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Event warnings are critical in the context of ITS, being dependent on reliable and low-delay delivery of messages to nearby vehicles.
One of the main challenges to address in this context is intersection management. Since buildings will severely hinder signals in
the 5 GHz band, it becomes necessary to transmit at the exact moment a vehicle is at the center of an intersection to maximize
delivery chances. However, GPS inaccuracy, among other problems, complicates the achievement of this goal. In this paper we
study this problem by first analyzing different intersection types, studying the vehicular communications performance in each type
of intersection through real scenario experiments. Obtained results show that intersection-related communications depend on the
distances to the intersection and line-of-sight (LOS) conditions. Also, depending on the physical characteristics of intersections,
the presented blockages introduce different degrees of hampering to message delivery. Based on the modeling of the different
intersection types, we then study the expected success ratio when notifying events at intersections. In general, we find that effective
propagation of messages at intersections is possible, even in urban canyons and despite GPS errors, as long as rooftop antennas are

used to compensate for poor communication conditions.

1. Introduction

Intelligent Transportation System (ITS) is a basic element
in future Smart Cities by addressing traffic-related issues.
In particular, it is the combination of advanced Information
and Communication Technology (ICT) systems and a better
transportation infrastructure that paves the way for providing
novel services in ITS environments [1]. ITS aims at making
traffic more efficient, convenient, and safe [2], addressing
noble goals like helping emergency services or changing the
way we drive to reduce accidents, fuel consumption, and
contaminant emissions. This will eventually minimize trans-
portation problems such as congested roads, will promote
road safety, and will in general help at making cities more
sustainable [3].

A remarkable issue in ITS is its capability of providing
safety applications. In fact, ITS solutions can conveniently
provide warning notifications in emergency situations. For
example, notifications about dangerous traffic conditions or
about emergency breaking can be beneficial in providing

a safer traffic flow for the drivers in a city [4]. According to
[5], improving traffic safety is currently the second highest
strategy priority in ITS and the first priority for future ITS
solutions. Thus, we find that safety issues in the context of
ITS are indeed essential.

As part of the ITS concept, communications between
vehicles play an important role in distributing relevant infor-
mation. This kind of communication can be enabled through
vehicle-to-vehicle (V2V) communications which, combined
with the ad hoc networking paradigm, gives rise to Vehicle Ad
hoc Networks (VANETS) [4]. For more critical applications
in the context of ITS, like real-time safety information, the
diffusion of messages should be reliable and time-bounded
[6]. Another consideration to bear in mind in the critical
safety application domain is the delay of the messaging itself.
The performance of distributing the message through V2V
is expected to have a low transmission delay, though with a
limited reliability. So, vehicles that belong to a certain V2V
network facing a particular emergency situation should be
alarmed as soon as possible. Otherwise, if the delay is too
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high, the relevance of the message would be reduced, and it
would probably expire [7].

Still in the same context, to have such critical communi-
cations, message dissemination should be as effective as pos-
sible. In the literature, several dissemination schemes were
proposed in order to maximize the effectiveness of message
dissemination. An example of a work that proposes reducing
the warning message notification time while avoiding the
broadcast storm problem was presented in [8]. However, it
should be kept in mind that the dissemination process is
affected by key factors such as the density of vehicles and the
roadmap; in [9] authors address this challenge by proposing
a system that adapts to high-density vehicular environments
by considering the critical handling of intersections. Taking
as reference the survey on this topic by Sanguesa et al. [10], we
find that most of the cited schemes rely on GPS information
and many of them on intersection-awareness to maximize
event dissemination. Thus, the accuracy of the geolocation
system becomes critical in the safety dissemination process,
especially in urban scenarios to allow determining whether a
vehicle is near or even in the middle of the intersection.

In this paper, we perform an empirical study of vehic-
ular communication effectiveness at intersections in the
5GHz band. To this purpose, we select different types of
intersections available in the city of Valencia (Spain) and
then perform actual field tests using vehicles to determine
the communication restrictions imposed by the different
intersections. In addition, based on the empirical results
obtained, we model the packet delivery probabilities at
different distances to the center of each particular intersection
to determine the expected success ratio when delivering
event-based messages and to allow integrating the results here
presented in simulation platforms.

The paper is organized as follows: in the next section,
we provide an overview of the main related works regarding
intersection-dependent communications in V2V environ-
ments. In Section 3 we describe the methodology adopted
for our work, detailing the different software and hardware
elements involved. Then, in Section 4, we provide details
about the different intersections chosen for our experiments.
Experimental results are then presented and discussed in
Section 5, followed by modeling of these results in Section 6.
The models derived and then used to study the event
notification effectiveness at intersections are presented in
Section 8. Finally, in Section 9 we conclude this paper and
refer to future works.

2. Related Works

In the literature, we can find several works in the scope of
safety applications using V2V. A VANET-based emergency
vehicle warning system was proposed in [24]. The system was
tested in traffic environments including emergency vehicles
and traffic lights. The system warns when an emergency
vehicle is approaching. Another work, called Intersection
Collision Warning, studies warning message dissemina-
tion using smartphones with built-in GPS; in particular, it
uses the WiFi networks in smartphones to retrieve safety-
related information like location, moving direction, and
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velocity [25]. Other works, like [26], proposed a safety-
related Android application to inform nearby vehicles when
administrative vehicles, like ambulances, police cars, and fire
brigades, are approaching.

