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ABSTRACT

Advances in portable technologies and emergence of new-appl
cations stimulate interest in urban vehicular communicetifor
commercial, military, and homeland defense applicatioBsnu-
lation is an essential tool to study the behavior and evaltia
performance of protocols and applications in large-scebam ve-
hicular networks.

In this paper we propose CORNER a low computational cost yet
accurate urban propagation model for mobile networks. CERN
estimates the presence of buildings and obstacles alorgjghal
path using information extrapolated from urban digital siag\
reverse geocoding algorithm is used to classify the prapzgyait-
uation of any two nodes that need to communicate starting fro
their geographical coordinates. Sender and Receiver assified
as in Line of Sight if there are no obstacles in between, amtiais
in Line of Sight when there are obstacles (i.e. buildinggpeen
them. CORNER has been validated through extensive onetd-r
experiments, the results show high accuracy in predictiegnet-
work connectivity. In addition, on-the-road experimentggest
the need to refine the fading model to differentiate betweiae L
of Sight, and NON Line of Sight situations. Finally, we shdvet
impact of CORNER on simulation results for widely used aggpli
tions.
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1. INTRODUCTION

Vehicular Ad Hoc Networks (VANETS) are the first practical
step towards the deployment of urban ad hoc networks. WiFi en
abled smart devices will provide the first platform for a fiele-
ployment of vehicular applications and protocols. As stadd
are established, OEM based WiFi deployments will be replége
Dynamic Short Range Communication (DSRC) radios that cgmpl
with the upcomindEEE802.11pstandard [1].

In city scenarios, characterized by thousands of cars, nén u
form density and irregular propagation obstacles [2] {3 imper-
ative to study scalability and performance of the applaratiand
protocols that run on such scenarios. Obviously, the piteb
costs (and the privacy implications) of real field experitsenith
thousands of instrumented vehicles forces researcherslared-
opers to fall back to simulation models and tools, augmentiéal
the results from limited actual experiments. Simulatiorlity is
particularly important to get realistic results. In pantar, prop-
agation and mobility fidelity are key to evaluate the perfance
of vehicular network protocols and applications in urbaanse-
ios. However, to this day, to the best of our knowledge, there
very limited access to computationally efficient urban ggttion
models.

Urban scenarios are characterized by buildings that datesgn
obstruction to the free space radio waves propagation. dardp
perform high-fidelity simulations, with a more realisticopaga-
tion, buildings simply cannot be ignored. In principle, ibwd be



possible to compute the path loss very accurately using Rag T
ing or similar techniques [4]. However, these techniquegiire a
very detailed information about the environment to simeylatch
as a tridimensional description of the environment or tHeece
tion index of all the surfaces in the environment [5]. Gaither
information on buildings material, shape, and reflectiateis a
difficult task that requires the allocation of specific rasas for
each building. For instance the blueprints of the buildinged to
be inspected and the reflection index of each constructidenab

e Reverse Geocodinggiven a pair of nodes, map each node

onto a road segment. The shortest road path between these
two road segments represents the path that the signal will
traverse.

Propagation Situation Classification: use the geometrical
properties of the road network to assess if the two nodes are
in line of sight or behind a corner.

Formulae Application: compute all geometrical distances

needs to be experimentally studied or otherwise assesbed.ré-
sulting in almost impossible task especially for large urbaeas.
Furthermore these techniques have a very high computatosa
often resulting in several months of CPU cycles. Therefdue, to
resource and time constraints, most of the current liteeatvased
on simulation studies, assumedia propagation model (e.g. the 2.2 Reverse Geocoding

