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Abstract— Developing applications, especially real-time ones, for
wireless vehicular ad hoc networks (VANETs) requires a reasonable
assurance of the likely performance of the network, at the least in
terms of packet loss ratios and end-to-end delay. Because wireless
propagation strongly influences performance, especially in an urban
environment, this paper improves on simpler propagation models for
simulations by augmenting ray-tracing derived models of
propagation. In the non-line-of-sight component: the propagation
distance is more closely calculated according to the reflection
distance; the effect of roadside obstacles is included; and for
modeling of fast fading a phase factor is introduced, all without
necessarily overly increasing computational load. In the line-of-sight
component, as well as roadside obstacle modeling: single and double
reflections from roadside buildings are added to the standard two-ray
ground-propagation model; the distribution of vehicles within a street
segment is used to model the ground reflection ray more closely; and
the reflection coefficient is also adjusted accordingly to account for
reflections from vehicles. The results have been compared with
widely-used measurement studies of city streets in the literature,
which have confirmed the overall advantage of the improvements,
especially in the case of the non-line-of-sight component. A
simulation case study shows that in general optimistic performance
predictions of packet loss occur with the two-ray ground propagation
model when indiscriminately applied.
The paper, therefore,
represents a way forward for VANET wireless channel modeling in
simulations.
Index Terms—simulation, urban environment, vehicle-to-vehicle
communication, wireless propagation

I. INTRODUCTION
or generic ad-hoc network simulations
GENERAL-purpose
have tended to restrict modeling of the wireless path loss to
simpler models. These models do not consider environment
characteristics that determine the effects of: shadowing
caused by obstacles on the path which may cause
absorption; reflection; diffraction; and scattering, as generally
occurs, especially in a built environment. In addition,
multipath effects give rise to fast fading. For perhaps a typical
example, at least in the use of the simpler two-ray groundpropagation model in an ns2 simulation, consider the research
reported in [1], which, by employing GPS, implies an outdoor
environment for the vehicles concerned. In an outdoor
environment, the environment characteristics already
mentioned may come into play. Of course, in generic ad hoc
network modeling as in [1], the conditions of the simulation
may well be sufficient. However, in general, incorrect
modeling of the physical layer [2] will affect all higher layers.
For instance, if a protocol relies on a distance calculation (by
inputting a Received Signal Strength Indicator value) based on