Focusing on the issue of signal obstruction, several
works have studied its impact on the packet delivery ratio
in VANET environments. The work by Bohm et al. [11]
investigated the impact of the loss of line-of-sight (LOS) in
terms of V2V communication impact, finding that limited
LOS between vehicles transmitting and receiving the packets
can still enable communications. The researchers in [12]
additionally found that obstructing vehicles blocking the LOS
significantly attenuate the signal; they also studied the packet
delivery ratio under different scenarios, including parking
lot areas or urban scenarios under both LOS and non-LOS.
Sommer et al. [13] have modeled the IEEE 802.11p/DSRC
radio shadowing in urban environments. Their model can
estimate the signal attenuation of the wireless radio trans-
mission with buildings as obstacles. The same researchers
experimented the two-ray path loss model in both real
and simulated environments [14]. In a later work [15], they
proposed alternative solutions for signal shadowing caused
by neighboring vehicles and buildings based on dynamic bea-
coning and tested their approach in a simulated environment.
Other interesting related works include the deployment of
RSUs (Road Side Units) in the vehicular environment [16, 17],
studying how urban scenarios with buildings and vegetation
affect V2I (Vehicle to Infrastructure) communications.

Regarding the issue of intersection management in the
scope of the VANET message transmission process, there
have been different proposals in recent years, especially
at the network layer. In particular, these protocols used
intersection locations as a factor to include within the packet
routing strategy. The work by Chou et al. [27] proposed an
intersection-based routing protocol that accounts for both
the direction of packet transfers and the vehicle moving
direction. Through simulation, the research investigated the
effect of the number of vehicles on the delivery probability.
Geographical conditions can also be taken as an approach for
routing messages. In particular, the work by Saleet et al. [28]
considers road layouts with intersections for routing. Later,
Acarman et al. [29] showed how message routing can also
be done by selecting intersections as points of relay using
commercial navigation map data and having the connectivity
information of road IDs. Similarly, other research works like
[30] take advantage of intersections for forwarding messages.
It focuses on a large scale urban VANET where the vehicles at
intersections are used as virtual gateways that will gather the
packets that must be forwarded to all passing vehicles [30].

Focusing instead on the different types of intersection,
these can be characterized by the degree of obstruction:
whether it is blocked by a building, blocked by plants, or
blocked by cars themselves. The work by Schumacher et
al. [18] finds that, in an urban scenario where there are
buildings blocking the line-of-sight, communications are
possible for distances ranging from 85m to 115m. By using
the 5.9 GHz V2V communications under non-line-of-sight,
their results showed that not only do buildings affect the
communication but also the width of the street representing
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the largest street intersection has also a significant impact
on the delivery probability. Another research work [19]
investigated the effects of vegetation on the performance of
V2V communications at intersections. Tests were based on
the 5.9 GHz communication band under non-line-of-sight
conditions in a rural environment having different types
of vegetation for the different seasons; results showed that
the packet delivery ratio clearly depended on the type of
vegetation and season. When transmitting a message between
vehicles, a third vehicle located at the intersection would also
affect communications, and the effect of cochannel inter-
ference will have an impact under both line-of-sight (open
space) and non-line-of-sight (with buildings as obstructions)
conditions. The work in [20] addressed this issue through
measurements in the 5.9 GHz band. Experiments showed that
a single vehicle would interfere and decrease the delivery
ratio, no matter if the vehicle is placed near the receiver, near
the sender, or between the sender and the receiver.

Finally, Table 1 summarizes the aforementioned related
works for the sake of clarity. We categorized previous works
taking relevant experiment characteristics into consideration,
like the environment details and the performance metrics
used.

In this work, our aim is to study transmission effec-
tiveness on different types of intersections and at different
distances. Referring again to Table 1, our work differs from
other related works in terms of the frequency band and the
performance metrics used, as well as the variety of inter-
sections tested. Also, we present heat maps to characterize
transmission effectiveness by showing the locations of the
sender when having packets successfully delivered in each
scenario. Based on our findings, we develop channel models
that are applicable to different simulation environments. In
addition, by using our models, we then perform an analytic
study of the expected success ratio when attempting to deliver
event-related messages at intersections for different degrees
of positioning accuracy.

3. Methodology

In this section, we describe the methodology of the experi-
ments performed. The goal is to measure the packet delivery
ratio depending on the distance to the center of the intersec-
tion for different types of intersections and antenna locations.
The expected results in different types of intersection will
then be modeled. Later, in Section 7, we will also discuss
the applicability of the obtained model and discuss its
applicability in comparison with other path loss models.

3.1. General Overview. Our experimental work requires the
utilization of appropriate hardware/software to measure the
packet delivery ratio and also of a proper data analysis
methodology, to process the gathered data after experiments
are completed.

