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Interference-Based QoS and Capacity Analysis of
VANETs for Safety Applications
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Abstract— Whether the current IEEE 802.11p communication
system meets the stringent quality of service (QoS) requirements
for safety applications or not is still not very clear. Signal-to-
interference-plus-noise ratio (SINR) distribution plays a primary
role in quantifying the QoS as well as link capacity of IEEE
802.11p in one-dimensional (1-D) highway and two-dimensional
(2-D) intersection road. Most of the analytical models based on
stochastic geometry assumed ALOHA access to analyze the SINR
distribution, while few of the works developed the stochastic ge-
ometry based model considering CSMA access but derived the
SINR distribution utilizing statistical estimator. On the other hand,
the current interference based probability analytic model for the
SINR distribution limit the 1-D extension to 2-D, due to the very
high numerical computational complexity at 2-D. In this paper, we
propose an analytic model under more general non-homogeneous
Poisson process (NHPP) node distribution, more general channel
fading model (Nakagami) with path loss, and noise, for the study of
QoS and capacity of VANET for BSM based safety applications
in both 1-D highway and 2-D intersection road. The proposed
model derives QoS and capacity of VANET BSM broadcast through
evaluation of SINR distribution using probability theory and or-
dered statistics, which has much lower computational complexity
compared with the unordered statistic model. The proposed model
is validated by NS2 simulation and extended to the derivation of
other QoS metrics such as packet reception probability, packet
reception ratio, and broadcast link capacity, etc. The performance
comparisons between 1-D and 2-D are implemented, and the QoS
sensitivity analyses regarding the extension to multi-intersection as
well as enlarging interference range are discussed.

Index Terms—Capacity, quality of service, safety applications,
signal-to-interference-plus-noise ratio, vehicular ad hoc networks.
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I. INTRODUCTION

A. Motivation

V EHICLE to vehicle (V2V) safety communication based
on dedicated short range communication (DSRC) radio

technology [1][2] at 5.9 GHz band allocated 10 MHz channels,
is projected to support low-latency and reliable wireless data
communications to enable collision prevention safety applica-
tions for intelligent transportation system (ITS) [3]. The main
safety operation for DSRC is to transmit two types of safety
messages: basic safety messages (BSMs, also known as a bea-
con) or event-driven safety messages (ESMs). BSMs, which are
periodic, convey information about the state of the vehicles (e.g.,
position, speed, direction, etc.). Event-driven safety messages,
or ESMs, which are bursty, contain information about emer-
gencies (e.g., sudden hard braking, intersection collision warn-
ing, approaching ambulance warning, etc.) and environmental
hazards. DSRC system based VANETs use one-hop or multi-
hop broadcasting to disseminate real-time traffic information
or safety-related messages [4], [5]. Among 75 safety-related
application scenarios identified [6], [7], performance analyses
of the typical one-dimensional (1-D) and two-dimensional (2-D)
intersection VANET safety applications have been recognized
to be critical and common situations for V2V communications.
IEEE 802.11p as PHY as well as MAC layer standard for DSRC
has been implemented to accommodate V2V communications
for safety applications. The performance of IEEE 802.11p is
affected by several factors such as vehicle location, vehicle
density, channel condition, and network geometry, etc. [8]. Prior
studies have shown that IEEE 802.11p performance will degrade
at high density, and the reliability metric requirements do not be
guaranteed at the typical 1-D and 2-D intersection scenarios [9],
[10] [11].

SINR distribution plays an important role in quantifying the
QoS as well as the link capacity of VANETs. The main math-
ematical tools are stochastic geometry theory and probability
modeling. Most of the stochastic geometry and point processes
based models could be used to model the ALOHA access since
the analytical tractable for ALOHA [12][13] [14]. Few of the
works use stochastic geometry to model the CSMA based MAC
protocol. Authors in [15] utilized ALOHA to approximate the
CSMA MAC protocol to analyze the dense vehicular network.
The work presented in [10] concentrated on combining queueing
theory and modified Matérn hard-core process to characterize
the CSMA backoff process capturing the concurrent transmis-
sion. However, the model could not derive the SINR distribution
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analytically, and the obtaining statistical values of SINR still rely
heavily on the statistical parameter values through simulation.
Ni et al. [16] and Ma et al. [17] assumed lognormal vehicle distri-
bution, and obtained the SINR distribution through interference
distance distribution as well as interference power distribution.
However, the complex numerical integral operations of SINR
distribution make the computation load very high, as a result, the
modeling technique in 1-D as well as vehicle lognormal distri-
bution assumption could not be extended to the 2-D intersection
to analyze the SINR distribution.