an incorrect equation for propagation then its simulated
performance could be reported incorrectly. In [3], it was
shown that modeling of ad hoc routing protocols at higher
layers of the protocol stack but neglecting physical layer
modeling could give misleading rankings of the protocols. The
work in [4] also highlighted the shortcomings of the wellknown ns2 simulator for ad hoc wireless modeling and
considered various channel error models, though for indoor
environments, which are not usually applicable to VANETs.
In [5], the effect on VANET ns2 simulations was considered if
buildings were to block all but line-of-sight (LOS)
communication. The number of ‗blind‘ vehicles increased but
the risk of broadcast storms decreased. However, in [5] it was
assumed that only LOS took place at the frequency of interest,
5.9 GHz, whereas measurements at this frequency in the
streets of Detroit and Michigan [6] showed that non-line-ofsight (NLOS) communication did take place in the presence of
tall buildings.
Simulation is the main tool for research on VANETs [8],
because the complex vehicle mobility models that arise are
unlikely to be represented analytically. There are a large
number of variables (vehicle density, car speeds, driver
behavior, road obstacles, road topologies …) and it is difficult
to conduct repeated live experiments. While improved models
for driver behavior are increasingly available [7] [8] [9], it is
not clear whether wireless shadowing and fading have been
adequately incorporated into the path loss models of current
simulators. Models based on ray optics and Fresnel-Kirchoff
diffraction theory have shown good path loss accuracy when
compared to measurement data within an urban environment
[10] [11] [12]. The main obstacle to their incorporation into
simulators is the high computation and memory requirements
these models generate [10], which means that, hitherto, their
main use has been in positioning base stations within urban
microcells. In [13], to avoid the need for detailed information
about buildings and to reduce excessive computation, a
modified version of the complex Kaji propagation model for
vehicles with low-height antennas resulted in a computational
saving of approximately one third. The accuracy was reported
[12] to still be about 80%, though without evaluation against
measurement data.
Empirical models based on measured data such as [14] are
also unsuitable in a simulator for a number of reasons. They
may rely on a flat terrain, or they may be frequency
dependent, or when developed for microcells assume roof-top
reflections [15] rather than the multiple reflections against
buildings and diffractions around street corners that occur
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when antennas are at street level.
However, research in [16] presented computationally
tractable analytical equations for NLOS propagation, based on
simplifying assumptions for equations in earlier work [10] for
low antennas at lamp-post level. In these equations, reflection
loss is constant and there is a single dominant reflection path
and a single direct diffraction path. Because, in NLOS
modeling, it has been found that ground reflection can be
neglected [10] [16], a 2D model is employed. Nevertheless,
we have noticed that these equations do not properly estimate
the propagation path distance; neglect the effect of scattering
from roadside obstacles to propagation (the ‗foliage effect‘)
and in general average out constructive and destructive phase
effects, which cause fast fading. The net result is that there is a
loss in accuracy that could be avoided without a significant
computational cost. Notice that estimating phase effects is an
alternative to modeling by ‗worst-case‘ Rayleigh or Rician
probability density distributions [2], which may incur a
computational penalty. Many other models are also feasible
[17] such as Log-Normal and Nakagami [18] but our paper
concentrates on ray-tracing derived models.
Therefore, it is possible to improve the accuracy of the
equations for VANET modeling while still allowing them to
be incorporated into widely-available simulators such as
Global Mobile System Simulator (GloMoSim) [19]. The
equations represent communication from one vehicle to
another in a side street and from one vehicle to another in a
parallel street (assuming a Manhattan grid type road topology
[20]). It is in NLOS modeling that the largest improvements
are likely, because in LOS modeling [21] especially in rural
areas, the interference between the direct path and the path
reflected from the road dominates. In essence, the main
contributions of this paper to NLOS modeling are 1)
modification of the total propagation path given in [16] during
multiple reflections 2) adding the effect of phase distortion,
and 3) from [21] adding the effect of scattering by roadside
obstacles.
This paper also presents improved modeling of LOS
modeling that includes car clustering at junctions, the effect of
different reflectivity depending on whether the ‗ground‘
surface is a car or asphalt (road surface), ‗foliage‘ effects from
high-positioned obstacles, and phase effects (the latter also
present in NLOS modeling). Though the two-ray ground
propagation model may be appropriate in rural areas, it has
long been known [22] that a six-ray model in urban areas
(ones with high-rise buildings acting as reflectors) for LOS is
more appropriate, as it takes account of the effect of road
width.
These propagation models along with driver behavior
modeling from VanetMobiSim [9], allow more accurate
VANET simulations in GloMoSim. In addition, there are also
simulators under development [8] by the vehicle
manufacturers. Therefore, these simulators with improved
propagation models represent a way forward in VANET
modeling and research. Section II now details the
improvements to the equations for NLOS and changes to the
two-ray model for LOS propagation. That Section compares
the new equations with measured data and the previous
equations from which the improvements have evolved.
Section III is a simulation case study, the purpose of which is

to illustrate how the combination of the NLOS and LOS
components in a ‗multi-ray‘ model results in more pessimistic
estimates of packet loss, end-to-end delay and packet
overhead. This is because of the impact of propagation on the
routing model itself. Section IV concludes the paper by
assessing the gain from using the multi-ray model.
II. IMPROVEMENTS TO ANALYTICAL EQUATIONS
A number of available measurement studies [22] were carried
out in the cellular band at 900 MHz and were used as a point
of comparison by others [10][14], whereas Dedicated Short
Range Communications (DSRC) devices [23] at the data-link
and physical layers under IEEE 802.11p [24] operate at 5.9
GHz. Therefore, before proceeding one should consider how
relevant are these measurement studies to the new band? One
of the main advantages of an analytical model compared to a
model based on measurements (refer back to Section I) is that
it is not frequency dependent. In the other words, the
presentation in this Section considers the dominant rays after
reflections, diffractions and scattering in each path regardless
of a particular frequency. Because the equations are mostly
parameterized by frequency, changing the frequency does not
invalidate the equations. The dominant rays will be weighted
based on the frequency of interest and the distance to the
receiver. This assumption while direct propagation in the
NLOS model is possible but will become invalid when direct
propagation is no longer possible. This will occur at much
lower frequencies than 900 MHz and is not a problem at
higher frequencies such as 5.9 GHz.
However, to reduce computational complexity a constant
reflection loss was introduced in equation (1) in Section II.A.
The value was assigned empirically from [16] and evaluation
in the range 900 MHz to 5.3 GHz shows that this constant
produces good results. However, should the reader prefer in
their own modelling to adapt the formulas in Section II.A,
then equation (20) is available for frequency-sensitive
reflection loss. In fact, in the LOS equations of Section II.B,
equations parameterized by frequency for reflection loss are
employed. In the case of the foliage effect employed in the
NLOS and LOS modelling, this is independent of frequency
and has been tested in [21] for 457 MHZ and 10.7 GHz, which
implies the effect will also hold for 5.9 GHz, as this frequency
lies between these frequencies.
In summary, for analytical equations whenever there is a
frequency component in the equations then validating the
equations against measurements at one frequency (for
practical reasons) serves to validate the equations at other
frequencies.
A. NLOS modeling
The computationally-tractable, path-loss equations presented
in [16] for path-loss prediction are based on calculating path
loss by the dominant reflection path and direct diffraction
path. In the case of diffracted rays, only direct diffraction
from transmitter to receiver vehicles is taken into account and,
for multiple reflections, only the signal attenuation over the
ray with a minimum number of reflections is investigated. The
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Fig. 1. Transmission paths from a transmitter (tx) to a receiver (rx) in a side
street and from a transmitter and receiver in a parallel street.