Two devices are used in the experiments. The first one is
the GRCBox [23], which is our on-board unit providing fully
functional V2V communications. This GRCBox is equipped
with an antenna that will allow VANET communications in
the 5.8 GHz band. The transmitting antennas have a 5 dBi

gain and 200 mW transmission power. Packet transmission
tests using this device will consider two alternative posi-
tions for the antenna. In one case we will put the antenna
inside the vehicle, specifically on the dashboard. The other
alternative considered will be putting the antenna on the
rooftop of the vehicle. These variations will allow us to
achieve new findings regarding the effect of antenna loca-
tions, expecting that having the antenna on the rooftop will
provide a better transmission quality than having it on the
dashboard.

Another device used in this experiment is an Android
mobile phone. Taking into account the trends of using
smartphones for vehicular communications and ITS-related
researches, deploying an Android mobile phone can be an
alternative solution to exploiting the cost of high-end ITS
equipment for research purposes [31-33]. The Android phone
is equipped with a custom application (the Android tool). This
Android tool will allow performing controlled experiments
in real environments by generating messages resembling
those associated with the European (ETSI) standard, particu-
larly the Decentralized Environmental Notification Messages
(DENM) [34].

For the experiment itself, which includes real moving
vehicles, at least two vehicles are needed: one acting as data
sender and the other one acting as a data receiver. Regarding
the positioning of the vehicles, the one acting as a data
receiver will be static and stopped a few meters away from
the center of the intersection, representing a vehicle stop at a
semaphore or stop sign. The other vehicle, acting as a data
sender, will be moving along a different street, crossing a
common intersection.

Once the sender is moving and the receiver starts to
receive packets, the developed test tool will record the
location of both sender and receiver vehicles, which will then
be saved in a log file stored on the Android device. After
we record the location of the sender in the log file, our data
analysis consists of calculating the packet delivery ratio along
with the distance between sender and receiver. Specifically,
by obtaining the packet delivery ratio for each intersection
at different distances, we can draw conclusions on how inter-
section characteristics will impact message dissemination in
vehicular scenarios. In addition, the different intersection
types can be modeled, and further analysis can be done based
on the obtained models.

3.2. GRCBox Overview. To enable V2V communications, we
require a device that provides ad hoc network connectivity
in the 5.9 GHz band. Since we use Android devices to launch
applications, an option would be to enable ad hoc network
connectivity in this device. However, in order to do that,
a rooted Android phone is required, thus not being very
practical for end users. In addition, the communication range
achieved would be quite limited. We provide an alternative
solution called GRCBox [23], a solution capable of providing
ad hoc communications without having to root smartphones.
GRCBox is a multi-interface low-cost connectivity device
based on Raspberry Pi. Using the GRCBox, V2X communi-
cations are supported, and full integration with smartphones
is achieved.
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i Vegetation, Distance versus
Bhm etal, 5.9 GHz Real world . Urban, buildings, Not specified packet reception
2010 [11] highway, rural . .
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Distance versus
Buildings, trees received signal
Meireles et 5.85-5.925 GHz, Real world Urban and vehigcfes ’ Various lanes  strength indicator,
al., 2010 [12] 2.412 GHz parking lot street distance versus
(truck, van) .
packet delivery
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Distance versus
received signal
strength,
Real world Residential and . length of
Sommer et Urban and . . intersection versus
5.89 GHz and commercial Intersection . .
al., 2011 [13] . . rural 1 received signal
simulation buildings
strength,
index versus
received signal
strength
Real world One-lane and Received signal
Sommer et Urban and .
5.89 GHz and Vehicles two-lane strength versus
al., 2012 [14] . . rural :
simulation street distance
Empirical
cumulative density
function versus
Sommer et . . Highway and Building and Two-lane beacon interval,
al., 2015 [15] >89 GHz Simulation suburban vehicles street channel busy ratio,
time after
encounter versus
beacon interval
Lin et al Real world Cochannel Dls'iflii l\gesrsSus
2 5.9 GHz and Not specified . Not specified P ’
2012 [16] . interference distance versus
field trial
latency
Distance versus
Gozalvez et Urban and Buildings, Various lanes )
al,, 2012 [17] 5.895-5.905 GHz Real world highway trees, vehicles strect packerta(tiitz)hvery
Distance versus
Schumacher signal power,
etal., 2012 5.9 GHz Real world Urban Buildings Intersection distance versus
[18] packet delivery
ratio
Distance versus
Tchouankem Real world signal power,
etal., 2013 5.9 GHz and Rural Vegetations Intersection distance versus
[19] simulation packet delivery
ratio
Tchouankem Dslisgt;llrallc ;vafrus
and 5.9 GHz Real world Urban and rural Bulldm.gs and Intersection distance versus
Lorenzen, vehicle acket deliver
2015 [20] P very

ratio
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Real world
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(22]

2.4GHz
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packet delivery
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time versus
penetration
distance,
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One-lane

Vehicl
ehicie street

Our work 5.8 GHz Real world

mixed

Rural, urban,

Distance versus
packet delivery
ratio
heat maps for
packet delivery

Buildings,

. Intersection
vegetations

A Raspberry Pi 2 device model Bl is the main hardware
of our GRCBox, a single board computer that has the size
of a credit-card and it costs only 35 USD. This device has
enough CPU power to perform low-scale network routing.
A Raspbian distribution based on Debian is installed in
this device. This Raspbian distribution supports the current
networking hardware while avoiding common problems of
other embedded operating systems.

