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Impact of Vehicles as Obstacles in Vehicular
Ad Hoc Networks

Mate Boban, Tiago T. V. Vinhoza, Michel Ferreira, João Barros, and Ozan K. Tonguz

Abstract—A thorough understanding of the communications
channel between vehicles is essential for realistic modeling of
Vehicular Ad Hoc Networks (VANETs) and the development of
related technology and applications. The impact of vehicles as
obstacles on vehicle-to-vehicle (V2V) communication has been
largely neglected in VANET research, especially in simulations.
Useful models accounting for vehicles as obstacles must satisfy
a number of requirements, most notably accurate positioning,
realistic mobility patterns, realistic propagation characteristics,
and manageable complexity. We present a model that satisfies
all of these requirements. Vehicles are modeled as physical
obstacles affecting the V2V communication. The proposed model
accounts for vehicles as three-dimensional obstacles and takes
into account their impact on the LOS obstruction, received signal
power, and the packet reception rate. We utilize two real world
highway datasets collected via stereoscopic aerial photography
to test our proposed model, and we confirm the importance of
modeling the effects of obstructing vehicles through experimental
measurements. Our results show considerable obstruction of
LOS due to vehicles. By obstructing the LOS, vehicles induce
significant attenuation and packet loss. The algorithm behind the
proposed model allows for computationally efficient implementa-
tion in VANET simulators. It is also shown that by modeling the
vehicles as obstacles, significant realism can be added to existing
simulators with clear implications on the design of upper layer
protocols.

Index Terms—VANET, vehicle-to-vehicle communication, sim-
ulation, signal propagation modeling, channel model

I. INTRODUCTION

VEHICLE to vehicle (V2V) communication is proposed

as the communication paradigm for a number of traf-

fic safety, traffic management, and infotainment applications

([1], [2]). In V2V communication, due to the relatively low

elevation of the antennas on the communicating vehicles, it is
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reasonable to expect that other vehicles will act as obstacles

to the signal, often affecting propagation even more than

static obstacles (e.g., buildings or hills), especially in the case

of an open road. As noted in a recent survey on Vehicular

Ad Hoc Network (VANET) simulators [3], state of the art

VANET simulators such as NS-2 [4], JiST/SWANS/STRAW

[5], and NCTU-NS [6], consider the vehicles as dimensionless

entities that have no influence on signal propagation. One

reason lies in the fact that realistic propagation models for

such highly dynamic networks are generally deemed to be

computationally expensive (e.g., ray tracing [7]), and mobile

obstacles increase the complexity even further. Simplified

stochastic radio models, which rely on the statistical prop-

erties of the chosen environment and do not account for the

specific obstacles in the region of interest, are thus preferred

for use in simulators, and are believed to offer reasonable

approximations at low computational cost [8]. A recent study

showed, however, that stochastic radio models do not provide

good accuracy for typical VANET scenarios [9]. On the other

extreme, topography-specific, highly realistic channel models

(such as the one presented in [10]) yield results that are in

very good agreement with the real world, albeit at a price.

These models are computationally too expensive and bound

to a specific location (e.g., a particular neighborhood in a city,

such as in [10]) to be practically useful for simulations. For

these reasons, such models are not implemented in VANET

simulators.

Hence, there exists a need for accurate and efficient V2V

channel models. To provide such a model, we incorporate

vehicles as obstacles and present a method to analyze the

existence of the LOS component of the signal for each

communicating pair. The focus on the existence of the LOS

component was motivated by the recent experimental V2V

studies reported in [11] and [12]. These studies showed that,

when existent, the LOS component of the signal carries orders

of magnitude more power than the remaining components

(e.g., due to reflection or diffraction). This was shown to be

especially true for highway environments. We therefore ana-

lyze the data collected on Portuguese highways to show that,

as physical obstacles, vehicles have a significant impact on

signal propagation, by frequently obstructing the LOS between

the communicating vehicles. Based on the (non-)existence

of LOS, we implemented an efficient model for vehicles as

obstacles and showed that for the proposed VANET commu-

nication standard, the Dedicated Short Range Communication

(DSRC) [13], the signal attenuation due to the obstructing

vehicles is significant. To further verify the predictions of the

proposed model, we conducted empirical measurements which
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corroborated the results regarding the signal attenuation due

to vehicles. Not modeling the vehicles as obstacles thus leads

to unrealistic assumptions about the physical layer, and this

was shown to have significant implications on the behavior

of the upper layers of the protocol stack (e.g., [8], [14], and

[15]).

Our main contributions are as follows.

1) By analyzing the real-world data, we quantify the impact

of vehicles as obstacles on V2V communication in

terms of LOS obstruction. The results show that the

obstructing vehicles have a significant impact on LOS

in both sparse and dense vehicular networks and should

therefore be included in V2V channel modeling in order

to obtain more realistic simulation results.

2) We develop a model for incorporating the vehicles as ob-

stacles in VANET simulators. The model encompasses

calculation of LOS obstruction, as well as a simple

signal propagation model to characterize the effects of

obstructing vehicles on the received signal power and

the packet reception ratio. We confirm the validity of

the results by performing empirical V2V measurements.

3) In order to make the proposed model suitable for im-

plementation in VANET simulation environments, we

designed it with the following characteristics in mind:

• suitability for any VANET environment (e.g., urban,

suburban, highway) with any vehicle density;

• topology/location independence;

• ease of implementation in VANET simulators; and

• complementarity and compatibility with VANET

signal propagation models for static obstacles (e.g.,

buildings, foliage, etc).

The results obtained by employing the proposed model

show that significant improvements can be obtained

with regards to the realism of the simulation results, at

the same time maintaining relatively low computational

cost. The results also point out that the stochastic models

that determine the overall, system-level additional atten-

uation due to vehicles are unable to adequately represent

the impact of vehicles on the received signal power.

For these reasons, we argue that a dedicated model for

vehicles needs to be implemented in VANET simulators

in order to increase the credibility of simulation results.

The rest of the paper is organized as follows. Section II

describes previous work on channel characterization in V2V

communication. The methodology for evaluating the impact

of vehicles on LOS and signal behavior is described in

Section III, whereas Section IV presents the requirements of

the proposed model and the means to obtain the required

data. The computational complexity of the algorithm proposed

for implementation in VANET simulators is analyzed in

Section V. Section VI highlights the obtained results. Finally,

Section VII concludes the paper.

II. RELATED WORK

Our approach towards V2V communication is based on the

following hypothesis: the low heights of the antennas in V2V

communication system suggests that other vehicles can act as

obstacles for signal propagation, most notably by obstructing

the LOS between the communicating vehicles. Numerous

studies, both experimental and analytical (e.g., [16] and [17]),

have shown that LOS and non-LOS (NLOS) scenarios must be

separately modeled in VANETs, because the resulting channel

characteristics are fundamentally different.

Several other experimental studies point out that other

vehicles apart from the transmitter and receiver could be

an important factor for the signal propagation (mainly by

obstructing the LOS, thus decreasing the received signal

power) and therefore should be included in channel modeling

(e.g., [18], [19], and [20]).

Wang et al. in [21] analyzed the state of the art in

V2V channel measurement and modeling. Based on the ap-

proach of modeling the environment (geometrically or non-

geometrically), and the distribution of objects in the environ-

ment (stochastic or deterministic), three main types of models

were identified: non-geometrical stochastic models, geometry-

based deterministic models, and geometry-based stochastic

models. Using this classification, we present an overview of

the existing research on V2V communication and channel

modeling with respect to vehicles as obstacles.