model assumes [16] that tall buildings with uniform flat
surfaces border the streets. As a practical measure,
permittivity and conductivity are set as constant values, the
result of averaging across the surface of a building. Therefore,
there is no diffuse scattering from the surface of buildings and
no changes to the polarization of the electromagnetic wave. As
with many models for mobile signal strength attenuation,
account is not taken of environmental attenuation that occurs
at high frequencies in the presence of precipitation and
aerosols or, more generally, whenever the wavelength of the
wireless signal is of the same scale as an obstacle, which is
likely at high frequencies. As elsewhere, Doppler spread is
neglected and in fact it is reported to be small in these
environments [25], though Doppler spread is an issue at the
high speeds of highways [6]. Building plan geometry can also
be introduced into a simulation [26], though the work in [26]
does not validate their dual-slope channel model against
measured data. Fig. 1 shows the geometry referred to in the
following discussion for NLOS transmission to a vehicle in a
side street and transmission to a vehicle in a parallel street.
Notice that there are reflection-diffraction, diffractiondiffraction, and diffraction-reflection components in
transmission to a parallel street. In the following, for ease of
description, the main discussion is restricted to modifications
to the side street communication.The equation [16] for the
reflection path loss component (in units of dB) of a signal
passing from a vehicle positioned at the center of a main street
to one in the center of a side street leading off the main street
is:
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where rm is the distance from the transmitting vehicle to the
junction of the side street with the main street; rs is the
distance from the junction along the side street to the receiving
vehicle; and the reflection loss due to absorption.
is a constant reflection coefficient.
is assumed
to be the same value for side street and main street.
is the
minimum number of reflections in any path from the
transmitter to the receiver. Notice that research in [11] reports
that positioning of the vehicle in the center of a street only
influences the results to a very small extent. The first term in
(1) is the free space propagation loss which is frequency
dependent via the wavelength λ, while the second term
represents the loss along the streets (main and side) formed by
multiplying the minimum number of reflections by the loss
from absorption.
The diffraction component equations (2) and (3) are
untouched by us, though we note that it is possible to improve
the diffraction near to the junction by means of the Uniform
Theory of Diffraction, as reported in [27]. However, the freespace propagation term does not accurately account for the
distance traveled by the signal. It assumes that this is the same
as the total length of the two streets, whereas the reflections
from side to side of the street cause this distance to be
changed. In fact, the width of streets is also important because
there will be more reflections in a narrower street than there
will be in a wider street, again resulting in different signal
propagation distances. The free-space loss of the signal due to
its expansion during propagation is proportional to the square
of the distance. Therefore, accurate calculation of the
propagation distance in a simulation has an important
influence, especially when specular reflected rays are the
dominant received signal. It is also possible to adjust the
model for reflections at non-perpendicular road junctions but
unless building maps are used in the simulation this does not
appear to be an issue.
For a side street, the distances along the main and side
streets are better represented as:

r

(5)

where ws is the (constant) width of the side street and wm is
the constant width of the main street. Similarly, for
transmission to a vehicle in a parallel street
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where rp and wp are the distance along the parallel street and
the (constant) width of the parallel street respectively. In Fig.
2, W is the width of a street, R is the reflected distance, r is the
projection of R upon the roadside building, and θ is the angle
of incidence. With perfect reflection the angle of incidence is
the same as the angle of reflection. From [16] or by derivation
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is the nearest integer below x. From the geometry
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and, therefore, the desired total

reflection path distance is Nmin.w/cos θ. The values (4) to (8)
are then found for each street in this way.
These adjusted distances are now applied to the reflection
path component of (1) as