“Two Ray” model) that computes a deterministic componerthef Reverse Geocoding procedures are used to map a given geo-
Path Loss based on the geometric distance between two niodes.  graphical position onto the road topology. These techrsicare
this case, obstructions are represented statisticaliyodocing a commonly used by commercial navigation systems to cortet t
probabilistic component called shadowing. The shadowsngn  positioning error of the GPS receivers. Conventional tepies
additional Path Loss, usually log-normally distributeldatt emu- usually represent road segments as one-dimensional Eaes. po-
Iatgs_ the movement of_ _tht_a nodes around large obstacles such asjtion is then mapped on the geometrically closest segrfektng
buildings. This probabilistic component, however, cant®tre-  advantage of available space/time correlation, unseitatalppings
lated to the environment the nodes are moving in, i.e. thamurb  gre filtered out, removing spikes from position estimatesweler
street grid, voiding all efforts in accurately represegtighicular  these techniques can not be applied in this case, if not év filit
mobility. positioning errors. Indeed, the purpose of the reverseagéog
In the current literature there exist several path lossiptied performed by CORNER is not to estimate on which road segment
formulae that are suitable for urban environment and thainat each single node is traveling, but to assess what are theiotishs
computationally expensive. However these formulae cabedati- present on the signal propagation path between pairs ofsnde
rectly implemented for network simulators. In fact theserfolae we will see in the next section, the road segments are usadltb b
require information ab.out the.relative position of nodeshwe- a geometrical model of the environment, it is then more irtaydr
gards to the surrounding environment. In this paper we ptese o select the actual road segments the signal will traverdenat
CORNER, a novel path loss prediction scheme, that extr@®la  the ones the vehicles are actually traveling on. For thipgse
_this information fro_m_the road map, allowing th_e applicat@anon- we assign to each road segmergraximity area This proximity
ical path loss prediction formulae in network simulator©ORNER area is defined as the surface that includes all locationsatbaat
represents a good trade-off between accuracy of predititeRath a distance smaller thaRW/2 from the road segment. A graphical
Loss and computational complexity. In addition, CORNERedet  yepresentation of the proximity area is shown in Figure. 1)y’

ministically accounts for obstructions relatively to theveonment is the road segment width and it is computed as follows:
the vehicles are moving in, enhancing the benefit of betiaere
RW = (NoL x LW) + 10 (@H)

senting the vehicular mobility.

The remainder of this paper is organized as follows: in $aQi
we describe the model in detail; in Section 3 we present thate
of our experimental validation campaign; in Section 4 wenstioe
impact that a better propagation model has on simulatiantsgsn
Section 5 we present the related work and finally in Sectiore6 w
conclude our paper.

involved in the application of the Path Loss prediction for-
mula.

In the following we will discuss in detail each of these steps

WhereNoL is the number of lanes and the units are expressed in
meters (N.B. the number of lanes is double if the segmentris pa
of a two way road) LW represents the lane width, that we assume
constant. In addition we consider the roads 10 meters léngake
into account the sidewalk. Each node is assigned a set of-cand
date road segments. The candidates are all the road segafents
which a node is in the proximity area. Consider a pair of nodes
2. CORNER DESCRIPTION We must identify the propagation path and estimate the less b
. tween the pair. To identify the path, among the sets of rogd se

2.1 Overview ments associated with the pair, CORNER selects the two sggme

Most of the existing path loss prediction formulae are dpeci  (one for each node) that involve the least number of int¢ises
cally devised for path loss calculation between a baseostatid a to traverse. Let us consider the example represented imé=igh).
mobile. They address very different types of obstacles thase For vehicle A there will only be a single candidate road segme
impacting Vehicle-to-Vehicle (V2V) communications (seec8on (segment number 1). For vehicle B instead all the four se¢gnen
5). CORNER uses the path loss prediction formulae presentedare candidates. The best connected pair of segments is isejme
in [6]. Those formulae deterministically account for obstions itself, therefore vehicles A and B will be mapped onto the sam
on the signal path between vehicles and assume both traesmit segment. It is important to notice that traditional revegeecod-
and receiver antennas are set at low heights (1.5 meters)fofh ing techniques, that map vehicles onto the road segmerdstits
mulae cannot be applied without the knowledge of the surdimgn them, would have mapped node B onto segment number 2. If a pair
environment and of the geometric properties of the signél (&g of nodes cannot be mapped on two segments connected at most
distance between transmitter and crossroads). CORNERocextr  through two intersections, the nodes are considered to d®éato
(and extrapolates) this information from the road topolowp, al- away from each other and the Path Loss between them is set to a
lowing the application of the formulae in simulation. Thelpkoss fixed threshold. This threshold is high enough so that thevordt
prediction procedure can be summarized in three subsegteps: simulator will not consider this pair of nodes as neighbof$ie
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Figure 1: (a) Single road segment proximity area; (b) Exampé
of different candidates sets for Reverse Geocoding

Otraversed intersectionsO generated by the Reverse Gagare
used in the Propagation Situation Classification describetthe
next paragraph.