Each GRCBox is equipped with several network inter-
faces: one inner interface acting as an Access Point for the
users, allowing them to connect to the GRCBox using smart-
phones supporting WiFi communications in the 2.4 GHz
band. The outer interface offers vehicular communications,
where it connects to a vehicular network in the 5.8 GHz
band. In addition, one can add other network interfaces that
connect to the Internet. For instance, one network interface
can connect to a WiFi Access Point, and yet another can be
used to connect to a 4G cellular base station. Figure 1 shows
a descriptive diagram of our GRCBox connectivity features.

Several services are provided by the GRCBox. GRCBox’s
inner interface acts as a soft-AP (Access Point) for smart-
phones. Once these smartphones are connected to the
GRCBox, they can access the services that run on the
external networks. Since every connection is forwarded by
the GRCBox, any application needing to use an available
interface that differs from the default one (providing Internet
connectivity) must notify the GRCBox. These steps require
rules that are defined by rule type, interface name, protocol,
source port, source address, destination port, and destination
address.

In this work, we use the GRCBox at intersections to
forward packets that are produced by the Android application
at the user’s side and placed on one of the vehicles, to the
packet destination, which is the Android application placed

F1GURE 1: GRCBox Hardware module connected to a VANET with
three different nodes [23].

at the receiver vehicle. Thus, both GRCBoxes act as the entry
gate of packets traveling in the VANET and to be delivered to
the GRCBox-aware application running on the smartphones.
In our case, the packets are forwarded in a broadcast manner.
Thus, appropriate rules are defined before transmission starts
to match the target ports and interfaces.

Regarding the configuration of the GRCBox, thanks
to our specific application, which will be explained in
Section 3.3, the user does not need to set up the rules, as it
will be done automatically once the application is launched.
In terms of hardware, we need to configure the interfaces to
indicate whether they are inner or outer interfaces. Since we
only need the VANET communication, only two interfaces
are needed. One interface (inner) acts as an Access Point
(AP) for mobile devices. Another interface (outer) will



create a VANET with other GRCBoxes located within nearby
vehicles. In this case, a device capable of transmitting in the
5.8 GHz band is needed for the outer interface.

3.3. Android Tool. We have built a specific tool for measuring
the data delivery ratio in the target scenarios. The tool is actu-
ally an Android-based application that is GRCBox-aware. The
Android application contains libraries and plugins able to
connect to the GRCBox module so that, at the user side, one
does not need to configure the connection to the GRCBox’s
outer interface. Hence, once the Android smartphone con-
nects to the Access Point (AP) of the GRCBox (in this case
GRCBox’s inner interface), it would instantly be connected
to the whole GRCBox environment and the VANET without
further settings. Also, based on its functionality, we have
different instances running at the sender and at the receiver
ends.

At first, the application will check if it is connected to
the GRCBox device on the sender’s side. Also, the user can
input the log file name, the packet transmission rate, and
the size of the packet. In this case, we have chosen the
sending parameters similar to those typical of CAM/DENM
messages [34, 35], having a size of about 300 bytes, selecting
a packet rate of 30 packets per second to allow quick
gathering of large amounts of data. Also notice that since
packets are being broadcasted, the transmission rate is limited
to 6 Mbps. At the receivers side, GRCBox connectivity is
also tested, and the user can introduce the log file name
and select when to start gathering data. The transmission
of packets is started when, at the sender’s end, the user
presses the start button, triggering the transmission of a
packet train at the defined rate and packet size and using
the broadcast mode. Similarly, the transmission stops as the
user stops the application. This will cause the application to
automatically store the whole log file in a local file at both
sender and receiver ends. In a nutshell, our Android-based
application is used to define parameters such as data rate,
packet size, and log file name. It starts the sending process
upon receiving the corresponding user command; then, when
the user stops the application, the log file is automatically
stored.

3.4. Data Analysis. The data collected is saved in a log file
located in the Android device’s storage. This log file contains
all the data required to analyze the packet delivery ratio at
different distances. For this purpose, we are interested in
comparing the geographic information of both endpoints,
and so the log file contains the coordinates of the sender and
the receiver in terms of latitude and longitude (flat terrain
is assumed). Based on this geopositioning information, we
then calculated the distance in meters between the vehicle
localization and the center of the intersection, where the
sending vehicle passes through as part of its designated
trajectory.

The distance is calculated with the help of GeographicLib
[36], a tool providing a straightforward calculation of dis-
tance based on latitudes and longitudes. From each endpoint,
in this case, the sender and the receiver, we analyzed the log
file that is stored on both sender and receiver sides.
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FIGURE 2: Location and the trajectory for Scenario 1 (open).

As for the delivery ratio, we need to compare the log
files containing packets sent at the sender side and the log
files containing packets received at the receiver side. This can
also be calculated by referring to the geoposition information
provided by both sides.