A. Non-Geometrical Stochastic Models

Otto et al. in [14] performed experiments in the 2.4 GHz

frequency band in urban, suburban, and open road environ-

ments. Although the study focused on static obstacles such

as buildings, the results showed a significantly worse signal

reception on the same open road during the traffic heavy,

rush hour period when compared to a no traffic, late night

period. The measurements for the rush hour period showed a

mean path loss exponent of 3.31 and a shadowing deviation

of 4.84 dB, whereas in the late night period the mean path

loss exponent was 3.1 with a shadowing deviation of 3.23 dB.

The observed difference can only be attributed to other vehi-

cles obstructing the signal, since all other system parameters

remained the same.

Cheng et al. in [22] performed measurements of the V2V

channel in the 5.9 GHz frequency band and pointed out that

vehicles as obstacles are the most probable cause for the

difference in received signal power between the obtained ex-

perimental measurements and the dual slope piecewise linear

channel model used in that study. Extensive measurement

campaigns reported in [23] analyzed urban, suburban, and

highway environments with two levels of traffic density (high

and low). The measurements showed significantly differing

channel properties in low and high traffic scenarios. Based

on the measurements, several V2V channel models were

proposed. The presented models are specific for a given

environment and vehicle traffic density. A simple error model

for V2V communication was presented in [24], where the

authors differentiate the LOS and NLOS communication due

to vehicles using a highly abstracted model where a threshold

distance is used to separate the LOS and NLOS communica-

tion. As noted in the same paper, to achieve higher realism

requires a more detailed channel model that differentiates

between the LOS and NLOS communication induced by

vehicles.
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B. Geometry-Based Deterministic Models

A highly realistic model, based on optical ray tracing was

presented in [10]. The model encompasses all objects in the

analyzed environment (both static and mobile) and evaluates

the signal behavior by analyzing the strongest propagation

paths between the communicating pair. The model was com-

pared against experimental measurements and showed close

agreement. However, the realism of the model is achieved at

the expense of high computational complexity and location-

specific modeling. Even with the recent advances in opti-

mizing the execution of ray tracing models [25], the method

remains computationally too expensive to be implemented in

VANET simulators. Additionally, detailed knowledge about

the topology of the analyzed environment is necessary in order

to accurately model the channel.

C. Geometry-Based Stochastic Models

Karedal et al. in [26] designed a model for the V2V

channel based on extensive measurements performed in high-

way and suburban environments at the 5.2 GHz frequency

band. The model distributes the vehicles as well as other

objects at random locations and analyzes four distinct signal

components: LOS, discrete components from mobile objects,

discrete components from static objects, and diffuse scattering.

Based on the obtained measurement data, a set of model

parameters for the two environments is prescribed, and the

non-stationarity of the V2V channel can be captured by

employing a mobility model for the vehicles (it was shown

in [27] that the wide-sense stationary uncorrelated scattering

assumption does not hold for the V2V channel). Cheng et

al. in [28] presented a MIMO channel model that takes into

account the LOS, single-bounced rays, and double-bounced

rays by employing a combined two-ring and ellipse model.

By properly defining the parameters, the model can be used

in various V2V environments with varying vehicle densities.

Due to the static nature of the employed geometric model, the

non-stationarity of the V2V channel cannot be captured.

With regards to the implementation of vehicles as obstacles

in simulators, virtually all of the state of the art VANET

simulators neglect the impact of vehicles as obstacles on

signal propagation, mainly due to the lack of an appropriate

methodology capable of incorporating the effect of vehicles

both realistically and efficiently.

To the best of our knowledge, up to now there has been no

study that focused on vehicles as obstacles by systematically

quantifying their impact on LOS and consequently on the

received signal power. Apart from quantifying the impact

of vehicles, we present a computationally efficient model

for the implementation of vehicles as obstacles in VANET

simulators. Our model can be seen as a simplified geometry-

based deterministic model.

III. MODEL ANALYSIS

A. The Impact of Vehicles on Line of Sight

In order to isolate and quantify the effect of vehicles as

obstacles on signal propagation, we do not consider the effect

of other obstacles such as buildings, overpasses, vegetation, or

other roadside objects on the analyzed highways. Since those

obstacles can only further reduce the probability of LOS, our

approach leads to a best case analysis for probability of LOS.

Figure 1 describes the methodology we use to quantify the

impact of vehicles as obstacles on LOS in a V2V environment.

Using aerial imagery (Fig. 1a) to obtain the location and length

of vehicles, we devise a model to analyze all possible con-

nections between vehicles within a given range (Fig. 1b). For

each link – such as the one between the vehicles designated

as transmitter (Tx) and receiver (Rx) in Fig. 1b – the model

determines the existence or non-existence of the LOS based on

the number and dimensions of vehicles potentially obstructing

the LOS (in case of the aforementioned vehicles designated as

Tx and Rx, the vehicles potentially obstructing the LOS are

those designated as Obstacle 1 and Obstacle 2 in Fig. 1b).

The proposed model calculates the (non-)existence of the

LOS for each link (i.e., between all communicating pairs)

in a deterministic fashion, based on the dimensions of the

vehicles and their locations. However, in order to make the

model mathematically tractable, we derive the expressions for

the microscopic (i.e., per-link and per-node) and macroscopic

(i.e., system-wide) probability of LOS. It has to be noted

that, from the electromagnetic wave propagation perspective,

the LOS is not guaranteed with the existence of the visual

sight line between the Tx and Rx. It is also required that

the Fresnel ellipsoid is free of obstructions [7, Chap. 3]. Any

obstacle that obstructs the Fresnel ellipsoid might affect the

transmitted signal. As the distance between the transmitter

and receiver increases, the diameter of the Fresnel ellipsoid

increases accordingly. Besides the distance between the Tx

and Rx, the Fresnel ellipsoid diameter is also a function of

the wavelength.

As we will show later in Section IV, personal vehicle

heights follow a normal distribution. To calculate P (LOS)ij ,

i.e., the probability of LOS for the link between vehicles i and
j, with one vehicle as a potential obstacle between Tx and Rx
(of height hi and hj , respectively), we have:

P (LOS|hi, hj) = 1 − Q

(

h − µ

σ

)

(1)

and

h = (hj − hi)
dobs

d
+ hi − 0.6rf + ha, (2)

where the i, j subscripts are dropped for clarity, and h denotes
the effective height of the straight line that connects Tx and

Rx at the obstacle location when we consider the first Fresnel

ellipsoid. Furthermore, Q(·) represents the Q-function, µ is

the mean height of the obstacle, σ is the standard deviation of
the obstacle’s height, d is the distance between the transmitter
and receiver, dobs is the distance between the transmitter and

the obstacle, ha is the height of the antenna, and rf is the

radius of the first Fresnel zone ellipsoid which is given by

rf =

√

λdobs(d − dobs)

d
,

with λ denoting the wavelength. We use the appropriate λ for
the proposed standard for VANET communication (DSRC),

which operates in the 5.9 GHz frequency band. In our studies,

we assume that the antennas are located on top of the vehicles
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Tx

Rx

Obstacle 1

Obstacle 2

(a) Aerial photography (b) Abstracted model showing possible 

connections

LOS not obstructed

LOS potentially obstructed 

60% of First 

Fresnel Ellipsoid

Tx RxObstacle 1 Obstacle 2
d

dobs1

dobs2

h1h i h jh2

(c) P(LOS) calculation for a given link

Fig. 1. Model for evaluating the impact of vehicles as obstacles on LOS (for simplicity, vehicle antenna heights (ha) are not shown in
subfigure (c)).