2.3 Propagation Situation Classification

Namely, the Path Loss (PL) is a function of the relative posit
of two nodes. CORNER classifies each pair of vehicles inteethr
possible cases: Line Of Sight (LOS), Non Line Of Sight witleon
corner along the path (NLOS1) and Non Line Of Sight with two
corners along the path (NLOS2). This classification levesatye
result of Reverse Geocoding using road segments and cagissro
that interconnect them. In order to perform this classifcatve
need to introduce the conceptarigular viewof a node. The angu-
lar view of a vehicle is the portion of plane that the vehica see
from the opening offered by the crossroad. A graphical isgme
tation is shown in Figure 2. The opening offered by the ciaadr
depends on the footprint of the buildings surrounding ite Bhild-
ing footprints for an entire city, although public, are vdwgrd to
obtain, as there is no digital database yet. For this reagooon-
sider as building everything that is not a road. Roads arsiden
ered as open space where the signal can propagate freelyoddhe
width is defined in equation 1. Each node pair is then classifge
follows:

ered in NLOSL1 if they are mapped on two road segments that are
separated by two crossroads and one of the vehicles is in LIS w
the farthest crossroad, as shown in Figure 3.

NLOS2. Two vehicles are considered in NLOS?2 if they are mapped
on two road segments separated by two crossroads and ane nor i
LOS or NLOS1, as shown in Figure 3.

Each pair of nodes that passed the first reverse geocodiegrscr
ing will be classified in one of these situations. This clésaiion
is then used to apply the relative path loss prediction féamu

Figure 2: Propagation: Graphical example for vehicles mappgd
on adjacent road segments

Figure 3: Propagation: Graphical example for vehicles mapegd
on road segments separated by 2 crossroads

LOS. Two vehicles are considered in line of sight if they are majppe 2.4 Formulae Application

on the same road segment. They are also considered in linghof s
if they are mapped on two road segments connected by a caolssro
and one of them is in the angular view of the other. In addjtion
two vehicles could be in line of sight if they are mapped on two
road segments separated by two crossroads. In this casef one
the considered vehicles has two different angular views, wer
crossroad. Let us define the two angular viewsl&E4 and AW g
generated respectively by the closest and farthest cradsrdf the
other vehicle is traveling insidd Wz and AW is fully contained
inside AW 4 then the two vehicles are in line of sight. A graphical
explanation for the latter situation is shown in Figure 3.

NLOSL1. Two vehicles are considered in NLOS1 if they are mapped

on two adjacent road segments and they are not in the angelar v
of each other, as shown in Figure 2. Two vehicles are alsaadons

After the classification of the propagation situation hasrbger-
formed, some more geometric computations are needed intorde
apply the formulae. CORNER provides the deterministic comp
nent of the path loss due to the surrounding buildings. Iriotd

oaccount for reflections and diffractions from smaller argslpre-
dictable objects such as other vehicles or trees, an additfast
fading component should be taken into account. In the faligw
we present the geometric distances that need to be caldutate
order to compute the path los® L) in each of the three possible
situations:

LOS.

If the two vehicles are in line of sight the dominant compdnen
of the Electro-Magnetic Field{ M F') will be relative to the di-
rect path to the destination. For this reason the simpledpaee



attenuation formula can be applied:

PL = 20log(ﬁ)\d)

where\ is the wavelength and is the distance between the two
vehicles.

@)

NLOS1.

If the two vehicles are not in line of sight with one cornerrajo
the path, there is no dominant component forkh& F'. Therefore
the received power will be the sum of the powers of all the rays
that are either reflected or diffracted by the surroundinigdings.
Figure 4 shows an example situation of two vehicles in NLOS1.
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Figure 4: Graphical example of the geometry in the case
NLOS1