4. Selection of Target Intersections

For our experiments, we selected three different types of
intersections, each one with different characteristics. In
particular, the types of intersections were chosen to obtain
different degrees of obstruction. The geographical location of
each intersection is shown in Figures 2, 4, and 6. The yellow
line with an arrow indicates the trajectory and the direction
of the sending vehicle, while the yellow point indicates the
location of the receiving vehicle (static). We now proceed to
provide more details about each of them.

4.1. Intersection 1 (Open Scenario). The first intersection se-
lected is an open space. It was taken in a low populated area
in the outskirts of the city of Valencia (Latitude 39.483920,
Longitude —0.333793). In this intersection, no relevant signal
blockages are present. In fact, Figure 2 shows that the only
blocking structures are two buildings, one south of the
roundabout and the other one north. Thus, the line-of-sight is
not blocked along the trajectories of the vehicle, meaning that
the degree of obstruction is minimal. As shown in Figure 3(a),
the receiving vehicle is located near the intersection, being
surrounded by grass fields and facing no significant signal
blockage.

4.2. Intersection 2 (Buildings Scenario). The second intersec-
tion selected is in a residential block, which is located in
a crowded and dense area of the city (latitude 39.473695,
longitude —0.332307). In this intersection, buildings are
present as blockages to the line-of-sight, meaning that the
degree of obstruction is nearly maximum. Based on the aerial
view shown in Figure 4, we can see that the environment
consists of a dense neighborhood, without additional urban
elements separating them except streets themselves, meaning
that an urban canyon is formed. In Figure 5(a) we can see that
the chosen intersection is surrounded by at least two-floor
buildings. So, from the perspective of the receiving vehicle,



Mobile Information Systems

(a) Outside View

(b) Inside View

FIGURE 3: View of the vehicle parked at Intersection 1.

& Receiver

FIGURE 4: Location and the trajectory for Scenario 2 (buildings).

the line-of-sight is quite limited as the furthest view that one
can glimpse from inside the mentioned vehicle is of, at most,
20 meters. By defining this type of intersection, we expect
that the transmission of packets in this location would be the
worst case scenario.

4.3. Intersection 3 (Trees Scenario). The third selected inter-
section is a mix of the previous two scenarios, as the line-of-
sight is blocked by either buildings or trees. The intersection
lies in a residential area near a university campus (latitude
39.473848, longitude —0.341330), and the degree of obstruc-
tion can be considered moderate. Figure 6 shows that this
kind of intersection has some buildings in the surroundings,
but also open space and vegetation along the trajectory. A mix
between these characteristics causes communication in this
kind of environment to produce interesting results as the line-
of-sight characteristics are variable, being that sometimes it is
blocked by a building or tree, while at other times no obstacle
will block sight. Figure 7(a) presents the real view of the
intersection. As shown, the receiving vehicle is surrounded
by trees and, within meters, there is an open field. However,
the street itself is located in a residential area plenty of tall
buildings.

5. Experimental Results

We have done real experiments with vehicles to gather
the location (coordinates) of the vehicles when packets are
successfully delivered at each intersection. We also gathered

data when the antennas are located either inside the vehicle
on the dashboard or on the rooftop of the vehicles. The
data was gathered from a set of five vehicle runs at each
intersection, and the measured coordinates are then validated
using real maps.

5.1 Results for Intersection 1. Figure 8(a) shows the percent-
age of messages received as a heat map for the first intersec-
tion, which has the lowest degree of obstruction, based on
the locations of the sender associated with successful packet
delivery. In this experiment, the two antennas involved were
located in the vehicles’ dashboard. As expected, the packets
can be delivered successfully having as source nearly any
position along the vehicle trajectory. The only gap detected
occurs due to the blocking caused by the two available
buildings. However, the delivery ratio is much higher when it
is at the center of the intersection and gets lower as the vehicle
moves away until the maximum tested distance (about 300
meters).

Figure 8(b) presents the results when the antenna is
located on the rooftop instead. We can now observe that the
point density is higher and that there are no gaps. In fact, the
impact of physical obstructions is still relevant, but it is merely
limited to a slight reduction of the packet delivery ratio.

5.2. Results for Intersection 2. This second intersection is
quite narrow, having tall buildings on all sides that create
an urban canyon. Figure 8(c) shows the locations associated
with successful transmission of the packets when the antenna
is located in the dashboard. We can see that successful
transmissions are basically restricted to a range of just one
block (about 50 meters), again experiencing a descending
delivery ratio when moving away from the center of the
intersection.

If instead the antenna is located on the rooftop,
Figure 8(d) shows results similar to those in the previous
figure, although now the overall delivery ratio increases,
reaching up to two blocks away from the intersection (about
100 meters) while mostly maintaining an acceptable delivery
ratio.

5.3. Results for Intersection 3. Since this third type of inter-
section presents a moderate degree of obstruction, the results
in terms of radio range should be in between the results for
the first and second types of intersections. Figure 8(e) shows
that the locations associated with a successful transmission
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(a) Outside View

(b) Inside View

FIGURE 5: View of the vehicle parked at Intersection 2.