in the middle of the roof (which was experimentally shown to

be the overall optimum placement of the antenna [15]), and

we set the ha to 10 cm. As a general rule commonly used in

literature, LOS is considered to be unobstructed if intermediate

vehicles obstruct the first Fresnel ellipsoid by less than 40% [7,

Chap. 3]. Furthermore, for No vehicles as potential obstacles

between the Tx and Rx, we get (see Fig. 1c)

P (LOS|hi, hj) =

No
∏

k=1

[

1 − Q

(

hk − µk

σk

)]

, (3)

where hk is the effective height of the straight line that

connects Tx and Rx at the location of the k-th obstacle
considering the first Fresnel ellipsoid, µk is the mean height

of the k-th obstacle, and σk is the standard deviation of

the height of the k-th obstacle. Provided that the heights of
the obstacles are known beforehand (instead of being drawn

from a normal distribution), equations (1) and (3) become

deterministic (i.e., the result is zero in case of LOS obstruction

and one otherwise).
Averaging over the transmitter and receiver antenna heights

with respect to the road, we obtain the unconditional

P (LOS)ij

P (LOS)ij =

∫ ∫

P (LOS|hi, hj)p(hi)p(hj)dhidhj , (4)

where p(hi) and p(hj) are the probability density functions
for the transmitter and receiver antenna heights with respect

to the road, respectively.
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The average probability of LOS for a given vehicle i,
P (LOS)i, and all its Ni neighbors is defined as

P (LOS)i =
1

Ni

Ni
∑

j=1

P (LOS)ij (5)

To determine the system-wide ratio of LOS paths blocked by

other vehicles, we average P (LOS)i over all Nv vehicles in

the system, yielding

P (LOS) =
1

Nv

Nv
∑

i=1

P (LOS)i. (6)

Furthermore, we analyze the behavior of the probability of

LOS for a given vehicle i over time. Let us denote the i-th
vehicle probability of LOS at a given time t as P (LOS)t

i .

We define the change in the probability of LOS for the i-th
vehicle over two snapshots at times t1 and t2 as

∆P (LOS)i = |P (LOS)t2
i − P (LOS)t1

i |, (7)

where P (LOS)t1
i and P (LOS)t2

i are obtained using (5).

It is important to note that equations (1) to (7) depend on the

distance between the node i and the node j (i.e., transmitter
and receiver) in a deterministic manner. More specifically, the

snapshot obtained from aerial photography provides the exact

distance d (Fig. 1c) between the nodes i and j. While in
our study we used aerial photography to get this information,

any VANET simulator would also provide the exact location

of vehicles based on the assumed mobility model (e.g., car-

following [29], cellular automata [30], etc.), hence the distance

d between the nodes i and j would still be available. This
also explains why the proposed model is independent of the

simulator used, since it can be incorporated into any VANET

simulator, regardless of the underlying mobility model, as long

as the locations of the vehicles are available. Furthermore,

even though we used the highway environment for testing,

the proposed model can be used for evaluating the impact of

obstructing vehicles on any type of road, irrespective of the

shape of the road (e.g., single or multiple lanes, straight or

curvy) or location (e.g., highway, suburban, or urban1).

B. The Impact of Vehicles on Signal Propagation

The attenuation on a radio link increases if one or more

vehicles intersect the ellipsoid corresponding to 60% of the

radius of the first Fresnel zone, independent of their positions

on the Tx-Rx link (Fig. 1c). This increase in attenuation

is due to the diffraction of the electromagnetic waves. The

additional attenuation due to diffraction depends on a variety

of factors: the obstruction level, the carrier frequency, the

electrical characteristics, the shape of the obstacles, and the

amount of obstructions in the path between transmitter and

receiver. To model vehicles obstructing the LOS, we use the

knife-edge attenuation model. It is reasonable to expect that

more than one vehicle can be located between transmitter (Tx)

and receiver (Rx). Thus, we employ the multiple knife-edge

1However, to precisely quantify the impact of obstructing vehicles in
complex urban environments, further research is needed to determine the
interplay between the vehicle-induced obstruction and the obstruction caused
by other objects (e.g., buildings, overpasses, etc.).

model described in ITU-R recommendation [31]. When there

are no vehicles obstructing the LOS between the Tx and Rx,

we use the free space path loss model [32]2.

1) Single Knife-Edge: The simplest obstacle model is the

knife-edge model, which is a reference case for more complex

obstacle models (e.g., cylinder and convex obstacles). Since

the frequency of DSRC radios is 5.9 GHz, the knife-edge

model theoretically presents an adequate approximation for

the obstacles at hand (vehicles). The prerequisite for the

applicability of the model, namely a significantly smaller

wavelength than the size of the obstacles [31], is fulfilled (the

wavelength of the DSRC is approximately 5 cm, which is

significantly smaller than the size of the vehicles).

The obstacle is seen as a semi-infinite perfectly absorbing

plane that is placed perpendicular to the radio link between

the Tx and Rx. Based on the Huygens principle, the electric

field is the sum of Huygens sources located in the plane

above the obstruction and can be computed by solving the

Fresnel integrals [33]. A good approximation for the additional

attenuation (in dB) due to a single knife-edge obstacle Ask can

be obtained using the following equation [31]:

Ask =

⎧

⎪

⎨

⎪

⎩

6.9 + 20 log10

[

√

(v − 0.1)2 + 1 + v − 0.1
]

;

for v > −0.7
0; otherwise,

(8)

where v =
√

2H/rf , H is the difference between the height

of the obstacle and the height of the straight line that connects

Tx and Rx, and rf is the Fresnel ellipsoid radius.

2) Multiple Knife-Edge: The extension of the single knife-

edge obstacle case to the multiple knife-edge is not immediate.

All of the existing methods in the literature are empirical and

the results vary from optimistic to pessimistic approximations

[33]. The Epstein-Petterson method [34] presents a more opti-

mistic view, whereas the Deygout [35] and Giovanelli [36] are

more pessimistic approximations of the real world. Usually,

the pessimistic methods are employed when it is desirable to

guarantee that the system will be functional with very high

probability. On the other hand, the more optimistic methods

are used when analyzing the effect of interfering sources in the

communications between transmitter and receiver. To calculate

the additional attenuation due to vehicles, we employ the ITU-

R method [31], which can be seen as a modified version of the

Epstein-Patterson method, where correcting factors are added

to the attenuation in order to better approximate reality.

IV. MODEL REQUIREMENTS

The model proposed in the previous section is aimed at

evaluating the impact of vehicles as obstacles using geometry

concepts and relies heavily on realistic modeling of the

physical environment. In order to employ the proposed model

accurately, the following physical properties are necessary: the

exact position of vehicles and the inter-vehicle spacing; the

speed of vehicles; and the vehicle dimensions.

2We acknowledge the fact that the free space model might not be the best
approximation of the LOS communication on the road. However, due to its
properties, it allows us to analyze the relationship between the LOS and non-
LOS conditions in a deterministic manner.