Fig. 2. Geometry for calculating reflection distance, R

and the reflection-reflection component of transmission to a
parallel street as:
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However, equations (10) and (11) suffer from lack of
information about the scattering and fading effect of roadside
obstacles. In work by Oda et al. [21] it was shown that
significant improvement in calculating the path loss arises
from considering high-positioned roadside obstacles. The
other important factor that is neglected in (10) and (11) is the
effect of different rays‘ phase combination. This will result in
significant changes to path loss when the amplitudes of
different paths are close to each other. Phase effects also result
in fluctuation of the signal according to the distance travelled
by the signal, i.e. fast fading.
In our formulation, the effect of scattering and shadowing
by roadside obstacles, as typically occurs due to roadside
trees, signs, and traffic signals is (multiplicatively) applied to
(10) and (11) using the equation in [18], reproduced as (12).
The collision probability in this equation is determined by the
density of obstacles in high positions between transmitting and
receiving vehicles. According to [21], the ‗foliage‘ effect can
be applied to the equations by means of the visibility factor, P,
as follows:
(12)
where s is the collision probability and r is the distance
between transmitter and receiver, which varies according to
whether the component is diffracted or reflected. Proposed
values [21] for s are 0 for an open area and 0.002 for an urban
area (in Tokyo).
When a number of rays from different paths are received
with different phase the combined result can be constructive or
destructive depending on phase difference (a cause of shortrange fading). As mentioned, this effect is significant when the
magnitude of the signals over the different paths is
comparable. For specular reflected rays the phase part of the
field can be estimated by the following equation:
(13)
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where k is the wave number. In addition, for a diffracted signal
the field phase change can be estimated by:
(14)
In (14), the original distances from [16] are retained, as the
diffraction equations are not altered by us.
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and the electric diffracted field becomes:

Path loss in dB

Application of these phase components to calculation of the
loss is illustrated in [28], for example the electric reflected
field becomes:

From [16]
F1
Measured data

(16)
Distance (ft.) from the junction (rs)
Fig. 3. Comparison of the equations for side-street path loss, from [16] and the
revised equation (F1) including accurate calculation of propagation distance
and ‗foliage‘ effect, with measured data from [22], settings — frequency =
900 MHz, rm = 39.2 m, Wm = 28.6 m, Ws = 20.4 m, s = 0.001

so that:
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where Etot=Er + Ed.
Fig. 3 compares application of the equations in [16] with a
version of the equations (F1) that includes more accurate
calculation of the propagation distance and the effect of
‗foliage‘ but does not include the impact of phase change.
Specifically, F1 includes equations (10) to (12) which replace
the equivalent equations in [16]. For example, as previously
stated, equation (10) replaces equation (1), which originates
from [16]. (The original measurements in feet are retained for
comparison with other works that use this data. 1 ft = 0.3048
m.) Fig. 4 also includes calculation of phase change in a
revised equation (F2). Specifically, in addition to the versions
of the equations in F1, F2 includes a phase loss factor given by
equation (18). The measured data from [22] quoted in [14]
[16] are the mean attenuation of transmission (at 894 MHz)
along the 51st Avenue (side street) of Manhattan, New York,
from its junction with Lexington Avenue (main street). The
value of the collision probability was set to s = 0.001 to reflect
the reduced density of high-position road side obstacles in
New York relative to Tokyo. In general, the loss predicted by
[16] is less than that of the equations presented in this paper.
Because the distance along the Avenue has not changed

Distance (ft.) from the junction (rs)
Fig. 4. Comparison of the equations for side-street path loss, from [16] and the
revised equation (F2) including accurate calculation of propagation distance,
‗foliage‘ effect, and phase change, with measured data from [22], settings —
frequency = 900 MHz, rm = 39.2 m, Wm = 28.6 m, Ws = 20.4 m, s = 0.001

noticeably for rs up to about 900 ft the effect of improved
distance calculation does not occur. The reflected component
is also becomes dominant over the diffracted component from
2000 ft. Therefore, the equation from [16] is nearer to the
measured path loss, though all equations are in reasonable
agreement, with estimation error greatest at short distances.
However, from about 900 ft onwards the equation in [16] is
unable to follow the increase in losses. From 2000 ft onwards
the ‗foliage‘ effect has an increased impact while the reflected
component weakens relative to the diffracted component.
As an additional example, in a detailed comparison
between measured data and simulation [28] for path loss after
transmission along Stadiou Street (side street)1 in Athens,
Greece, it was found that a mean square error offset (9.4 dB in
[28]) adjusted simulated results to the measured data. In Fig.
5., after applying this offset and with s = 0.002, it will be seen
that apart from regions close to the junction with the side
street the F1 model shows good agreement. If the phase

1
Though in [28] Stadiou Street is called a parallel street in the
configuration of Fig. 1 it is properly called a side street, as there is a direct
line-of-sight from the position of the transmitting vehicle along the road
leading to Stadiou Street
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where rt is the direct optical path length from transmitter
aerial to receiver aerial, rr is the optical path length from the
transmitter aerial via reflection from the ground to the receiver
aerial, R is now the reflection coefficient. If the adjustment to
ground level is h0, then

rr 

r 2  ((ht  h0 )  (hr  h0 )) 2 ,

(20)

where ht and hr are respectively the heights of the transmitter
and receiver aerials respectively, with r the distance between
transmitter and receiver vehicles. The breakpoint position is
adjusted accordingly as
Distance (ft.) from the junction (rp)

