% of coverage and
availability, and a frequency of the vehicle pose of 20 Hz or higher (capable to
determine a road vehicle dynamics). In addition, the system should be capable
to inform the user when the system should not be used (integrity) and must
keep costs at the minimum.

4.3.1 GPS performance

Depending on the price of the GPS device, its position accuracy may typically
vary from values of 25 m. to a few centimeters. A SBAS-capable GPS device
has been selected, since these devices can currently offer values of standard
deviation of 1 m., enough to fulfil the assumed requirement of 1.5 m. The
use of more precise dual frequency receivers has been disregarded due to its
excessive cost for a car application.

Details of the accuracy obtained in a test performed in a circuit of 6 km. with
total GPS coverage are shown in Table 3. As can be seen, the mean error value
in the 99% of the stamps (aimed availability), remains significantly lower than
1.5 m. However, the maximum error during the test, 1.2521 m., is not far from
the proposed threshold.

Some other problems arise, such as the interruptions of the positioning due to
signal blockages or low values in the satellite visibility angles. Furthermore,
since GPS positions with accuracy indexes higher than the assumed threshold
should not be accepted by the navigation system, all the GPS data that do
not verify this constraint should be rejected, provoking more often GPS gaps.

To analyze the availability in a urban environment, we collected GPS data in
the city of Murcia, accepting only the positions with an accuracy higher than
a certain threshold. It is assumed for this test that the accuracy is given by
the HDOP parameter, and the threshold was set to 3 m. In these conditions,
GPS positions were only available during the 75% of the time. Although in
highway scenarios this value usually raises up to 92%, we are still quite far
from the assumed acceptable 99%, being tunnels, crossing roads and nearby
trucks the most common reasons for gaps.

With respect to the positioning frequency, the GPS data was gathered at 5 Hz,
what can be considered as low to determine the vehicle dynamics.
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Concerning the provision of integrity, as it has been commented, GPS-based
navigation can determine its value by means of the RAIM technique, using an
over-determined solution. Although this technique can be found very useful in
aerial navigation, where the coverage is usually good, we find its application
in cars unfeasible, since the number of satellites in view may be lower in many
occasions, and the assumptions valid for the aerial domain are often violated
in our case.

4.3.2 SBAS and double constellation sensors contributions

A priory, the inclusion of SBAS and double constellation capabilities in the
receiver may improve next features:

• The number of satellites locked by the receiver, and therefore the availability
of reliable positions,

• More accurate positions due to the use of differential corrections,
• Position integrity values, such as the HPLSBAS parameter.

With respect to the positioning availability, several tests were carried out with
a double constellation GLONASS/GPS receiver in the same circuit that was
mentioned in the previous section. The availability of positions with HDOP
values equal or lower than 3 m. increased from a 75% until an 80% in the case
of cities, and from a 92% till a 95% in highways. Despite of the improvements,
it is advisable the inclusion of some other assistance sensors to ensure a better
availability in time and space.

The use of positioning corrections through EGNOS has been found useful to
improve the accuracy during our tests, obtaining mean values for the horizon-
tal positioning error of 0.3–0.4 m, what even surpasses our expectations. How-
ever, since EGNOS messages are broadcasted by means of the geostationary
satellite (PRN 120 in our tests), its availability is subject to many obstacles.
To avoid this, SISNeT may be used to obtain these corrections through the In-
ternet. In the tests performed in a combined scenario with urban and highway
features, for a total of 20 km. and 2777 fixes, GPS positions were available
a 93% of the circuit, being EGNOS available a 65%, and EGNOS/SISNeT
an 89%. According to the results achieved by using EGNOS, it may expected
a noticeable influence of GALILEO in the future satellite-based navigation.
Nonetheless, the double constellation results obtained in our tests, encour-
age the use of aiding navigation sensors to cooperate with satellite navigation
solutions for collision avoidance support.