We properly model the interference distance distribution ac-
counting for the distance distribution of transmitter to interferers,
and the distance between transmitter to receivers, of 1-D as well
as 2-D intersection road by the ordered statistic. The reasonable
assumptions regarding vehicle NHPP distribution, the Nakagami
fading channel, and noise effect are concentrated in the proposed
model. The interference distance distribution is firstly deduced
with the help of the ordered statistic and later the accumulated
power distribution at the receiver is obtained, thus the SINR,
as well as link capacity distribution, is derived analytically.
Simulations in NS2 incorporating SUMO (Microscopic traffic
simulation) mobility vehicle [18], are implemented to verify the
effectiveness and accuracy of our proposed model.

B. Related Work

A lot of analytical models along with extensive simulations
have been proposed to study the performance and the reliability
of DSRC IEEE 802.11p broadcast services in 1-D highway
VANET as well as 2-D intersection. The simulation model is
time-consuming to test the combination of system parameters,
while the analytical model could characterize the realistic traffic
situations to reduce computation load, and give insightful op-
timization schemes to enhance the capability of DSRC. There
are mainly divided into two kinds of modeling techniques: de-
terministic communication range based and interference based.

Most deterministic communication range based analytical
models for 1-D are [19] [20][21] [22][8], others for 2-D VANETs
at intersections are [23][24]. Deterministic analytical models
assume deterministic communication range, taking account of
the hidden terminal, Nakagami fading model or Rayleigh fading
channel model, and point-to-point packet reception probability
(PRP) and packet reception ratio (PRR) are reliability metrics
used to evaluate IEEE 802.11p. However, the deterministic
communication range assumptions are not practical, moreover,
many unpractical assumptions such as exponential vehicle dis-
tributions, and Rayleigh fading channel model with path loss,
etc. are made for tractability of the analytical models. Besides,
it also could not quantify the VANET performance metric link
capacity to be used for evaluating the actual performance of a
link or the entire VANETs.

Interference based models mainly employ the stochastic ge-
ometry and probability approach to characterize the behavior
of IEEE 802.11p, while the reliability evaluations depend on
SINR distribution numerical solutions. Stochastic geometry
approaches [25] consider the vehicle location, road geometry,
and interference geometry, assume that the interference vehicle

nodes follow the PPP and utilize the Matérn core process to
obtain the SINR distribution statistically. Several models based
on the stochastic geometry approach were reported for perfor-
mance analysis of safety applications regarding V2V in 1-D
VANETs [26][10] [15][27] [28] and 2-D VANETs at intersec-
tions [14][29] [12][13] [30]. Besides, [31] [32] [33], focused
on modeling cellular vehicle-to-everything (C-V2X) utilizing
the sophisticated Poisson line Cox process, to give the related
QoS metrics such as the coverage probability, rate coverage,
etc. [31] proposed a novel heterogeneous cellular network with
both planar and vehicle base stations to analyze the coverage
probability perceived by typical users on roads. The analyses
concentrated on the snapshot of the network using palm prob-
ability, and the Rayleigh fading channel, distance-based path
loss, and noise power is negligible in the transmission model.
[32] analyzed the downlink SIR-based coverage probability and
rate coverage of a C-V2X considering the shadowing effect in
the spatial model. [33] directly modeled sharing of V2V and
cellular uplink frequency for C-V2X and infrastructure mode to
improve spectral efficiency. The above works researched the C-
V2X framework focusing on the coupling relations for the base
station, vehicle node, and cellular downlink or uplink instead
of CSMA for 1-D and 2-D cases. So it could not be directly
used to analyze the performance of CSMA of V2V communica-
tions. Most stochastic geometry based models assumed ALOHA
channel access, Poisson node distribution, and Rayleigh channel
fading model [12] [14][29] [27][28] [30]. In [12], the success
probabilities for 1-D and 2-D intersection users are analyzed.
[30] focused on the reliability of V2V under line of sight and
non-line-of-sight scenarios. [14] presented an analytic model
for the spatial case accounting for the clustering effect of ve-
hicles at an intersection, where the transmitter probability and
the distance between the receiver and transmitter are utilized
to capture the clustering effect. Authors in [29] developed a
general framework for accident-prone intersection scenarios to
analyze the packet reception probability, and simply considered
the ALOHA case obtaining the numerical SINR distribution.
[27] [28] focused on investigating how the urban structure affects
the roadside unit (RSU) placement or V2V communication
at the intersection, and authors in [27] focused on obtaining
the optimal transmission range control, achieving performance
gain. However, the above mentioned resulting models are just
applicable to ALOHA channel access and Rayleigh fading due
to analytically tractable, while suitable different 1-D or 2-D
scenarios. [15] [13] used ALOHA to approximate the CSMA
under the high density of VANET, and the closed-form analyt-
ical expressions for outage probability are investigated in [13].
[10] assumed CSMA channel access, Poisson node distribution,
and Rayleigh channel fading model, taking account of noise
effect. However, it did not obtain the closed-form analytical
expressions for the SINR distribution, instead of utilizing the
hard-core process to obtain the SINR distribution statistically
under the spatial, intermediate, and high density. Ni et al. and
Ma et al. [16][17] did not consider the noise effect applied for
the proposed probability model for the 1-D scenario, whereas
computational complexity for computing SINR distribution is
so high that it does not adapt to analyze the QoS and capacity
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at an actual case. The above mentioned researches analyzed the
QoS metric like outage probability similar to the meaning of
PRP, but they did not analyze the link capacity except for Ni et
al. and Ma et al. [16][17].