With respect to Figure 4, and R, represent respectively trans-
mitter and receiver/,, represents the central point of the intersec-
tion of the two road segments on which transmitter and receiv
are mappedr,, is the distance betwe€n, and.J,, andr; is the
distance betweef,, andR.. The totalP L towardsR, can be de-
composed into two main componenf8ZL r which is the path loss
encountered by all rays reflected on the surrounding bgji&l{ned
dashed path in Figure 4), amlL » which is the path loss encoun-
tered by the rays diffracted on the corner at the intersed¢titack
solid path in Figure 4). IR, is closer toJ,, thanT, (rs < rm)
then P LR is the dominant component, otherwiBd. p will be the
dominant componentPLr and PLp are functions of the wave-
length,r,,, rs and the road width®1¥/,,, and RW, computed as
shown in Equation 1. We refer to the original paper [6] fortlfier
details on how to compute these components. Finally thé fdia
is then equal to the sum of these two components:

P

L
0”410 3)

D PLRp
10 )

PL = 10log(10

NLOS2.

Figure 5 shows an example situation of two vehiclEsdndR..)
that are not in Line of Sight with two corners along the sigmeth
(NLOS2). Similarly to the NLOS1 case we define the center ef th
first intersection along the path ds, and the centre of the second
intersection along the path &. We then define the distance be-
tweenT, and.J,,, asr,,, the distance betweeh,, and.J, asrs and
the distance betweesl, and R, asr,. In addition RW,, is the
width of the road which, is mapped onRW is the width of the
road between/,,, andJ, and RW), is the width of the road?.. is
mapped on.
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Figure 5: Graphical example of the geometry in the case
NLOS2

If two vehicles are in an NLOS2 situation then the total pa#sl
is the combination of four main component®L r which is the
path loss of all possible rays that reakh only through reflections
(black dashed single dotted line in Figure B)Lpr which is the
path loss relative to all rays that are diffracted on the eorelated
to J,, and then reactR, through reflections on the surrounding
buildings (purple dashed double dotted line in Figure BY;rp
which is the path loss relative to all rays first reflected ameht
diffracted by the corner relative td, (blue dashed line in Figure
5); PLpp which is the path loss relative to the rays that diffracted
both on the corner relative td,, and on the corner relative td,
(red solid line in Figure 5). These four componen® (s, PLpr,
PLgrp andPLpp) are functions of the wavelength and of the ge-
ometrical properties of the surrounding evironment, ( rs, 7p,
RW,,, RWs and RW,). We refer to the original paper [6] for
further details on how these components are computed.lfihal
total PL is then equal to the sum of these four components:

PL PL PL PL
PL = 10log(10 16~ 410 10" 410 10~ 410 1) (4)

2.5 Sample Propagation

The signal propagation modeled by CORNER can be better un-
derstood with two practical examples. Let us assume we have a
transmitting vehiclel’, placed at an intersection in an ideal man-
hattan grid road topology. We then move a second receivihg ve
cle R, away fromT following the motion pattern shown in Figure
6(a). The movement aR, will take it from a LOS situation, then
to an NLOSL1 situation and finally to an NLOS2 situation. Inufi
6(b) we show the received signal power computed using CORNER
at a frequency o2.4GHz. Each turn in the motion pattern, and
consequently an additional corner along the signal patiultein
a significant drop in the received power. Figure 6(b) alsavstihe
result of the combination of CORNER and additional fading. 1
particular we superimposed a Rayleigh distributed aduktidoss
to the deterministic component computed by CORNER. As dis-
cussed in Section 2.1, CORNER accounts for the obstruction t
the signal propagation provided by the surrounding bugdinin
order to account for other environmental obstructions amdtim
path, one should consider and additional fading comporsertt)
as Rayleigh or Rice fading [7]. In Figure 6(c) we show the algn
attenuation, at a frequency G H z, from a source placed in the
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Figure 6: Urban propagation example from a fixed source T.) to a mobile destination (R.); (a): road topology and mobility pattern
of R.; (b) path loss resulting from the mobility of R, using CORNER alone and CORNER with additional Rayleigh fading; (c)
example of path loss computation using CORNER for a source pked in the middle of an intersection

middle of a crossroad. In this case we are using a real roatcgy
extracted from the TIGER database, relative to a residearéa in
downtown Los Angeles. To highlight the resulting connettiwe
placed a sharp discontinuity in the representation of ttemastion

at 97dB, that is the maximum signal attenuation that still grants
connectivity for] EEE802.11b devices [8]. It is remarkable that,
in line of sight, the signal can propagate for several huhdreters.
On the contrary the signal sharply degrades behind corners.