Of special interest in the inclusion of SBAS is the capability to provide an
integrity parameter for the positioning solution, the HPLSBAS, and to inform
the user whether the navigation system can be relied or not, anytime. The
HPLSBAS has been logged around the facilities of the University of Murcia.

19



The results achieved in this test are shown in the upper image of Fig. 5. As
can be seen, a regular performance is obtained along almost all the test. The
peaks in the HPLSBAS are due to locations where the GPS visibility is low
(see coverage graph in lower image). Changes in the satellite geometry affect
the HPLSBAS calculation. Steps as those at instants 1540 and 1730 s., appear
due to changes in the error estimates of some satellites. When a new EGNOS
message is received, individual corrections for several satellites are updated,
varying the value of the HPLSBAS. From instant 1820 s., the performance
degrades mainly due to a poor reception of EGNOS messages. The visibility of
the geostationary satellite is low in this area, and corrections become obsolete,
provoking the linear increase which can be seen in the image.

4.3.3 Aiding motion sensors

Aiding sensors can compensate the GNSS navigation deficiencies, providing
total availability and coverage at a value of accuracy that can be characterized.

Among the many possibilities for fusing the information coming from different
sensors, we have implemented a set of extended Kalman filters with different
vehicle models suitable for different dynamics. These filters are combined in
one by using interactive multiple model (IMM) techniques. This allows to ap-
ply the model that better represents the vehicle behavior anytime, improving
the filter solution as compared to single model solutions. Further details of
the developed IMM-EKF filter and its results can be found in (Toledo-Moreo,
R. et al., 2007). The kinematic model employed in the tests presented in this
paper is a simplified bicycle model, in which the orientation of the acceleration
and velocity are assumed to be equal. The results achieved using this model
have been compared with implementations of unscented Kalman filters and
some other Kalman filter based solutions reported in the literature, showing
good performance.

The results obtained by the implemented multisensor filter during the same
test of 6 km. presented in Section 4.3.1 are now shown in Fig. 6. In this
case, several GPS masks have been simulated to evaluate the performance of
the system under absences of satellite visibility. In Fig. 6(a) three masks of
2 s. each were applied. Although the 2-σ envelope increases noticeable, the
errors during these periods remain with similar values as those obtained with
GPS coverage, below 0.8 m. most of the time. Fig. 6(b) shows the positioning
errors during the same circuit with simulated masks of 5 s. Still, error values
do not augment significantly during the gaps. However, the confidence on the
position, estimated by the value of the 2-σ envelope, exceeds the 2 m. with
values higher than the 1.5 m. threshold proposed. In this case, the navigation
unit should inform that the position may have unacceptable accuracy errors.
Fig. 6(c) shows same situation under 10 s. masks. As expected, the accuracy
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is lower, reaching a maximum positioning error of 3.15 m. Table 4 summaries
main error indexes for these experiments. As can be seen, the values obtained
are very good as compared to some other solutions available in the literature,
with mean values below 0.5 m. even with a GPS absence of 30 s. Fig. 6(d)
shows the vehicle trajectories along a two-lane circuit. An ellipsis of confidence
on the position defined by the value of 2-σx and 2-σy at every filter step, has
been overprinted in solid blue. As can be seen, the assumed true reference lies
into the ellipses, that consider the 95% of the values if normal distributions
are verified.

The frequency of the inertial measurements is 100 Hz., what can be consid-
ered enough to estimate the vehicle dynamics. Furthermore, since there is no
need of any external reference, it can asserted that the availability is total.
Nonetheless, due to the degradation of the positioning value in the periods
of inertial navigation, the user should be continuously informed about the in-
tegrity of the system performance. For that purpose, our navigation system
provides the HIT parameter, whose value depends on the sensor variances and
the covariance of the state anytime. Monitoring the system integrity with the
HIT have three main benefits, as compared to RAIM or HPLSBAS:

(1) It supplies uninterrupted integrity information, even during the absences
of GPS and EGNOS signals,

(2) Its value depends on the vehicle dynamic state anytime, and it is not
affected by external factors,

(3) It is representative of the whole multisensor solution, as compared to
satellite-based integrity, in which only the errors in the satellite position-
ing are considered.