C. Our Proposed Model and Challenges

We proposed the analytical model taking account of Nak-
agami fading, vehicle NHPP distribution, and noise effect for
1-D as well as 2-D intersections. We consider the vehicle node
following NHPP to characterize the real traffic situations as
well as the effect of traffic lights [24][34]. There may exist
combinations for both the number of interference areas in 1-D
as well as 2-D and whether the interference vehicle node is
transmitting in each area, and the occurrence probability of
each combination could be derived according to the probability
of a vehicle at transmitting state for the analytical model [8].
The interference distance distribution could be further obtained
with the total probability, which consists of interference node
transmitting as well as noise effect. Thus, the SINR distribution
and then link capacity distribution could be analytically solved.
The parameters for transmission range, carrier sensing range,
and interference range are set reasonably according to reference
in [35][16]. Our proposed model enables the evaluation of QoS
metrics as well as VANET capacity for safety applications in
a more practical and effective way, by taking account of road
geometry (1-D and 2-D) under basis on probability modeling in-
stead of stochastic geometry approach. Our proposed analytical
model could be used to make decisions of the network design,
as well as adaptive schemes to tune communication network
parameters for the best QoS depending on the available link
capacity [36][11].

There are mainly three challenges overcoming to derive
the cumulative distribution function (CDF) of SINR. The first
challenge here is to make the analytical CDF of SINR have
numerical solutions and less computation load. However, only in
1-D highway with lognormal node distribution scenario the big
computation load from numerical integrations limit extensive
usage of the model in the design and plan of VANETs for safety
applications [16][17]. We introduce the order statistics fDS

(the
distance distribution between the sending node and receiving
node) and fDi

(i = I1, I2, I3, I4, the distance distribution be-
tween the interference node and receiving node), to reduce the
computational complexity of SINR distribution. Thanks to the
NHPP node distribution, the formula is greatly simplified. The
computational complexity of [16], [17] with the introducing
order statistics could be reduced by O(n) times and becomes
constant. In the same way, the computational complexity of 1-D
highway and 2-D intersection can be reduced by O(n2) and
O(n4) times, respectively. Here, the “n” is the upper limit of the
number of vehicles in the range of communication.

The second challenge here is to cross-validate our proposed
model with the NS2 simulation results. In NS2, Chen et al. [37],
[38] designed and developed the revised modules for the IEEE
802.11 protocol, which are widely used in the simulation of
VANETs by researchers. The modified version adopts the SINR

based method to determine whether an incoming signal is re-
ceived or not. However, the SINR thresholds (SINRTs) are fixed
values in terms of the modulation schemes and corresponding
data rates. Li et al. [38] has already pointed out the inflexible
SINRT settings, and thus we further modified the NS2 source
code and compiled it to make it adapt to the SINRT settings by
the user’s requirement in the simulation.

The third challenge here is to give the computational complex-
ity of CDF of SINR comparisons between the model with order
statistics and unordered statistics, and thus validate our proposed
model effectiveness. The Monte Carlo as well as the Message
Passing Interface (MPI) method [39] is utilized to compute
the SINR distribution with an unordered statistical model since
VANET QoS numerical solutions need a lot of time to compute.