3. CORNER VALIDATION

The path loss prediction formulae used by CORNER were ex-
tensively validated in [6]. However, the authors focusezihlida-
tion on the accuracy of the predicted received power levethis
section we provide the results our experiment campaign hiclw
we focused on validating the connectivity resulting frora tise of
CORNER in a network simulator such as QualNet [9]. In additio
we evaluated the realism of the Link Quality obtained usimg t
channel model implemented in QualNet, providing usefulints
for future development of more accurate channel modelsrfmaru
environment.

Our experiments were carried out using two cars equippddavit
laptop with linux OS, a GPS receiver and a IEEE802.11b/glesse
card. The wireless card uses an Atheros chipset allowingishe
of the open source driver MadWiFi [10]. To better understtrel
characteristics of connectivity we performed all the tgstzxing
our application directly on top of the MAC layer. This is pitds
in Linux using the Ethernet raw sockets package. In othedsor
our application sends and receives packets directly to ramd the
wireless card buffer, avoiding the use of IP and higher layeto-
cols that can cause connection delays. We performed twaéets
experiments: one to assess the connectivity around coineodv-

ing fixed and mobile nodes; a second set to assess the link qual

ity around corners using fixed locations. We performed abuf
experiments in a Los Angeles residential are&\Ve then repro-
duced the same scenarios using the implementation of CORNE
for QualNet [9] network simulator, and compared the obtaires
sults with the ones obtained in reality. It is important torp@ut
that the real experiments are affected by environmentaifgrtence
that can not be easily reproduced in simulation. In fact, veeew
able to detec227 distinct Access Points (APS) in the area. Figure 7
shows the channel occupancy of all the detected APs. Ouriexpe
ments were performed using the automatic channel detedtich

Lat: 34.053397N, Lon: 118.442660W

this setting the wireless card scans all the band and chdhses
least interfered channel to operate on. Although thisrsgguar-
antees the lowest possible level of interference, the highber
of surrounding APs will affect heavily the packet receptieape-
cially in the case of broadcast for which the RTS/CTS/DATEK
procedure is not used and retransmissions are not allowextdér
to reproduce this kind of interference, we would need infation
that is not possible to gather, such as the location of aquaisss
and the kind of data traffic that is running on them. In additias
illustrated in Figure 7, not only the orthogonal channel$ Bnd
11 are occupied by surrounding APs. The use of non-orthdgona
channels seriously affects the carrier sensing procedatssing a
high rate of transmission failures.

100
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Figure 7: Environmental Interference: Channel occupancy ¢
APs in the area

3.1 Connectivity Experiments

To assess the connectivity around corners we performed both
Fixed-to-Mobile and Mobile-to-Mobile experiments. In hate-
tups the nodes are periodically broadcasting a packet ioomja

rtheir geographic coordinates and the GPS timestamp. The fre

guency of transmission has been set to 10 packets per second.

Fixed-to-Mobile.we performed two different tests with one
car revolving around a block and the other fixed, first in thddte

of the block and then placed at an intersection. In both éxyarts
the fixed car periodically sends out broadcast packets. Tdiglen
car then saves the geographic coordinates where it receehl
packet. Figures 8 and 9 show, plotted on Google Earth [1&], th
set of locations where packets were received both for the tigsit
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Figure 8: Fixed-to-Mobile experiment: comparison between
field experiment (blue squares) and simulation (yellow tria-
gles). Representation of the locations in which the movingae
received a packet generate from a source placed in the middle
of the road block.

Figure 9: Fixed-to-Mobile experiment: comparison between
field experiment (blue squares) and simulation (yellow tria-

gles). Representation of the locations in which the movingas

received a packet generate from a source placed at the intezs-
tion.

(blue squares) and in simulation (yellow triangles). lemarkable
that the simulated connectivity is very similar to the reaoln ad-
dition we can see that in simulation the number of receivettgtz

is much higher. This is a consequence of the surrounding envi
ronmental interference that cannot be reproduced in stinnlaas
discussed previously.