Fig. 5. Comparison of the equations for side-street path loss, from [16] and the
revised equation (F1) including accurate calculation of propagation distance,
‗foliage‘ effect, with measured data from [28], settings — frequency = 1.8
GHz, rm = 110 m, Wm = 20 m, Ws = 26 m, s = 0.002
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where λ is the wavelength. However, changing the height of
the aerials by a constant amount implies that traffic density is
uniform, whereas simulation study has suggested [8] that there
is a clustering of cars at intersections, especially when traffic
lights are present. In [8], a mobility model dependent
polynomial curve which depends on traffic density was fitted
to empirical data. In Fig. 7, a 4th order polynomial has been
fitted to this data, with the order chosen as a compromise
between accuracy and computational complexity when applied
in a simulation. For completeness, this curve is reported in
(22).
CDF ( x)  265.27e  9 x 4  39.88e  6 x 2  2.15e  3x 2  60.13e  3x  32.06e  3

(22)

Distance (ft.) from the junction (rp)
Fig. 6. Comparison of the equations for side-street path loss, the revised
equation (F2) including accurate calculation of propagation distance, ‗foliage‘
effect, and phase change, with measured data from [28], settings — frequency
= 1.8 GHz, rm = 110 m, Wm = 20 m, Ws = 26 m, s = 0.002

factors are included with the F2 model, Fig. 6, then the
comparison with the measured data is also good.
B. LOS modeling
Apart from the ‗foliage‘ effect, which we also employ for LOS
modeling, in [21] the position of the breakpoint (distance
when signal power changes from being proportional to r-2 to
r-4, where r is the distance from the transmitter vehicle) is
adjusted by raising the effective ground-level according to
traffic density in the two-ray ground propagation model for
path loss, which is quoted here (before adjustment) for the
convenience of the reader:

From this curve it is possible to probabilistically weight the
calculation according to the probability that a car is present
and acts as the reflecting surface at the crossover point (point
of reflection of the ground ray) and the probability that the
road surface forms the reflection surface. Equation (18)
depends for this effect on the traffic density and, therefore,
any probability is weighted by a normalized traffic density.
Before normalization, we name the traffic density categories
as: traffic high 4 cars/street segment, medium 3 cars/street
segment, low 2 cars/street segment, and very low 1 car/street
segment. A street segment is bounded by two junctions.
Therefore, the second term in parentheses in (17) becomes:

P1R1

e ikr
e ikrc
 P2 R2
r
rc

(23)

where P1 and P2 are respectively the probabilities of a car
being present and absence at the crossover point; and R1(θ),
R2(θ), are respectively the reflection coefficients for the
material of a car and the material of the road surface, which
are dependent on the angle of incidence θ for constant
frequency. Distance r is the distance travelled by a reflected
ray from the ground, which is found in the normal way for the

Cumulative distribution of cars that are
placed less than x meter from the junction

to a complex, frequency-dependent reflection coefficient. As
horizontal polarization gives rise to oscillations in the value of
the average signal strength prior to the break point in the tworay model [26], vertical polarization was set.
We have applied a six-ray model with single- and doublereflection rays on either side of a street as well as the direct
and ground reflected rays of the basic two-ray model. It is
reported in [28] that this configuration of reflected rays in a
LOS simulation gives best results. Given that it is reported
[11] that positioning a vehicle in the middle of the road for
ease of calculations has a minimal effect on the results and
neglecting diffractions for LOS, the six-ray model results in
the following estimates for single, Rs, and double, Rd,
reflected propagation distances:

80 vehicles/km2
160 vehicles/km2
240 vehicles/km2
320 vehicles/km2
Polynomial curve

Rs  wm / cos 
where   arctan(rm / wm ) .

Distance from the junction (m)
Fig. 7. Polynomial fit to CDF of cars from a junction, according to simulations
conducted in [8], with order 4 polynomial fit.

two-ray model. However, rc is the distance traveled by a ray
reflected at the average height of a car above the ground
(compare with [21]). Adjustment is also made in simulation
for the fact that a car is not a point but extends on either side
of the crossover point. An equation [29] for the reflection
coefficient is:

R( ) 

cos   at
cos   at

(24)

where a =1 for horizontal polarization and a 

1

 r2

for

vertical polarization (  r is the relative impedance). If the



and t   r  sin  . Typical
conductivity, σ, for the low carbon steel of car bodies, the
ground, and walls of tall buildings are respectively 6.8  10 6
S/m, from resistivity in [30], 0.005 mS/m [29], and 7 mS/m
[10]. For the ground and walls it is possible to write
angle of incidence is

2

2

 r2   r    i60

(25)

 r is the relative dielectric constant and a typical value
  15 [29]. (Notice that in the NLOS equations the same

where

is
reflection coefficient as in [16] is employed by us.) However,
an alternative form for low carbon steel is to use
and the permittivity of the environment, 
where μ is the permeability, and
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0


2

,
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Rd  2(wm / cos  )
where   arctan(rm /( 2wm ) .