FIGURE 6: Location and the trajectory for Scenario 3 (trees).

indeed reach greater distances compared to the second type
of intersection, having values resembling more the first
intersection. This occurs since the obstacle closer to the
vehicle in this situation is mainly vegetation, which does
not negatively impact communications the same way as
buildings; in addition, the streets are wider than in the second
scenario.

When locating the antenna on the rooftop, results become
much better. Now, although we cannot associate the entire
vehicle path with good transmission conditions, the results
of Figure 8(f) clearly show that high delivery ratios can be
maintained up to about 100/150 meters. Again, the delivery
ratio near the intersection is significantly high, experiencing
a constant drop as we move away.

6. Intersection Modeling

Based on the results obtained in our experiments, we now
proceed to detail how the different intersections were mod-
eled. Our purpose is to obtain a generic model that allows
integrating the different behaviors observed in simulation
tools, as well as analytically studying the effectiveness of
event-related message delivery at intersections.

6.1. Modeling Procedure. In order to model the different in-
tersections, our procedure was the following: first, we
obtained the number of packet transmissions and receptions
for each position registered; second, we determined the
packet delivery ratio value associated with each distance

range; finally, we performed a curve fitting process to derive
optimal parameters.

In detail, the results of the first step of the experiment
consist of a list of coordinates (i.e., latitudes and longitudes)
stored at the sender, with another similar list stored at the
receiver’s side. The sender coordinates are the sender’s actual
location when a packet is sent. Logically, the list at the sender
side has more entries than the one at the receiver side as
several packets get lost. So, we must compare the difference
between these two lists of coordinates. A packet is successfully
received if an entry (coordinate) at the sender’s list is also
present in the receiver list. The coordinate is then translated
into the distance by considering the coordinates relative to
the center of the intersection using the haversine formula
implemented in the GeographicLib library.

The outcome of the first step is then grouped into small
intervals, with the interval width equal to 5 meters. The
delivery ratio derived for the different intervals is then
plotted using a bar chart, thereby resembling a histogram
(although it is not so in a strict sense). By following the same
procedure for the different antenna locations (rooftop versus
dashboard), we can then obtain a comparative chart for the
target intersection that allows checking packet delivery ratio
in both cases.

Once these distributions are calculated for the three types
of intersection and for both antenna locations, we proceeded
to find the best fit for our data. The curve fitting was done
using the nonlinear least-squares Marquardt-Levenberg algo-
rithm (implemented in the GNUPLOT software) to derive a
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(a) Outside View

(b) Inside View

FIGURE 7: View of the vehicle parked at Intersection 3.

general model for the curve, determining which function is
more adequate for our purposes, as well as the best parameter
values for each distribution.

6.2. Fitting Results. For each curve, we tried to find a com-
mon model that would be suitable for both antenna positions
(dashboard or rooftop) and the different type of intersections
(open, building, and trees). Our intention was that only one
parameter would vary from one scenario to another, allowing
to seamlessly model different types of intersections having
variable degrees of radio visibility. After evaluating several
fitting functions (polynomial, power) for the different types
of intersection and antenna locations, the best fitting was
obtained using a Gaussian function:

f(x)= ae 02 ¢y

Notice that variables x, a, b, and c are generic variables,
meaning that (1) will be adapted to our specific requirements.
In particular, we set x as the distance from the intersection
and fix the probability of reception to one exactly at the
intersection (distance zero), so a is one and b is zero. Thus,
the only parameter to fit is ¢, that is, the standard deviation.
So, finally we have the following expression:

f(x)= e (2)

This exponential function computes the delivery ratio for
a particular distance x. As the distance grows, this probability
asymptotically becomes 0. The value of the constant ¢ (or
standard deviation o) will depend on the scenario and the
antenna position and reflects the variation or dispersion of
the data values.

The resulting bar charts and fitting results are shown in
Figures 9(a), 9(b), and 9(c). If we take a look at the exper-
imental results for Intersection 1 (see Figure 9(a)), we can
quickly notice that there is a significant difference between
the delivery ratio for the dashboard and rooftop location cases.
The curve fit for the dashboard antenna location shows that,
for low distances, the delivery ratio is still comparable to the
one from the rooftop fit. After a distance of about 20 meters
from the intersection, the bars show a quick attenuation.
Also, we observe that it loses contact after about 200 meters.
We can observe how, when the distance is of about 120
meters, the delivery ratio suddenly drops, being followed by
a moderate increase. This is an effect of the buildings present
in the environment, as we can see in an aerial view of the

street shown in Figure 2. Concerning the delivery ratio for
the rooftop scenario, high delivery values are sustained for a
distance up to 70 meters, after which they experience a 20%
drop. In this same scenario for the dashboard case, the drop
ratio is significantly higher (50%). Thus, we can conclude
that antenna location has a very significant impact on packet
delivery success.