On the other hand, main disadvantage can be its dependency on the filter
tuning process, what can make difficult the comparison of approaches with
different filter adjustment.

The value of HIT can be calculated following:

HIT = 3
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where σx, σy and σxy are the covariance values of the filter. The factor 3
represents a probability of mis-detection close to 0.01. More details of its
calculation can be found in (Toledo-Moreo, R., et al., 2008).

In Fig. 7, the value of the HIT during a test with 9 simulated GPS masks of 3 s.
each, has been compared to the position error and the 2-σ envelope. As it was
expected, the HIT value strongly depends on the GPS availability, resulting a
convenient confidence estimator under any circumstance of the trial. During
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the periods of GPS coverage, its value never surpassed 1 m., becoming higher
when the confidence on the positioning must decrease, and being consistent
with the errors obtained. In our tests, the percentage of errors within the HIT
area remain over the 99%.

5 Conclusions

An analysis of the communication and navigation subsystems, essential for
main ITS applications, and specifically for cooperative collision avoidance
support systems, has been made. Main issues addressed in the paper can be
summarized as:

• State of the art in the subsystems oriented to the problem under consider-
ation,

• Feasibility requirements of communication and navigation for cooperative
collision avoidance support,

• Suitability of networks and sensors,
• Validation of a prototype including both subsystems and tested in common

unfriendly conditions,
• Provision of an integrity value to determine the reliability of the system for

the intended application.

Regarding to communication issues, an exhaustive study about the key per-
formance factors of VANET and cellular networks through literature has been
made. This study presents an original point of view in contrast to partial per-
formance studies carried out in VANET literature. Current deployment status
of CN, and its feasibility in vehicular environments overall, have been spe-
cially considered. In this line, a novel CN-based communication architecture
has been proposed and tested. P2P networks are applied over the CN basis in
order to create a group-based communication approach. Such groups bound
the message propagation in the CN. This network design is able to give good
performance results for implementing collision avoidance systems where ve-
hicles use the communication channel to avoid eventual crashes on the road.
Several key factors are taken into account for choosing the test places, in or-
der to deal with stressful communication conditions. The network availability
has been proved to be a key issue for CN data connections, and it has been
treated in terms of coverage and maximum capacity of the network. Mobil-
ity effects have been exemplified through the set of tests, and orography and
handoff problems have been analyzed at specific locations. Due to the rich
set of tests, the time and date of tests have been found as a key factor in
the network performance expected. New tests are planned in pure urban envi-
ronments, in order to analyse the effects of frequent handoffs, and at extreme
speeds, to cover a realistic case of highway crash. Additionally, a further study
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of P2P reliability under frequent disconnections is also considered to improve
the reliability of the system. Nevertheless, current operator infrastructure is
still found as the main limitation for the implementation of a more efficient
collision avoidance system, according to obtained results.

A navigation subsystem based on a combination of motion and GNSS sensors
has been found the most appropriate solution. A SBAS-capable GPS sensor
is considered in our prototype. The addition of inertial sensors and speedome-
ters gives benefits in three of the four navigation features under consideration:
coverage, availability and integrity. Although in good conditions of satellite
visibility, aiding sensors cannot improve the accuracy of the system, they pro-
vide excellent estimators for rejecting degraded GNSS positions, for example
due to multipath effects. In addition, since inertial measurements do not need
any external reference, they are not affected by GPS jamming, blockages or
any other disturbances. However, the need of an integration process to com-
pute the position from acceleration measurements diminishes the accuracy of
the positioning during GNSS gaps. A study of how this influences the sys-
tem performance is presented in the paper. The results show that the most
common short interruptions do not impede a safe estimation of the naviga-
tion system. However, as time goes by, these drifts become higher. For this
reason, our approach includes the provision of an integrity parameter capable
to represent the navigation subsystem performance anytime.
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Abstract

Collision avoidance support systems (CASS) are nowadays one of the main

fields of interest in the area of road transportation. Among the different

approaches, those systems based on vehicle cooperation to avoid collisions

present the most promising perspectives. Works available in the current liter-

ature have in common that the performance of such solutions strongly relies

on the operation of two on-board subsystems: navigation and communications.