(26)

(27)

Notice that the inclusion of wm in (27) means that the six-ray
model is sensitive to street width, which is not the case for the
two-ray model.
The adjusted LOS six-ray model taking account of
differential ground reflection according to traffic density was
plotted against data for Lexington Avenue and 22nd Street
[22] as quoted in [10]. The transmitter and receiver aerial
heights are respectively ht and hr are set according to the
source data. In Fig. 8 for Lexington Avenue, the model
generally follows the measured data more closely than the
two-ray model does but at around  2000 ft, where there is
destructive interference, when the model reports deeper drops
in path loss. There may be at least two explanations for this
discrepancy: 1) the results from [22] are averaged
measurements and 2) the reflected paths are unlikely to
exactly coincide in a real setting, even though in the
mathematical model they do. The two-ray models
discrepancies are across the range of measured data, which
may be a problem in a simulation because a vehicle is unlikely
to be positioned in exactly the area where the path loss is
returned as low. Fig. 9 reports similar findings for 22 nd Street.
Differences in the response between Fig. 8 and Fig. 9 may lie
in the distance between intersections, which are more frequent
in Lexington Ave. than in 22nd Street.
In [31] an empirical model based on measured LOS data
for Helsinki streets was given as:

L(r )  40.3  23.4 log( r )

(28)

Fig. 10 compares the proposed model with two-ray model and
the numerically derived fit from [31], when again the
proposed model presents a reasonable compromise. The tworay ground propagation model‘s behavior is characteristic of
the oscillations before the breakpoint [21] (before which there
is constructive and destructive interference between the two
rays and after which the signal power falls off as r-4).
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Fig. 8. Lexington Ave.: Proposed model with traffic effect, two-ray model and
measured data – frequency = 900 MHz, ht =9.1m, hr =1.8 m, wm = 28.6 m,
traffic density high, s = 0.001
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Fig. 9. 22nd Street: Proposed model with traffic effect, two-ray model and
measured data – frequency = 900 MHz, ht =9.1m, hr =1.8 m, wm = 20.14 m,
traffic density low, s = 0.001

C. Remarks on computation time
Though the issue of computational or implementation
complexity is in general beyond the scope of this paper, we
make a few remarks about this issue. Timings were taken on a
PC with a dual-core Intel processor running at a nominal clock
speed of 2.4 GHz for rs ranging through ranging through 0 to
1524 m (the distance along 51st Avenue). In the mean, this
took 0.0019 s for the equations in [16] and 0.0028 s for F1 in
Section II.A, though adding phase results in a time of 0.0059
s. Calculating the two-ray ground propagation model took
0.0044 s. Therefore, using formula F1 with corrected
propagation path distance and ‗foliage effect‘ included does
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Fig. 10. Helsinki LOS street comparison of models: frequency = 5.3 GHz, ht
=8 m, hr = 2, wm = 18 m, traffic density low, s = 0.002
TABLE I.
COMPARATIVE INDICATIVE TIMINGS FOR THE MODELS

Propagation
model

Mean (s)

Standard
Deviation (s)

Maximum (s)

Q.SUN [16]

0.0019

0.0051

0.0160

F1( Propagation
path, scattering
effects )
F2 (Phase,
propagation path,
scattering )
Two-ray model

0.0028

0.0060

0.0160

0.0059

0.0076

0.0160

0.0044

0.0070

0.0160

F1 ( added
Rayleigh fading )
LOS

0.0255

0.0076

0.0320

0.0243

0.0284

0.0297

Two-ray (added
Rayleigh fading)