Mobile-to-Mobile. To further validate the propagation model
we also ran a Mobile-to-Mobile experiment. The two involweds
were revolving around the block in opposite directions. Ofihe
cars would store the position it received the packet at ttegavith
the position of the other car included inside the packetuieid.0
shows the comparison of the real experiment and the siralati
Each single received packet is represented as a red linagadine
receiving and sending positions represented with bluersgu&Ve
can observe that the model well reflects the reality avoidirey
transmission of packets that traverse the block.

3.2 Link Quality

To validate Link Quality simulation results, we performeuabt
testbed experiments involving propagation around a corner

e ExperimentA: We fixed asendernode (S) at on ent of a
road and we moved the receiver to five different positions,

(a) Field Experiment

(b) Simulation

Figure 10: Mobile-to-Mobile experiment: connectivity com

parison between field experiment and simulation. Each link
(red solid lines) represents a successfully transmissiorebveen
two locations (blue dots).

firstin Line of Sight (positions 1 through 4) and then around
a corner (positions 1 and 2), as shown in Figure 11(a).

e ExperimentB: We fixed asendemode (S) next to an inter-
section and we moved the receiver to six different positions
first in Line of Sight (position 1) and then around a corner
(positions 2 through 4), as shown in Figure 11(c).

In both experiments, for each position of the receiver, sbeder
sent 500 unicast packets. The use of unicast packets masrttie
impact of surrounding interference, that is not negligiblée de-
fined the Link Quality as the number of packets received duid
by the number of packets sent. We present the comparisorebrtw
the Link Quality obtained in the field experiments and thekLin
Quality obtained with the QualNet simulator, combining OTER
with additional fading. In Figures 11(b) and 11(d), for esipesnts

A and B respectively, we compare the Link Quality obtained in
the field experiments and the Link Quality obtained usingeRind
Rayleigh fading [7]. As expected, the Rician fading can oepice
well the Link Quality for the LOS situations, namely posit®&1
through 4 in experimentl and position 1 in experimer?. How-
ever, the Rice model performs poorly in the remaining NLGS si
uations. In these cases, the Rayleigh fading is better, peceed.
In conclusion, to better reproduce the Link Quality in siatidn,
the channel model should be modified to use the appropridiega
model in LOS and NLOS situations, exploiting the classifarat
provided by CORNER.

4. IMPACT ON VANET SIMULATIONS

Due to the high cost of real vehicular testbeds, simulasastill
the only means to assess performance of large scale vahimita
works. It is then crucial that the models used in simulatien r
flect reality as much as possible. However most of the rekearc
performed on VANETs assumedflat propagation model, such as
Two Ray. Some simulation studies use a reduced radio range, i
the attempt to avoid connections that would traverse cibgchs.
These solutions may produce very misleading results. hdbe-
tion, we assess the main drawbacks of usinfiatipropagation
model. For this purpose we generated a mobility patternguisia
VERGILIUS Urban Traffic Scenario Generator [12]. We used a
map of size 500 by 500 meters located in Los Angeles dowrftown
with a total entering flow of 5000 vehicles per hour, unifoyrdis-
tributed over the entry points. We fed the resulting traffittern

°Centered at Lat: 34.044000N, Lon: 118.434100W
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Figure 11: Link Quality evaluation experiment: comparison between field experiment and CORNER combined with Rayleigh lad
Rician fading for two experimental setups.

to CORSIM [13] obtaining a mobility trace lastigp0s. In or- e R80: We used the Two Ray model with a reduced transmitted
der to evaluate the major differences between CORNER dlad a power of —2.5d Bm and a receiver sensitivity 6f89dBm
propagation we used the VERGILIUS Trace Analyzer that exsra that leads to a propagation range of 80 m. This is one of the
relevant network metrics from mobility traces. In the faliog we most common solution adopted to avoid connections across
provide a brief description of each metric, we refer to thigioal buildings.