20 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 29, NO. 1, JANUARY 2011

0 100 200 300 400 500
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

Inter−vehicle spacing (m)

P
ro

b
a

b
ili

ty
 D

e
n

s
it
y
 F

u
n

c
ti
o

n

 

 

A28 inter−vehicle spacing

Best exponential fit

(a) Inter-vehicle spacing on A28

0 200 400 600 800
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

x 10
−3

Inter−vehicle spacing (m)

P
ro

b
a

b
ili

ty
 D

e
n

s
it
y
 F

u
n

c
ti
o

n

 

 

A3 inter−vehicle spacing

Best exponential fit

(b) Inter-vehicle spacing on A3

60 80 100 120 140 160
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Speed (km/h)

C
u

m
u

la
ti
v
e

 D
is

tr
ib

u
ti
o

n
 F

u
n

c
ti
o

n

 

 

Speed of vehicles on A28

Best normal fit

99% confidence bounds

(c) Speed distribution on A28

60 80 100 120 140 160 180 200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Speed (km/h)

C
u

m
u

la
ti
v
e

 D
is

tr
ib

u
ti
o

n
 F

u
n

c
ti
o

n

 

 

Speed of vehicles on A3

Best normal fit

99% confidence bounds

(d) Speed distribution on A3

Fig. 2. Speed and inter-vehicle spacing distribution on highways.

TABLE I
ANALYZED HIGHWAY DATASETS

Dataset Size # vehicles # large vehicles Veh. density

A28 12.5 km 404 58 (14.36%) 32.3 veh/km
A3 7.5 km 55 10 (18.18%) 7.3 veh/km

A. Determining the exact position of vehicles and the inter-

vehicle spacing

The position and the speed of vehicles can easily be

obtained from any currently available VANET mobility model.

However, in order to test our methodology with the most

realistic parameters available, we used aerial photography.

This technique is used by the traffic engineering community

as an alternative to ground-based traffic monitoring [37], and

was recently applied to VANET connectivity analysis [38]. It

is well suited to characterize the physical interdependencies of

signal propagation and vehicle location, because it gives the

exact position of each vehicle. We analyzed two distinct data

sets, namely two Portuguese highways near the city of Porto,

A28 and A3, both with four lanes (two per direction). Detailed

parameters for the two datasets are presented in Table I. For

an extensive description of the method used for data collection

and analysis, we refer the reader to [38].

B. Determining the speed of vehicles

For the observed datasets, besides the exact location of

vehicles and the inter-vehicle distances, stereoscopic imagery

was once again used to determine the speed and heading of

vehicles. Since the successive photographs were taken with a

fixed time interval (5 seconds), by marking the vehicles on

successive photographs we were able to measure the distance

the vehicle traversed, and thus infer the speed and heading of

the vehicle. The measured speed and inter-vehicle spacing are

used to analyze the impact of vehicles as obstacles while they

are moving.

Figures 2a and 2b show the distribution of inter-vehicle

spacing (defined as the distance between a vehicle and its

closest neighbor) for the A28 and A3, respectively. The

distribution of inter-vehicle spacing for both cases can be well

fitted with an exponential probability distribution. This agrees

with the empirical measurements made on the I-80 interstate

in California reported in [39]. Figures 2c and 2d show the
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TABLE II
PARAMETERS OF THE BEST FIT DISTRIBUTIONS FOR VEHICLE SPEED

AND INTER-VEHICLE SPACING

Data for A28

Parameter Estimate Std. Error

Speed: normal fit

mean (km/h) 106.98 1.05
std. deviation (km/h) 21.09 0.74

Inter-vehicle spacing : exponential fit

mean (m) 51.58 2.57

Data for A3

Parameter Estimate Std. Error

Speed: normal fit

mean (km/h) 122.11 3.97
std. deviation (km/h) 28.95 2.85

Inter-vehicle spacing : exponential fit

mean (m) 215.78 29.92

speed distribution for the A28 and A3, respectively. The speed

distribution on both highways is well approximated by a

normal probability distribution. Table II shows the parameters

of best fits for inter-vehicle distances and speeds.

C. Determining the vehicle dimensions

From the photographs, we were also able to obtain the

length of each vehicle accurately, however the width and

height could not be determined with satisfactory accuracy

due to resolution constraints and vehicle mobility. To assign

proper widths and heights to vehicles, we use the data made

available by the Automotive Association of Portugal [40],

which issued an official report about all vehicles currently

in circulation in Portugal. From the report we extracted the

eighteen most popular personal vehicle brands which comprise

92% of all personal vehicles circulating on Portuguese roads,

and consulted an online database of vehicle dimensions [41]

to arrive at the distribution of height and width required for

our analysis. The dimensions of the most popular personal

vehicles showed that both the vehicle widths and heights can

be modeled as a normal random variable. Detailed parameters

for the fitting process for both personal and large vehicles are

presented in Table III. For both width and height of personal

vehicles, the standard error for the fitting process remained

below 0.33% for both the mean and the standard deviation.

The data regarding the specific types of large vehicles (e.g.,

trucks, vans, or buses) currently in circulation was not avail-

able. Consequently, the precise dimension distributions of the

most representative models could not be obtained. For this

reason, we infer large vehicle height and width values from

the data available on manufacturers’ websites, which can serve

as rough dimension guidelines that show significantly different

height and width in comparison to personal vehicles.

V. COMPUTATIONAL COMPLEXITY OF THE PROPOSED

MODEL

In order to determine the LOS conditions between two

neighboring nodes, we analyzed the existence of LOS in a

three dimensional space, as shown in Fig. 1 and explained in

the previous sections. Our model for determining the existence

of LOS between vehicles and, in case of obstruction, obtaining

TABLE III
PARAMETERS OF THE BEST FIT DISTRIBUTIONS FOR VEHICLEWIDTH

AND HEIGHT

Personal vehicles

Parameter Estimate

Width: normal fit

mean (cm) 175
std. deviation (cm) 8.3

Height: normal fit

mean (cm) 150
std. deviation (cm) 8.4

Large vehicles

Parameter Estimate

Width: constant

mean (cm) 250
Height: normal fit

mean (cm) 335
std. deviation (cm) 8.4

the number and location of the obstructions, belongs to a

class of computational geometry problems known as geometric

intersection problems [42], which deal with pairwise intersec-

tions between line segments in an n-dimensional space. These
problems occur in various contexts, such as computer graphics

(object occlusion) and circuit design (crossing conductors),

amongst others [43].

Specifically, for a given number of line segments N , we
are interested in determining, reporting, and counting the

pairwise intersections between the line segments. For our

specific application, the line segments of interest are of two

kinds: a) the LOS rays between the communicating vehicles

(lines colored red in Fig. 1b); and b) the lines that compose

the bounding rectangle representing the vehicles (lines colored

blue in Fig. 1b). It has to be noted that the intersections of

interest are only those between the LOS rays and the bounding

rectangle lines, and not between the lines of the same type.

Therefore, we arrive at a special case of the segment inter-

section problem, namely the so-called “red-blue” intersection

problem. Given a set of red line segments r and a set of blue
line segments b, with a total of N = r+b segments, the goal is
to report all K intersections between red and blue segments,

for which Agarwal in [44] presented an efficient algorithm.

The time-complexity of the algorithm proposed in [44], using

the randomized approach of [45], is O(N4/3 log N + K),
where K is the number of red-blue intersections, with space

complexity of O(N4/3). This algorithm fits our purposes

perfectly, as the red segments correspond to the LOS rays

between the communicating vehicles and blue segments are

the lines of the bounding rectangles representing the vehicles

(see Fig. 1b).

To assign physical values to r and b, we denote v as the
number of vehicles in the system and v′ as the number of
transmitting vehicles. The number of LOS rays results in

r = Cv′, where the average number of neighbors C is an

increasing function of the vehicle density and transmission

range. The number of lines composing the bounding vehicle

rectangles can be expressed as b = 4v, since each vehicle is
represented by four lines forming a rectangle (see Fig. 1b).