0.0282

0.0063

0.0320

not increase the wall clock time by much over that of the
equations of [16].
In the case of LOS modelling, the proposed model took
slightly less time in the mean compared to the two-ray model
with additive Rayleigh fading but much more compared to the
two-ray model alone. However, these timings should be taken
as indicative rather than the absolute values that will be
achieved. The results of timing experiments are presented in
Table I. The results are subject to large deviations and the
maxima are larger.
III. SIMULATION CASE STUDY
This simulation case study is not intended to be definitive but
to show the consequences of incorporating the models
developed in Section II compared to an elementary application
of the two-ray model in which separate LOS and NLOS
modeling does not occur. In the simulations with GloMoSim
[19], a 1000  1000 m2 area was defined and nodes (vehicles)

were initially randomly placed within the area. Results were
averaged over 25 runs. Other settings for VanetMobiSim [9]
to do with road cluster density, intersection density, lanes (2)
and speeds are given in Table II. VanetMobiSim‘s simplest
mobility model the Constant Speed Motion (CSM) does not
produce realistic motions, and is included for comparison
purposes only. The Intelligent Driver Model (IDM) accords
with car following model developed elsewhere [32], based on
live observations and also used in [33]. VanetMobiSim adds to
this with modeling of intersection management (IDM-IM).
The IDM-IM is extended to include lane change behavior or
overtaking in the IDM-LC model.
The well-known Ad hoc On-Demand Distance Vector
(AODV) [34] routing protocol was selected as a point of
reference with the work of others. The Location-Aided
Routing (LAR) protocol (version 1) [35] was also selected as
it is able to restrict the area for route propagation by virtue of
GPS information gathered from nodes in a VANET. The result
is that LAR will incur less control packet overhead. The
TABLE II
VANETMOBISIM SETTINGS FOR ROAD LAYOUTS AND MOBILITY
MODELS.

Global Parameters
Simulation Time
Terrain Dimension
Graph type
Blocks
Block Size
Number of Streets
Road width
Max. traffic lights
Time interval between traffic
lights changing
Number of Lanes
Min. Stay
Max. Stay
Nodes (vehicles)
Min. Speed
Max. Speed
Routing Protocol
Wireless Technology
CSM model
Min. and max. pause time
IDM-LC Model
Length of vehicle
Max. acceleration
Normal deceleration
Traffic jam distance
Node‘s safe time headway
Recalculation of movement
parameters time
Safe deceleration
Politeness factor of drivers
when changing lane
Threshold acceleration for lane
change

900 s
1000 x1000 m2
Manhattan grid model
8x8
125m
81
20 m
224
45000 ms
2
10 s
100 s
72, 144, 288, 432
5 m/s (11 mph)
36 m/s (80 mph)
AODV/LAR
IEEE 802.11p
0s
5m
0.6 m/s2
0.5 m/s2
2m
1.5 s
0.1 s
4 m/s2
0.5
0.2 m/s2

advent of satellite navigation systems has indicated the
benefits of GPS provision within vehicles (though see [36])
and if WLAN is available, GPS will also most likely be
present. Despite its provenance LAR has been shown [37] to
outperform many other recent protocols, except in respect to
latency. The general advantage of position-aware routing
algorithms in city VANETs is shown in [38].
As a default, a two-ray ground-propagation model with an
omni-directional antenna height of 1.5 m at receiver and
transmitter was selected for which the reflection coefficient
was -0.7 [39], which is the same as that of asphalt at this
frequency. The plane earth path loss exponent was set to 4.0
(for an urban environment rather than 2.4 for a highway [39]),
with the direct path exponent set for free space propagation
(2.0). As in IEEE 802.11p, transmission was at 5.9 GHz with a
bandwidth of 10 MHz. Receiver sensitivity was set to -91
dBm. The transmission power of IEEE 802.11p was initially
set to 23 dBm, (0.2 W), with lower power being favored to
avoid the possible effect of interference at higher traffic
densities. For example, in [40] transmission power was
adaptively varied because at high traffic densities there are
likely to be increased collisions and interference, excessive
broadcasts, and too many routing paths.
IEEE 802.11p‘s robust Binary Phase Shift Keying (BPSK) 2
modulation mode was simulated at 1/2 coding rate, giving an
effective data rate of 3 Mbps. Bit Error Rate (BER) modeling
introduced a packet length dependency upon the form of
modulation. Packet length was set to 500 B. Sources output to
any one destination at a raw data rate of 72.7 kbps. With the
inclusion of headers, this rate is still capable of transporting
reasonable quality compressed Quarter Common Intermediate
Format (QCIF) resolution video and ‗lossy‘ audio. Source
vehicles 1 and 2 simultaneously output in a logical mesh
configuration to destination vehicles 3, 4, and 5, while
vehicles 3, 4, and 5 also acted as sources and in a mesh
configuration transmitted to destinations 6 and 7. In this way,
vehicles 3, 4 and 5 are receivers and senders.
The proposed NLOS and LOS models are dynamically
chosen in the simulator according to the position of the
vehicles and the known layout of the buildings. For the
proposed NLOS model, the path loss in (10) and (11) was set
to -2 dB/reflection, which is the same value selected in [16]. In
the proposed LOS model when applicable, values for
reflection coefficients were the same as those reported in
Section II. The average height of a car was set to 1 m and the
length of a car was set to 5 m. Equation (20) relies on the
mobility conditions set-up in the simulations. If these
conditions are not available then it is possible to substitute a
Normal CDF as an approximation to the clustering of cars at
an intersection. In general, a Normal CDF may underestimate
the number of cars at an intersection, though this aspect is
outside the scope of this paper.
In Figs. 11a and 12a, the packet loss ratio (number of
packets lost over number of packets sent) is compared against
the proposed (called multiray in Figs. 11 and 12) and the tworay ground propagation model of GloMoSim for the CSM and
IDM-LC mobility models. From the Figures it is apparent that
2
IEEE 802.11p also supports by default QPSK at 1/2 coding rate with an
effective data rate of 6 Mbps.