Concerning the second intersection, the bar chart shown
in Figure 9(b) clearly shows a significant difference compared
to the previous one. In fact, the distance range is now quite
reduced, with the fact that the packet delivery ratio drops to
only 35% in about 40 meters (for the “dashboard” antenna
position). Beyond 50 meters, the delivery ratio becomes near
zero. If we focus now on the curve fit for the rooftop scenario,
we find that differences towards the dashboard case are quite
clear, similarly to what occurred for Intersection 1. However,
with respect to that first intersection, we now see that, at a
distance of 50 meters, the packet delivery ratio for the rooftop
is nearly 0.8, while for the dashboard it is only 0.3, both values
much lower than those measured in Intersection 1. This is
why we can categorize this second intersection as an urban
canyon, which is a worst case scenario associated with the
maximum degree of obstruction.

Regarding the results for Intersection 3, Figure 9(c) shows
that when the antenna is located in the dashboard, there is a
loss of radio connectivity after about 70 meters. Instead, when
the antenna is on the rooftop, contact is maintained beyond
250 meters, a much greater distance. Compared to the two
previous intersections, the fittings in this scenario are indeed
a situation in between intersections 1 and 2.

Overall, we consider that the obtained results are quite
reasonable by considering that our experiments were made
in scenarios where no interference is hindering our commu-
nications band, meaning that the channel only experiences
the effect of additive white Gaussian noise. In such situation,
the fitting corresponds to a standard AWGN channel model.

We now focus in detail on the outcome of fitting results
and the corresponding fitting errors. Notice that (2) intro-
duced parameter c, the standard deviation of the Gaussian
function, which allows adapting the fitting curve to each type
of intersection and antenna location. In Table 2, we now detail
the values of this parameter for each case. It is interesting
to observe that this parameter decreases for lower radio
ranges at intersections, being directly related to the packet
delivery ratio. In fact, the higher the parameter, the higher
the packet delivery ratio for a certain distance towards the
intersection.
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TABLE 2: ¢ parameter and x> error values for each scenario and antenna position.

Antenna on dashboard

Antenna on rooftop

c Xz c X
Intersection 1 56.57 15.35 240.72 30.15
Intersection 2 30.92 12.84 71.82 21.67
Intersection 3 38.98 6.18 136.15 20.14

In detail, we can see that ¢ values for the first intersection
are the highest ones. On the other hand, for Intersection 2, the
lowest values are obtained, with Intersection 3 characterized
by intermediate ¢ values. Also, regarding antenna locations,
we find that ¢ value for the rooftop results is always more than

twice those obtained with the antenna in the dashboard. The
largest relative difference is detected for Intersection 1, where
¢ value for the rooftop case is more than four times greater
than the one for the dashboard case. This occurs because,
for this kind of intersection, packet losses are mostly related
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F1GURE 10: Differences among the fitted models and data.

to signal power dropping due to distance, and the rooftop
antenna location thereby emerges as the optimal option to
mitigate such power losses.

Table 2 also shows the fitting error expressed as y°, the
sum of the squares of the differences between the model
function and the actual delivery ratios obtained from the
experiments. Additionally, Figure 10 shows a box and whisker
plot of the difference distribution for each scenario and
antenna position. The box shows the 2nd, 3rd, and 4th
percentiles, and the whisker is the mean value plus/minus the
standard deviation. The model fitting is clearly more accurate
for the dashboard scenarios than when mounting the antenna
on the rooftop. This occurs because, in the latter case, the
range is not large enough to reach near-zero values.

7. Model Applicability to
Simulation Environments

In general, a detailed channel characterization between two
endpoints requires studying the signal to noise plus interfer-
ence values at the receiver, which includes modeling in detail
the signal propagation conditions in the target environment.
In the specific case of vehicular networking environments,
this includes the modeling of signal reflections and Doppler
spread in the presence of various obstacles, including build-
ings, trees, and vehicles. However, such a detailed signal
propagation analysis is extremely complex, and so it becomes
computationally prohibitive to undertake such a detailed
analysis when studying traffic communications in a large
area, especially for vehicular networking studies where this
area can grow up to the size of an entire city or even
greater. To address such problem, empirical path loss models
for urban environments have emerged (e.g., Nakagami [37]
and Durgin et al. [38]). However, these models provide a
generalization of the propagation behavior, meaning that they
fail to provide a detailed characterization of very specific
transmission conditions, such as the intersection propagation
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conditions addressed in this paper. Yet the problem of how
to adapt our model to simulation environments remains, as it
requires knowing in advance the actual characteristics of each
specific intersection in order to adequately model it.

To achieve the intersection modeling requirements
enabling the adoption of our models, we propose automating
the intersection classification process by analyzing the street
width and the presence of buildings in a preprocessing step
before the actual simulation. This way we avoid having to
manually tag each intersection manually and benefit from the
models hereby derived with little additional complexity.

It is worth highlighting that widely used map providers
such as OpenStreetMap [39] already include such street
and building information for many relevant cities, which
simplifies and makes feasible the adoption of our solution.