Therefore, a more specific time-complexity bound can be

written as O((Cv′ + 4v)4/3 log(Cv′ + 4v) + K).
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Apart from the algorithm for determining the red-blue

intersections, the rest of the proposed model consists in

calculating the additional signal attenuation due to vehicles

for each communicating pair. In the case of non-obstructed

LOS the algorithm terminates, whereas for obstructed LOS,

the red-blue intersection algorithm is used to store the number

and location of intersecting blue lines (representing obstacles).

The total number of intersections is given by K = gr, where
g is the number of obstacles (i.e., vehicles) in the LOS path
and is a subset of C. The complete algorithm for additional

attenuation due to vehicles is implemented as follows.

Algorithm 1 Calculate additional attenuation due to vehicles

for i = 1 to r do
[coord] = getIntersect(i) {For each LOS ray in r,
obtain the location of intersections as per [44]}
if size([coord]) �= 0 then

att = calcAddAtten([coord]) {Calculate the addi-
tional attenuation due to vehicles as per [31]}

else

att = 0 dB {Additional attenuation due to vehicles
equals zero.}

end if

end for

The function getIntersect(·) is based on the aforemen-
tioned red-blue line intersection algorithm [44], and has com-

plexity O((Cv′ + 4v)4/3 log(Cv′ + 4v) + gr), whereas the
function calcAddAtten(·) is based on multiple knife-edge
attenuation model described in [31] with time-complexity of

O(g2) for each LOS ray r. It follows that the time-complexity
of the entire algorithm is given by O((Cv′+4v)4/3 log(Cv′+
4v) + g2r).
In order to implement the aforementioned algorithm in

VANET simulators, apart from the information available in the

current VANET simulators, very few additional pieces of in-

formation are necessary. Specifically, the required information

pertains to the physical dimensions of the vehicles. Apart from

this, the model only requires the information on the position

of the vehicles at each simulation time step. This information

is available in any vehicular mobility model currently in use

in VANET simulators.

VI. RESULTS

We implemented the model described in previous sections in

Matlab. In this section we present the results based on testing

the model using the A3 and A28 datasets. We also present

the results of the empirical measurements that we performed

in order to characterize the impact of the obstructing vehicles

on the received signal strength. We emphasize that the model

developed in the paper is not dependent on these datasets,

but can be used in any environment by applying the anal-

ysis presented in Section III. Furthermore, the observations

pertaining to the inter-vehicle and speed distributions on A3

and A28 (Fig. 2) are used only to characterize the behavior

of the highway environment over time. We do not use these

distributions in our model; rather, we use actual positions

of the vehicles. Since the model developed in Section III is

TABLE IV
P (LOS) FOR A3 AND A28

Highways

Transmission Range (m)
Highway 100 250 500

A3 P (LOS) 0.8445 0.6839 0.6597

A28 P (LOS) 0.8213 0.6605 0.6149

intended to be utilized by VANET simulators, the positions

of the vehicles can easily be obtained through the employed

vehicular mobility model.

We first give evidence that vehicles as obstacles have a

significant impact on LOS communication in both sparse

(A3) and more dense (A28) networks. Next, we analyze the

microscopic probability of LOS to determine the variation of

the LOS conditions over time for a given vehicle. Then, we

used the speed and heading information to characterize both

the microscopic and macroscopic behavior of the probability

of LOS on highways over time in order to determine how

often the proposed model needs to be recalculated in the

simulators, and to infer the stationarity of the system-wide

probability of LOS. Using the employed multiple knife-edge

model, we present the results pertaining to the decrease of the

received power and packet loss for DSRC due to vehicles.

Finally, we corroborate our findings on the impact of the

obstructing vehicles and discuss the appropriateness of the

knife-edge model by performing empirical measurements of

the received signal strength in LOS and non-LOS conditions.

A. Probability of Line of Sight

1) Macroscopic probability of line of sight: Table IV

presents the values of P (LOS) with respect to the observed
range on highways. The highway results show that even for

the sparsely populated A3 highway the impact of vehicles on

P (LOS) is significant. This can be explained by the exponen-
tial inter-vehicle spacing, which makes it more probable that

the vehicles are located close to each other, thus increasing the

probability of having an obstructed link between two vehicles.

For both highways, it is clear that the impact of other vehicles

as obstacles can not be neglected even for vehicles that are

relatively close to each other (for the observed range of 100 m,

P (LOS) is under 85% for both highways, which means that

there is a non-negligible 15% probability that the vehicles

will not have LOS while communicating). To confirm these

results, Fig. 3 shows the average number of neighbors with

obstructed and unobstructed LOS for the A28 highway. The

increase of obstructed vehicles in both absolute and relative

sense is evident.

2) Microscopic probability of line of sight: In order to

analyze the variation of the probability of LOS for a vehicle

and its neighbors over time, we observe the ∆P (LOS)i

(as defined in equation (7)) on A28 highway for the max-

imum communication range of 750 m. Table V shows the

∆P (LOS)i. The variation of probability of LOS is moderate

for periods of seconds (even for the largest offset of 2 seconds,

only 15% of the nodes have the ∆P (LOS)i greater than

20%). This result suggests that the LOS conditions between

a vehicle and its neighbors will remain largely unchanged for
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Fig. 3. Average number of neighbors with unobstructed and ob-
structed LOS on A28 highway.

TABLE V
VARIATION OF P (LOS)i OVER TIME FOR THE OBSERVED RANGE OF

750 M ON A28.

∆P (LOS)i in %
Time offset < 5% 5-10% 10-20% >20%

1ms 100% 0% 0% 0%
10ms 99% 1% 0% 0%
100ms 82% 15% 3% 0%
1s 35% 33% 22% 10%
2s 31% 25% 29% 15%

a period of seconds. Therefore, a simulation time-step of the

order of seconds can be used for calculations of the impact of

vehicles as obstacles. From a simulation execution standpoint,

the time-step of the order of seconds is quite a long time when

compared with the rate of message transmission, measured

in milliseconds; this enables a more efficient and scalable

design and modeling of vehicles as obstacles on a microscopic,

per-vehicle level. With the proper implementation of the

LOS intersection model discussed in Sections III and V, the

modeling of vehicles as obstacles should not induce a large

overhead in the simulation execution time.

3) Stochastic properties of line of sight in mobile vehicular

network: Figs. 2a and 2b show that a Poisson process with

parameter α can be used to describe the distribution of vehicles
on highways at a given time t. It is reasonable to assume
that, for a vehicular traffic in the free-flow phase, the rate

of change of the parameter α over time is quite slow, thus

the Poisson process can be considered homogeneous for a

certain amount of time. This allows us to utilize one of the

key properties of homogeneous Poisson processes, namely

stationary increments, which says that if two road segments

are of the same length, the probability distribution function

of the number of vehicles over those segments is equal

[46]. Therefore, one can conclude that for a certain period

of time, the probability distribution function of the number

of vehicles on two road segments will only depend on the

size of the segments. Based on the homogeneity assumption,

applying this property on the same segment of the road but

at different times results in identical probability distribution

for the number of vehicles. Therefore, it is expected that the
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Fig. 4. P (LOS) vs. observed range for different time offsets

P (LOS) over the observed road segment will not change over
time, as long as the arrival rate α remains constant.