However, the performance of these two subsystems is usually underestimated

when the whole solution is evaluated. Collision avoidance support applications

can be considered among the most critical vehicular services, and this is the

reason why this paper focuses on the performance issues of these two subsys-

tems. Main issues regarding navigation and communication performance are

discussed along the paper, and a study of the literature in the field is com-

pleted with the evaluation of different system prototypes. Communication and

navigation tests in real environments yield further conclusions discussed in the

paper.
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Figures

Fig. 1. Generic design of a distributed collision warning system.

Fig. 2. Prototype vehicle and key components.
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Fig. 3. Main elements and interactions of the CN-based network design.
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Fig. 4. Network performance under different scenarios.
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Fig. 6. Position error estimates and 2-σ envelope during a circuit stretch.
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Tables

Table 1
Circuits followed in the network tests.

Circuit Distance Traffic load Details

C1 6.18 km Med Two zones of medium coverage

C2 4.7 km Med/Hi Towards a null coverage zone

C3 4.58 km Lo/Med A big zone of low coverage

Table 2
Network tests.

Test Circuit Speed Time Delay mean (ms.) STD

T1 C1 17–25 km/h 11:22–11:43 464.33 903.09

T2 C1 17–25 km/h 11:48–12:09 489.62 814.31

T3 C1 17–25 km/h 15:43–16:04 378.93 475.92

T4 C2 17–35 km/h 16:00–16:13 2759.9 3465.37

T5 C2 17–35 km/h 17:53–18:05 4288.22 15630.92

T6 C2 17–35 km/h 10:32–10:43 2527.76 15065.64

T7 C3 17–25 km/h 11:35–11:48 963.34 906.25

T8 C3 17–25 km/h 12:12–12:26 998.24 782.72

T9 C3 17–25 km/h 12:42–12:56 1203.58 767.77

T10 C3 17–25 km/h 15:50–16:06 1392.28 1374.42

T11 C1 17–60 km/h 15:59–16:12 400.37 357.28

T12 C1 17–60 km/h 16:13–16:26 412.55 375.44

T13 C1 17–60 km/h 16:32–16:45 415.7 339.45
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Table 3
Horizontal position error with total GPS coverage (m.).

STD Mean Max. Mean (99)

0.2173 0.3925 1.2521 0.3403

Table 4
Horizontal position error applying GPS masks (m.).

N. of masks Duration STD Mean Max. Mean (99)

3 2 s. 0.1923 0.3461 1.1862 0.2991

3 5 s. 0.2096 0.3596 1.4876 0.3148

3 10 s. 0.4653 0.4485 3.1509 0.3557
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Figure captions

Fig. 1 Generic design of a distributed collision warning.

Fig. 2 Prototype vehicle and key components.

Fig. 3 Main elements and interactions of the CN-based network design.

Fig. 4 Network performance under different scenarios.

Fig. 5 HPLSBAS test results and GPS coverage.

Fig. 6 Position error estimates and 2-σ envelope during a circuit stretch.

Fig. 7 Analysis of position error estimate, 2-σ envelope and HIT during a
circuit stretch.
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Table captions

Table 1 Circuits followed in the network tests.

Table 2 Network tests.

Table 3 Horizontal position error with total GPS coverage (m.).

Table 4 Horizontal position error applying GPS masks (m.).
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