8. Event Notification Effectiveness
on Intersections

To further validate our research work, we have also ana-
lyzed the probability of successful delivery of notifications
associated with critical events. As explained earlier, such
event notification dissemination typically relies on multihop
broadcasting to make sure that the information arrives to
all vehicles in a certain target area. However, since such
dissemination procedure is prone to cause broadcast storm
problems and since urban obstacles will typically hinder
dissemination towards vehicles in nearby streets, different
proposals consider it optimal to perform timely broadcasts
when vehicles are located at intersections to maximize reach-
ability. Such timely broadcasts for moving vehicles, though,
rely on mapping GPS coordinates to map details, and the
overall effectiveness will highly depend on the GPS error
introduced at the time of broadcasting.

Taking the aforementioned issues into consideration, in
this section, we will use the models derived in Section 6 for
the different intersection types and antenna locations to study
the probability of successfully delivering an event-related
message at an intersection when considering different GPS
error values. We are assuming that the vehicle intends to send
apacket when located at the center of the intersection to max-
imize the packet delivery ratio. However, if we take the GPS
error into account, we could expect that the error it intro-
duces could impact the packet delivery ratio, especially in
urban canyon scenarios. To this purpose, we define different
maximum values for the GPS error (which typically ranges
between 5 and 50 meters) and create normal distributions
where 99.7% of the values are inside this maximum distance
(30 rule). Then, considering this probability distribution for
the vehicle location when transmitting a packet, we combined
it with the models derived in the previous section to gain
awareness about the expected success ratio for the event
message delivery.

In Figure 11, we evaluate the impact that the GPS error
ranges will have on the delivery ratio for each scenario,
with the antenna located either on the dashboard or on the
rooftop. The three intersections that have different levels of
obstruction are compared. In these plots the delivery ratio
from the fitted model is shown for three significative points
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in the error distribution: the bar corresponds to the interval
from 0 to o (68% of values), the line corresponds to [0, 20]
(95%), and the cross is [0, 30] (99.7%).

If we focus on the case where the antenna is located in
the dashboard (see Figure 11(a)), a significant difference is
detected when we have a GPS error of 50 meters. In the
case of Intersection 1, a GPS error of up to 50 meters still
shows acceptable packet delivery levels; on the contrary, for
Intersection 2 (urban canyon), the delivery ratio is much
worse than for the other two cases.

Figure 11(b) shows that when installing the antenna on
the rooftop, the impact of GPS error is now reduced as
the delivery ratio in these cases, when compared to the
previous ones, is much better. This means that, in general,
effective propagation of messages at intersections is possible,
even in urban canyons and despite GPS errors, as long as
rooftop antennas are used so that their extended radio range
compensates for the poor radio visibility and positioning
error.

In a nutshell, again we find that the different antenna
positions and the characteristics of intersections clearly affect
the probability of successful packet delivery even with the
presence of GPS error. That being said, the most reliable
sending process takes place when we put the antenna on the
rooftop of the vehicle and the transmission occurs at an open
space intersection (with minimum obstructions). The worst
case occurs at the urban canyon intersection (maximum
obstruction) when the antenna is located within the vehicle,
in the dashboard, thereby matching our initial hypothesis.

9. Conclusions and Future Works

Recent efforts to minimize accidents in vehicular environ-
ments have led safety issues to represent one of the most
important applications in the context of ITS. In this scope,

intervehicular communication can play a very relevant role
by allowing quickly notifying neighboring vehicles about
dangerous events. However, these notifications should be
delivered quickly and reliably, which can be a strict require-
ment in urban environments since buildings and other
obstacles are prone to hinder signal propagation. Thus, timely
message delivery at the center of intersections emerges as the
main solution allowing avoiding urban obstacles in a simple
and straightforward manner.

In this paper we have studied the packet delivery effective-
ness achieved on different types of intersections (no obstacles,
urban canyon, and partial obstruction) and when locating the
antennas on either the dashboard or the rooftop. Extensive
experimental results using broadcast traffic have shown that
the impact of the intersection type is significant, as differences
of up to 150 meters in transmission range were detected. Also,
we find that having a rooftop antenna is also a critical factor,
allowing extending the transmission range between 100 and
250 meters, which may represent more than a 100% increase
in some cases.

Additionally, we have modeled all the obtained results by
finding the best-fitting function and then applying regression.
We find that a Gaussian function offers adequate fits for all
cases by just varying one parameter. This way, our model
allows seamlessly representing different types of intersections
and bringing these results to simulation environments.

Based on our model, we then made an analytic study to
determine the probability of a successful event dissemination
process at intersections, for the different types of intersection
and antenna locations tested, when varying the maximum
GPS error. We find that, in general, dissemination is highly
effective, even in urban canyons and for high GPS error con-
ditions, as long as rooftop antennas are used, with the more
restrictive dashboard solutions being not recommended. This
way, using the previous models and assisted by real-time
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geolocation and maps, we can first determine the type of
scenario to use and then, knowing the GPS error, determine
the expected delivery ratio.

As future work, we will translate our results to a simula-
tion platform in order to achieve a more realistic simulation
model able to better resemble real-life experiments. Also,
since we used the standard GPS device embedded in the
smartphone for localization purposes, it would be interest-
ing to test with more precise outdoor geolocation devices.
Another consideration to be kept in mind is to evaluate the
feasibility of V2V communications through the use of LTE-
based intervehicle communications.
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