In order to confirm these results, we performed tests using

two snapshots of A28 highway taken on the same road interval

5 seconds one after another. By inferring the speed and

heading of the vehicles from the snapshots, it was possible to

accurately interpolate the positions of the vehicles for 1 ms,

10 ms, 100 ms, 1 s, and 2 s offsets from the first snapshot.

The obtained results showed that the average inter-vehicle

spacing remains invariant for the observed time offsets, thus

confirming the first-order stationarity of the underlying Pois-

son process. Similarly, Fig. 4 shows that for various commu-

nication radii (100 - 750 m), the P (LOS) does not change
for the observed time offsets. Therefore, we can conclude

that P (LOS) remains constant on the observed road interval
as long as the arrival rate of the generating Poisson process

remains constant. Thus, the presented P (LOS) results hold
for both the instantaneous V2V communication as well as

for V2V communication over time (i.e., for moving vehicular

network).

B. Received Power

Based on the methodology developed in Section III, we

utilize the multiple knife-edge model to calculate the ad-

ditional attenuation due to vehicles. We use the obtained

attenuation to calculate the received signal power for the

DSRC. We employed the multiple knife-edge model for its

simplicity and the fact that it is well studied and often used

in the literature. However, we point out that the LOS analysis

and the methodology developed in Section III can be used

in conjunction with any channel model that relies on the

distinction between the LOS and NLOS communication (e.g.,

[24] or [47]).

For the A28 highway and the observed range of 750 m,

with the transmit power set to 18 dBm, 3 dBi antenna gain

for both transmitters and receivers, at the 5.9 GHz frequency

band, the results for the free space path loss model [32]

(i.e., not including vehicles as obstacles) and our model that

accounts for vehicles as obstacles are shown in Fig. 5. The
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Fig. 5. The impact of vehicles as obstacles on the received signal
power on highway A28.

TABLE VI
REQUIREMENTS FOR DSRC RECEIVER PERFORMANCE

Data Rate (Mb/s) Modulation Minimum sensitivity (dBm)
3 BPSK −85
4.5 BPSK −84
6 QPSK −82
9 QPSK −80
12 QAM-16 −77
18 QAM-16 −70
24 QAM-64 −69
27 QAM-64 −67

average additional attenuation due to vehicles was 9.2 dB for

the observed highway. The large spread in received power

at different (but fixed) distances between transmitter and

receiver puts into perspective why it is very difficult to use

conventional statistical channel models (such as Rayleigh,

Ricean, Nakagami, etc.) for quantifying the impact of vehicles

as obstacles. Indeed, while the average additional attenuation

due to impact of vehicles as obstacles is 9.2 dB, the spread

in RSSI at fixed distances (e.g., at 50 m or 100 m) can be as

large as 30 dB.

Using the minimum sensitivity thresholds as defined in

the DSRC standard (see Table VI) [48], we calculate the

packet success rate (PSR, defined as the ratio of received

messages to sent messages) as follows. We analyze all of the

communicating pairs within an observed range, and calculate

the received signal power for each message. Based on the

sensitivity thresholds presented in Table VI, we determine

whether a message is successfully received. For the A28

highway, Fig. 6 shows the PSR difference between the free

space path loss and the implemented model with vehicles as

obstacles for rates of 3, 6, and 12 Mb/s. The results show that

the difference is significant, as the percentage of lost packets

can be more than 25% higher when vehicles are accounted

for.

These results show that not only do the obstructing ve-

hicles significantly decrease the received signal power, but

the resulting received power is highly variable even for rela-

tively short distances between the communicating vehicles,

thus calling for a microscopic, per-vehicle analysis of the
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Fig. 6. The impact of vehicles as obstacles on packet success rate
for various DSRC data rates on A28 highway.

Fig. 7. Experiment setup.

impact of obstructing vehicles. Models that try to average the

additional attenuation due to vehicles could fail to describe

the complexity of the environment, thus yielding unrealistic

results. Furthermore, the results show that the distance itself

can not be solely used for determining the received power,

since even the vehicles close by can have a number of other

vehicles obstructing the communication path and therefore the

received signal power becomes worse than for vehicles further

apart that do not have obstructing vehicles between them.

C. Empirical Measurements

We performed measurements in order to prove the validity

of our hypothesis regarding the effect of vehicles on the

received signal strength. To isolate the effect of the obstructing

vehicles, we aimed at setting up a controlled environment

without other obstructions and with minimum impact of

other variables (e.g., other moving objects, electromagnetic

radiation, etc). For this reason, we performed experiments in

an empty parking lot in Pittsburgh, PA (Fig. 7). We analyzed

the received signal strength for the no obstruction, LOS case,

and the non-LOS case where we introduced an obstructing

vehicle (the van shown in Fig. 7) between the transmitter (Tx)

and the receiver (Rx) vehicles. The received signal strength

was measured for the distances of 10, 50, and 100 m between

the Tx and the Rx. In case of the non-LOS experiments, the
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(a) 2.4 GHz. (b) 5.9 GHz

Fig. 8. RSSI measurements: average RSSI with and without the obstructing vehicle.

TABLE VII
DIMENSIONS OF VEHICLES

Dimensions (m)
Vehicle Height Width Length

2002 Lincoln LS (TX) 1.453 1.859 4.925
2009 Pontiac Vibe (RX) 1.547 1.763 4.371

2010 Ford E-250 (Obstruction) 2.085 2.029 5.504

obstructing van was placed in the middle between the Tx and

the Rx. We performed experiments at two frequency bands:

2.4 GHz (used by the majority of commercial WiFi devices)

and 5.9 GHz (the band at which spectrum has been allocated

for automotive use worldwide [13]). For 2.4 GHz experiments,

we equipped the Tx and Rx vehicles with laptops that had

Atheros 802.11b/g wireless cards installed and we used 3

dBi gain omnidirectional antennas. For 5.9 GHz experiments,

we equipped the Tx and Rx vehicles with NEC Linkbird-

MX devices [49], which communicate via IEEE 802.11p [13]

wireless interfaces and we used 5 dBi gain omnidirectional an-

tennas. In both cases, antennas were mounted on the rooftops

of the Tx and Rx vehicles (Fig. 7). The dimensions of the

vehicles are shown in Table VII, and the height of the antennas

used in both experiments was 260 mm. The transmission

power was set to 18 dBm. The Atheros wireless cards in

laptops as well as IEEE 802.11p radios in LinkBird-MXs

were tested beforehand using a real time spectrum analyzer

and no significant power fluctuations were observed. The

central frequency was set to 2.412 GHz and 5.900 GHz,

respectively, and the channel width was 20 MHz. The data

rate for 2.4 GHz experiments was 1 Mb/s, with 10 messages

(140 B in size) sent per second using the ping command,

whereas for 5.9 GHz experiments the data rate was 6 Mb/s

(the lowest data rate in 802.11p for 20 MHz channel width)

with 10 beacons [49] (36 B in size) sent per second. Each

measurement was performed for at least 120 seconds, thus

resulting in a minimum of 1200 data packets transmitted per

measurement. We collected the per-packet Received Signal

Strength Indication (RSSI) information.