VERGILIUS paper [12] for further details: In Figure 12, we show a snapshot of the network connectivity
e Connectivity Index: is defined in the intervdo, 1]. Itis a for each of the considered propagation schemes. In paatjdtig-
measure of how well the network is connected, for example, ure 12(a) shows the connectivity graph computed using CORNE

avalue ofl represents a fully connected network at all times. In Figure 12(b) we show the connectivity graph for the sanee sc
nario using a simple geometric range &tf meters (R80), finally

e Average Hop represent the average “distance” in terms of 12(c) shows the connectivity graph for a geometric range5of
hop count among all nodes in the network, averaged over meters (R250). It is evident that boffiat propagation schemes
time. have highly impacting drawbacks. In particular R250 is tpti-0

f mistic and allows connections that traverse one or morebityks.
Conversely R80 is too pessimistic, as it does not allow cotime
traversing city blocks but at the same time removes conmestie-

e Link Duration : is the time interval in which two nodes are  tween nodes that are in line of sight and therefore shouldleeta
connected to each other, averaged over all nodes and overcommunicate, thus creating unrealistic network partgioie can

e Node Degree represents the size of the neighborhood o
each node, averaged over all nodes and over time.

time. observe these drawbacks impacting the connectivity nsetfithe
) ) ) network. In Table 1 we report the results of our analysis. beth

We computed the aforementioned metrics for three diffepenp- CORNER and R250 the network is almost fully connected. htste
agation schemes: for R80 the network is often partitioned, indeed each nodever-

age, can reach onl§9% of the network. For theflat propagation
schemes the Number of Hops merely depends on the geometrical
size of the network. For CORNER instead this is related to the
e R250: We used the Two Ray model with a transmitted power surrounding environment. Indeed the area considereddaslae4

of 8.5dBm and a receiver sensitivity 6f89d Bm that leads by 2 blocks city portion that justifies the average2o8 hops. The

to a propagation range of 250 m. This is the most common lower connectivity for R80 results in a much lower Node Degre

propagation model used in simulation studies. with respect to R250. For CORNER the Node Degree is lower than

e CORNER: Nodes use a transmitted power&5dBm and
a receiver sensitivity of-89d Bm.



(b)

80 (Radio Range = 80m)

Figure 12: Connectivity graphs for 95 nodes in the 500 by 500 sters area in Los Angeles, California: (a) shows the conndeity
graph using CORNER, (b) shows the connectivity graph using geometric range of 80m and (c) shows the connectivity graphsing

a geometric range of 250m.

R250 due to all nodes that are behind corners and cannot conne
to each other, but higher than R80 as the nodes that are iofline
sight can still communicate. For th@at propagation schemes the
Link Duration is related to the ratio between the radio raagd

the relative speed of nodes. Indeed we can observe an almesst |
relationship between R80 and R250. This is not true for CORNE
In fact, the link Duration does not depend only on the retasipeed
but also on the surrounding environment.

Metric CORNER | Range 250m| Range 80m
Connectivity Index 0.99 0.99 0.69
Average Hops 2.3 15 4.2
Average Node Degree 19.9 47.2 7.6
Average Link Duration 16.2 24.52 11.6

Table 1: Trace analysis for the different propagation scheras

We then simulated the resulting network using the QualNet si
ulator using IEEE802.11b with fixed data rate of 2Mbps, AODV
as routing protocol and an increasing number of ConstariR&i¢

CORNER —+—
Two Ray 250m -3
Two Ray 80m -3 -

Packet Delivery Ratio

10 15 20
% of Transmitting Nodes

25

Figure 13: Comparison of Delivery Ratio over the same sce-
nario using different propagation models

5. RELATED WORK

In the last few years, most of the proposed protocols andappl
tions for VANET have been evaluated through simulation igtsid
The modeling of urban mobility has improved substantialiyl a
reached a very good level of realism. However the accuragiere
sentation of mobility is voided by the use of unrealistidistical

(CBR) flows. The sources and destinations of the CBR flows are flat propagation models. In [14] Kotz et al. present a survey en th

chosen randomly. The flows consist of 512 bytes packets gtter
8 times per second for a resulting flow of 32 Kbps. The duration

the CBR connection is random with an average of 20s. In Figure

13 we show the Delivery Ratio as a function of the percentdge o
nodes initiating a CBR connection comparing the three pyapa
tion schemes. As it is illustrated in Figure 13flat propagation
scheme can produce very misleading results. In the casesi R2
such a wide range causes all the nodes to compete for theathann
even though they are far apart from each other. This causa&ees
drop of the delivery ratio for high load of the network. In B®OR-
NER case instead, the severe drop occurs for much lower netwo
load. This is due to the concentration of the load onto nduletsatre

at intersections. In fact these nodes are the only ones thatide

to route traffic through different parts of the network. Oricese
nodes are overloaded the performances drop drasticallyR80

we can observe that the Delivery Ratio is consistent withtthe
tal connectivity for low network load. However, for high hahe
performances are slightly better as the local traffic iscaéfé by
less interference and less channel contention resultireghiatter
delivery ratio.