(a)

(b)

reason for the differences in path loss in the simulations
appears to be that the impact of NLOS modeling tends to predominate. Though there is no direct comparison with the tworay model, because it is a LOS model, the NLOS modeling by
both [16] and the proposed improvements results in
significantly more pessimistic estimates of path loss. Notice
that LAR version 1 includes node (vehicle) proximity but not
estimated distance in its routing procedures. Nevertheless, the
number of hops in a route will tend to be reduced. However, in
a simulation the LOS distance may be selected even when
there may not be any physical LOS present, unless the
simulation model is corrected. To check the transmitter power
dependency the LAR results were repeated for network size
288 vehicles/km2 with the IDM-LC mobility model, as
reported for mean values in Table III. For the power range
reported in Table III, as transmitter power increases the effect
of path loss has a decreasing trend. This is not to say that the
effects reported in [40] do not have an effect, but simply that,
for this particular simulation case study, their influence is
weak.
This result has important implications for real-time
application types. For example, if retransmission is needed
because of packet loss, this will affect end-to-end latency and
for some real-time applications, which cannot tolerate delay,
packet loss is acceptable provided it is below a given
threshold. For example, a 10% packet loss threshold generally
represents the difference between acceptable and unacceptable
video quality at the receiver vehicle, before application-layer
protection is applied. In this case study, end-to-end delay
(Figs. 11b and 12b) and packet overhead (Figs. 11c and 12c)
are both affected by the channel model, because of the effect
on the routing protocol‘s ability to route, as of course it must
exchange routing messages in the same way that the
application must. Low network density also impedes the
ability of the vehicles to communicate with each other, though
this result is a by-product of the case study.
IV. CONCLUSION

(c)
Fig. 11. (a) Packet loss (b) End-to-end delay, and (c) Packet overhead for
differing traffic densities and driver mobility models according to propagation
model with CSM and IDM-LC mobility models for the AODV protocol

the two-ray model consistently greatly underestimates the
packet loss ratio. The ordering between the mobility models is
also reversed, though this is not a strong effect. The main

Academic interest is naturally focused on competing claims
of various innovations in routing protocols, MAC methods,
and other worthy innovations. However, this is to neglect the
requirement that application developers have in accurate
assessment of the absolute gain in a particular performance
metric or when comparing innovations the extent of the
relative gain. In other words, an innovation may bring a gain
but the gain may not be significant enough to warrant
implementation. This may well explain why accurate
simulation modeling of wireless VANETs is quite rightly
emphasized by car manufacturers. This paper has sought to
reinforce the increasingly detailed mobility models for urban
environments with path-loss models for NLOS and LOS that
remain computationally tractable and further improve
predictions. It is in the NLOS modeling that the gain in
accuracy seems most secure, as it was shown that it is possible
to come closer to the measured data by a combination of
improved propagation distance calculation and inclusion of the
effect of roadside obstacles. In LOS modeling, inclusion of the

TABLE III
PACKET LOSS ACCORDING TO TRANSMITTER POWER

Power (dBm)
15 (0.03 W)
20 (0.1 W)
23 (0.2 W)
30 (1 W)

(a)

Packet loss ratio (%) for LAR
Multi-ray IDM
Two-ray IDM
41.2
6.8
20.4
0.3
15.9
0
5.2
0

implications of recent mobility models and reflection
modeling must logically improve on a two-ray ground
propagation model. An enhanced six-ray model also allows
tracking of the profile of measured data for path loss, though
mathematically modeling cannot come closer without detailed
knowledge of building surfaces. For the same reason, the
equations in this paper are not intended to be applied to predict
detailed behavior in the field, as this is best accomplished by
measurements. The formulas are, however, intended for
incorporation into simulators, which can be used, for instance,
to analyze the behavior of routing protocols within VANETs.
Though the results for the ray-tracing, ‗multi-ray‘ model is in
general more pessimistic than the two-ray ground propagation
model it is unlikely that they are too pessimistic. This is
because the minimum number of reflections has been taken
into account, whereas in reality building surfaces would not be
flat resulting in more reflections not less.
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