Figures 8a and 8b show the RSSI for the LOS (no obstruc-

tion) and non-LOS (van obstructing the LOS) measurements at

2.4 GHz and 5.9 GHz, respectively. The additional attenuation

at both central frequencies ranges from approx. 20 dB at 10 m

distance between Tx and Rx to 4 dB at 100 m. Even though

the absolute values for the two frequencies differ (resulting

mainly from the different quality radios used for 2.4 GHz

and 5.9 GHz experiments), the relative trends indicate that

the obstructing vehicles attenuate the signal more significantly

the closer the Tx and Rx are. To provide more insight into the

distribution of the received signal strength for LOS and non-

LOS measurements, Fig. 9 shows the cumulative distribution

function (CDF) of the RSSI measurements for 100 m in

case of LOS and non-LOS at 2.4 GHz. The non-LOS case

exhibits a larger variation and the two distributions are overall

significantly different, thus clearly showing the impact of the

obstructing van. Similar distributions were observed for other

distances between the Tx and the Rx at 2.4 and 5.9 GHz.

In order to determine how well the knife-edge model fits our

measurements, we calculated the additional attenuation due

to the knife-edge diffraction model for the given parameters:

distances between the Tx and the Rx of 10, 50, and 100 m,

location of the obstructing van, the dimensions of the vehicles,

2.4 GHz and 5.9 GHz frequency band, 3 dBi and 5 dBi antenna

gains, and 18 dBm transmit power. The difference between

the measurements and the knife-edge model was negligible at

100 m (e.g., 0.17 dB for 100 m at 2.4 GHz) and increased with

the decrease of distance between the Tx and Rx (e.g., 1.2 dB

for 50 m distance at 2.4 GHz and 10+ dB at 10 m). The knife-

edge model approximates the real world measurements fairly

well at longer distances between the Tx and Rx; however, it

is too optimistic with regards to the additional attenuation at

shorter distances (e.g., 10 m). Therefore, the results reported

in the Section VI pertaining to the received power can be

regarded as an upper bound. To model the received power

at shorter distances more accurately, appropriateness of other

structures for vehicles (e.g., cylindrical or wedge) should be

explored.

VII. CONCLUSIONS

We proposed a new model for incorporating vehicles as

obstacles in VANET simulation environments. First, we ana-

lyzed the real world data collected by means of stereoscopic

aerial photography and showed that vehicles as obstacles have

a significant impact on LOS obstruction in both dense and

sparse vehicular networks, and should therefore be included

in V2V channel modeling. Then, based on the concepts of

computational geometry, we modeled the vehicles as three-

dimensional objects that can act as LOS obstructions between
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Fig. 9. Distribution of the RSSI for 100 m in case of LOS (no
obstruction) and non-LOS (obstructing van) at 2.4 GHz.

other communicating vehicles. Next, we designed a mech-

anism for calculating additional attenuation due to vehicles

as obstacles, and we showed that the obstructing vehicles

significantly decrease the received signal power and the packet

success rate. We also performed experimental measurements

in order to confirm the significance of the impact of obstruct-

ing vehicles on the received signal strength. The results clearly

indicate that vehicles as obstacles have a significant impact

on signal propagation (see Fig. 5 and 8); therefore, in order

to properly model V2V communication, it is imperative to

account for vehicles as obstacles. Furthermore, the effect of

vehicles as obstacles can not be neglected even in the case

of relatively sparse vehicular networks, as the analyzed A3

highway dataset showed. Another important conclusion is that

the stochastic models, such as shadow fading [32], that aim

at averaging the additional attenuation due to vehicles, would

fail to adequately describe the complex and significant impact

of vehicles on the received signal power (depicted in Fig. 5).

Furthermore, neglecting vehicles as obstacles in VANET

simulation and modeling has profound effects on the per-

formance evaluation of upper layers of the communication

stack. The expected effects on the data link layer are twofold:

a) the medium contention is overestimated in models that

do not include vehicles as obstacles in the calculation, thus

potentially representing a more pessimistic situation than the

real-world with regards to contention and collision; and b) the

network reachability is bound to be overestimated, due to the

fact that the signal is considered to reach more neighbors and

at a higher power than in the real world. These results have

important implications for vehicular Medium Access Control

(MAC) protocol design; MAC protocols will have to cope with

an increased number of hidden vehicles due to other vehicles

obstructing them.

The algorithm behind the proposed model, even though

microscopically evaluating the attenuation due to vehicles

(i.e., calculating additional attenuation due to vehicles for

each communicating pair separately), remains computationally

efficient, location independent, and compatible with models

that evaluate the effect of other types of obstacles. By imple-

menting the proposed model in VANET simulators, significant

benefits can be obtained with respect to increased credibility

of simulation results, at the expense of a relatively small

computational overhead.

As part of our ongoing research efforts, we are performing

extensive experimental measurements to quantify the impact

of obstructing vehicles on V2V communication in various

mobile environments (e.g., urban, suburban, highway) with

different vehicular densities (low, medium, high) in both

2.4 GHz and 5.9 GHz bands. The measurements are aimed

at isolating and characterizing the effects of the obstructing

vehicles on V2V communication in order to thoroughly test

and optimize our proposed model.

ACKNOWLEDGEMENTS

The authors would like to thank Rui Meireles, Xiaohui

(Eeyore) Wang, Paulo Oliveira, Shshank Garg, and Peter

Steenkiste for their invaluable help during the experimental

setup and the measurements. The authors would also like

to thank the annonymous reviewers for their comments that

helped improve the manuscript.

REFERENCES

[1] F. Bai, T. Elbatt, G. Hollan, H. Krishnan, and V. Sadekar, “Towards
characterizing and classifying communication-based automotive appli-
cations from a wireless networking perspective,” 1st IEEE Workshop on
Automotive Networking and Applications (AutoNet), 2006.

[2] W. Chen and S. Cai, “Ad hoc peer-to-peer network architecture for
vehicle safety communications,” IEEE Commun. Mag., vol. 43, no. 4,
pp. 100–107, April 2005.

[3] F. J. Martinez, C. K. Toh, J.-C. Cano, C. T. Calafate, and P. Manzoni,
“A survey and comparative study of simulators for vehicular ad hoc
networks (VANETs),”Wireless Communications and Mobile Computing,
2009.

[4] “Network Simulator 2.” [Online]. Available: http://www.isi.edu/
nsnam/ns/

[5] D. R. Choffnes and F. E. Bustamante, “An integrated mobility and traffic
model for vehicular wireless networks,” in VANET ’05: Proceedings of
the 2nd ACM international workshop on Vehicular ad hoc networks.
New York, NY, USA: ACM, 2005, pp. 69–78.

[6] “NCTUns 6.0 network simulator and emulator.” [Online]. Available:
http://nsl.csie.nctu.edu.tw/nctuns.html

[7] T. S. Rappaport, Wireless Communications: Principles and Practice.
Prentice Hall, 1996.

[8] D. Dhoutaut, A. Regis, and F. Spies, “Impact of radio propagation mod-
els in vehicular ad hoc networks simulations,” VANET 06: Proceedings
of the 3rd international workshop on Vehicular ad hoc networks, pp.
69–78, 2006.

[9] J. Koberstein, S. Witt, and N. Luttenberger, “Model complexity vs. better
parameter value estimation: comparing four topography-independent
radio models,” in Simutools ’09: Proceedings of the 2nd International
Conference on Simulation Tools and Techniques. ICST, Brussels,
Belgium, 2009, pp. 1–8.

[10] J. Maurer, T. Fugen, T. Schafer, and W. Wiesbeck, “A new inter-vehicle
communications (ivc) channel model,” in Proc. IEEE 60th Vehicular

Technology Conference (VTC 2004-Fall), vol. 1, Sept. 2004, pp. 9–13.
[11] G. Acosta and M. Ingram, “Model development for the wideband

expressway vehicle-to-vehicle 2.4 GHz channel,” in Proc. IEEE Wireless
Communications and Networking Conference 2006, vol. 3, April 2006,
pp. 1283–1288.