most commonly used propagation schemes in VANET simulation
studies. The most popular propagation model is Two Ray [&f] th
is very easy to implement and provides a path loss predibised
solely on the geometric distance between two nodes. As Two Ra
does not take into account any obstruction along the sigatl, p
it is usually combined with a Log-normally distributed atitothal
shadowing component [15]. This shadowing component sitasila
the movement of vehicles around large objects such as bg#di
However, using this approach, obstructions are repredestétis-
tically, and therefore could be placed between vehiclesateac-
tually in Line of Sight or, vice versa, not present betweehicles
that are not in Line of Sight. This results in a complete disation
between the path loss and the mobility of the nodes, invatiga
the realism of the mobility.

In order to preserve the verisimilitude of the mobility thetip
loss prediction must be correlated to the environment thécies
are moving in, using a propagation model specific for urbanac
ios and that deterministically takes into account obstoastalong
the signal path. Numerous propagation models for urbanm@amvi
ment have been proposed so far. However, most of them ardispec



for cellular networks and model the propagation betweee bts
tions and mobile nodes. Indeed the use of ad hoc network®anur
environment is a new topic of research, thus the mobile toil@ob
channel still needs to be modeled in detail. The best appriac
then to adapt existing cellular network propagation mottels2V
communications. A firstattemptin this direction has beappsed

in [16] that presents the details of the implementation effirop-
agation model presented in [17] for the simulator ONNeT+38][1
The chosen propagation model uses different formulae ok ithe

of Sight (LOS) and non Line of Sight (NLOS) cases. However,
to distinguish between these two cases, the simulator n$es i
mation obtained from the mobility simulator, without perfing
any reverse geocoding. This makes both the implementatidn a
the model very simulator and mobility model dependent. éakle
this implementation works only with the Manhattan Grid Mebi
ity Model implemented in OMNet++ and cannot be ported to any
other simulator. In addition the authors do not provide aaljda-
tion of resulting connectivity. Another similar technighas been
proposed in [19]. In this paper the authors assess the peafare

of several routing protocols for VANET, under realistic paga-
tion conditions. The propagation model used is the one ptede
in WINNER project [20]. The main drawback of this model is the
assumption that the transmitter antenna is placed on toppoil@d
ing, at least meters above the ground. Therefore in case of NLOS,
the signal traverses a vertical path that involves a conrezted by
the roof of the building closer to the mobile node. In [19]sths-
sumption has been loosened and the signal is assumed tosrave
a horizontal path involving a corner created by the intdieede-
tween the mobile nodes. This adaptation however mightdioire
inaccuracies, that are not possible to quantify as the asitftmnot
provide any validation. In addition, no detail is providea lnow
the model distinguishes between LOS and NLOS situations.

6. CONCLUSIONS

We presented CORNER, a lightweight yet accurate propagatio
model for urban scenarios. CORNER features a simulatapeddent
path loss computation that deterministically accountsefosiron-
ment obstructions, providing a good correlation betweebility
and propagation. CORNER uses a specific reverse geocoding te
nique aimed to identify the path followed by the radio sigrfzdch
pair of vehicles is classified into three possible casese birSight,
Non Line of Sight with one corner along the signal path and Non
Line of Sight with two corners along the signal path; onceste-
nario has been identified, CORNER implements the path lass pr
diction formulae presented in [6]. Nevertheless the clasgion is
independent from the formulae to apply and therefore moce-ac
rate or more specific formulae could be easily implemented. E
periments performed on the road show that CORNER accurately
predicts the network connectivity. Insights from our Linki&@ity
evaluation suggest that a channel model aware of the propaga
situation would provide a better representation of realiinally,
we presented the most impacting inherent defects that ctesize
all simulation studies performed usifigt propagation models.
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