[12] A. Paier, J. Karedal, N. Czink, H. Hofstetter, C. Dumard, T. Zemen,
F. Tufvesson, A. Molisch, and C. Mecklenbrauker, “Car-to-car radio
channel measurements at 5 GHz: Pathloss, power-delay profile, and
delay-doppler spectrum,” in Proc. 4th International Symposium on
Wireless Communication Systems (ISWCS 2007)., Oct. 2007, pp. 224–
228.

[13] “IEEE Draft Standard IEEE P802.11p/D9.0,” Tech. Rep., July 2009.
[14] J. S. Otto, F. E. Bustamante, and R. A. Berry, “Down the block and

around the corner – the impact of radio propagation on inter-vehicle
wireless communication,” in Proc. IEEE International Conference on

Distributed Computing Systems (ICDCS), 2009.



BOBAN et al.: IMPACT OF VEHICLES AS OBSTACLES IN VEHICULAR AD HOC NETWORKS 27

[15] S. Kaul, K. Ramachandran, P. Shankar, S. Oh, M. Gruteser, I. Seskar,
and T. Nadeem, “Effect of antenna placement and diversity on vehicular
network communications,” in Proc. IEEE SECON., June 2007, pp. 112–
121.

[16] “Vehicle Safety Communications Project, Final Report,” U.S. Depart-
ment of Transportation, NHTSA, Crash Avoidance Metrics Partnership,
Tech. Rep. DOT HS 810 591, 2006.

[17] H. Masui, T. Kobayashi, and M. Akaike, “Microwave path-loss modeling
in urban line-of-sight environments,” IEEE J. Sel. Areas Commun.,
vol. 20, no. 6, pp. 1151–1155, Aug 2002.

[18] M. Jerbi, P. Marlier, and S. M. Senouci, “Experimental assessment of
V2V and I2V communications,” in Proc. IEEE Internatonal Conference
on Mobile Adhoc and Sensor Systems (MASS 2007), Oct. 2007, pp. 1–6.

[19] D. Matolak, I. Sen, W. Xiong, and N. Yaskoff, “5 GHz wireless channel
characterization for vehicle to vehicle communications,” in Proc. IEEE
Military Communications Conference (MILCOM 2005), vol. 5, Oct.
2005, pp. 3016–3022.

[20] S. Takahashi, A. Kato, K. Sato, and M. Fujise, “Distance dependence of
path loss for millimeter wave inter-vehicle communications,” in Proc.
IEEE 58th Vehicular Technology Conference (VTC 2003-Fall), vol. 1,
Oct. 2003, pp. 26–30.

[21] C.-X. Wang, X. Cheng, and D. I. Laurenson, “Vehicle-to-vehicle channel
modeling and measurements: Recent advances and future challenges,”
IEEE Commun. Mag., vol. 47, no. 11, pp. 96–103, November 2009.

[22] L. Cheng, B. E. Henty, D. D. Stancil, F. Bai, and P. Mudalige, “Mobile
vehicle-to-vehicle narrow-band channel measurement and characteri-
zation of the 5.9 GHz dedicated short range communication (dsrc)
frequency band,” IEEE J. Sel. Areas Commun., vol. 25, no. 8, pp. 1501–
1516, Oct. 2007.

[23] I. Sen and D. Matolak, “Vehicle-Vehicle Channel Models for the 5-GHz
Band,” IEEE Trans. Intell. Transp. Syst., vol. 9, no. 2, pp. 235–245, June
2008.

[24] Y. Zang, L. Stibor, G. Orfanos, S. Guo, and H.-J. Reumerman, “An
error model for inter-vehicle communications in highway scenarios at
5.9GHz,” in PE-WASUN ’05: Proceedings of the 2nd ACM international
workshop on Performance evaluation of wireless ad hoc, sensor, and

ubiquitous networks. New York, NY, USA: ACM, 2005, pp. 49–56.

[25] H. Kim and H.-S. Lee, “Accelerated three dimensional ray tracing tech-
niques using ray frustums for wireless propagation models,” Progress
In Electromagnetics Research, PIER, no. 96, pp. 595–611, 2009.

[26] J. Karedal, F. Tufvesson, N. Czink, A. Paier, C. Dumard, T. Zemen,
C. Mecklenbrauker, and A. Molisch, “A geometry-based stochastic
mimo model for vehicle-to-vehicle communications,” IEEE Trans. Wire-
less Commun., vol. 8, no. 7, pp. 3646–3657, July 2009.

[27] A. Paier, J. Karedal, N. Czink, H. Hofstetter, C. Dumard, T. Zemen,
F. Tufvesson, C. Mecklenbrauker, and A. Molisch, “First results from
car-to-car and car-to-infrastructure radio channel measurements at 5.2
GHz,” in Proc. IEEE 18th International Symposium on Personal, Indoor

and Mobile Radio Communications, 2007., Sept. 2007, pp. 1–5.

[28] X. Cheng, C.-X. Wang, D. I. Laurenson, S. Salous, and A. V. Vasilakos,
“An adaptive geometry-based stochastic model for non-isotropic mimo
mobile-to-mobile channels,” IEEE Trans. Wireless Commun., vol. 8,
no. 9, pp. 4824–4835, 2009.

[29] R. W. Rothery, “Car following models,” In Trac Flow Theory, 1992.

[30] O. K. Tonguz, W. Viriyasitavat, and F. Bai, “Modeling urban traffic: a
cellular automata approach,” IEEE Commun. Mag., vol. 47, no. 5, pp.
142–150, 2009.

[31] ITU-R, “Propagation by diffraction,” International Telecommunication
Union Radiocommunication Sector, Geneva, Recommendation P.526,
Feb. 2007.

[32] A. J. Goldsmith, Wireless Communications. Cambridge University
Press, 2006.

[33] J. D. Parsons, The Mobile Radio Propagation Channel. John Wiley &
Sons, 2000.

[34] J. Epstein and D. W. Peterson, “An experimental study of wave propa-
gation at 850MC,” Proc. IRE, vol. 41, no. 5, pp. 595–611, 1953.

[35] J. Deygout, “Multiple knife-edge diffraction of microwaves,” IEEE

Trans. Antennas Propag., vol. 14, no. 4, pp. 480–489, 1966.

[36] C. L. Giovaneli, “An analysis of simplified solutions for multiple knife-
edge diffraction,” IEEE Trans. Antennas Prop., vol. 32, no. 3, pp. 297–
301, 1984.

[37] McCasland, W T, “Comparison of Two Techniques of Aerial Photogra-
phy for Application in Freeway Traffic Operations Studies,” Photogram-
metry and Aerial Surveys, 1965.

[38] M. Ferreira, H. Conceição, R. Fernandes, and O. K. Tonguz, “Stereo-
scopic Aerial Photography: An Alternative to Model-Based Urban
Mobility Approaches,” in Proceedings of the Sixth ACM International

Workshop on VehiculAr Inter-NETworking (VANET 2009). ACM New
York, NY, USA, 2009.

[39] N. Wisitpongphan, F. Bai, P. Mudalige, V. Sadekar, and O. Tonguz,
“Routing in Sparse Vehicular Ad Hoc Wireless Networks,” IEEE J. Sel.
Areas Commun., vol. 25, no. 8, pp. 1538–1556, Oct. 2007.
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