D. Contribution

The main contributions of this paper are summarized as
follows:
� An analytic model based on SINR is built with NHPP node

distribution in both 1-D highway and 2-D intersection,
by taking account of CSMA access, Nakagami channel
fading with path loss, noise effect, and impact of the hidden
terminals and concurrent transmissions;

� The proposed model derives the closed-form analytical ex-
pressions of SINR distribution through a new approach of
NHPP ordered statistics, which reduces the computational
complexity of the derivation significantly;

� The Monte Carlo, as well as MPI method, is utilized
to calculate for the unordered statistical model, and the
experimental results give the computational complexity
comparisons between the model with order statistics and
unordered statistics;

� QoS metrics and capacity metrics such as link capacity are
defined and evaluated;

� We devise the new WirelessPhy class to make the NS2
simulation adapt to flexible SINRT settings.

E. Organization

The rest of the paper is organized as follows: Section II
presents an analytical model for 1-D VANETs and assumptions
for NHPP node distribution, noise effect, and Nakagami chan-
nel fading with path loss, under which the analytic model is
built. The QoS reliability, as well as capacity metrics in 1-D,
are obtained. Section III presents an analytical model for 2-D
VANETs, assuming that the interferences are within the right,
left on the X-axis, up, and down on the Y-axis. An approach
of NHPP ordered statistics is also proposed to reduce the com-
putational complexity of CDF of SINR. Accordingly, the QoS
and capacity metrics for 2-D are obtained. Section IV modify
the source code of wireless module in NS2 to achieve flexible
setting of SINRTs, present the parameter setting with 1-D and
2-D scenarios where the positions of vehicles follow NHPP,
and compare the performance of the static scene simulation
and mobility scene simulation based on the traffic generated by
SUMO and NS2 build-in mobility model. Section V gives the
computation efficiency comparisons between the order statistic
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model and unordered, presents the comparison results between
the numerical and simulation, analyzes the performance differ-
ence between 1-D and 2-D scenes and then gives the probability
density function (PDF) of the link capacity of different VANET
scenes. Section VI further obtain the PRR considering multiple
intersections beyond the carrier sensing range. The paper is
concluded in Section VII.

II. QOS AND CAPACITY OF BEACON MESSAGE BROADCAST IN

ONE-DIMENSIONAL VANETS

In this section, we first give the assumptions, secondly analyze
the solution steps for the derivation of CDF of SINR, which
require solving interference location distribution as inputs to
obtain the CDF of SINR. Finally, the CDF as well as PDF of
SINR, link capacity could be obtained.

A. Assumptions and Channel Model

We assume that IEEE 802.11p beacon message broadcast
works under the following scenarios. (1) A 2-D strip-like net-
work area can be approximated to a 1-D single lane. (2) All
vehicles are equipped with DSRC communication capability.
(3) All nodes are treated as homogeneous with identical vehicle
length LV and transmission power Pt. (4) Mobile nodes are
placed on the lines according to NHPP with the density of
vehicles at a distance x from the tagged node: β(x) (in nodes
per meter). Then the probability of finding i vehicles in a space
interval (x, x+ l) is given by

P [i, (x, x+ l)] =

(∫ x+l

x β(z)dz
)i

exp
(
− ∫ x+l

x β(z)dz
)

i!
.

(5) Channel fading effect: Nakagami fading model. (6) Accord-
ing to [35] and [16], the distance between an interferer and the
tagged transmitter should be no longer than 2rE, which has been
confirmed to be quite accurate. rE is the average sensing range
rE = d0

α
√

Ptη/Pth, and Pth is the clear channel assessment
(CCA) sensitivity.

The PDF of the power Pr received at a distance d from the
source node is given by

fPr|d(x) =
1

Γ(m)

(
m

P̄r(d)

)m

xm−1 exp

(
− mx

P̄r(d)

)
, (1)

where Γ(·) is the Gamma function, and m is the fading param-
eter. P̄r(d) = Ptη(

d0
d )

α
(η is a transceiver-determined constant,

d0 is the reference distance for the far-zone field, α is the path
loss exponent) is the mean determined by the path loss.

B. Cdf of Sinr

Many studies regard P (SINR > θ) = 1 − P (SINR ≤ θ)
as an important standard for evaluating the performance of
VANETs, and our research also analyzes the derivation of CDF
of SINR.SINR = Pr/(PI + Pn),Pr is the power of the received
signal, PI is the interference power at the receiver, and Pn is the
noise power. When there exists interference node transmitting,
whereas PI is much larger than Pn, then SINR could be approx-
imately expressed as SINRI = Pr/PI. Otherwise, SINR can

Fig. 1. General interfering scenario for VANET safety message broadcast [16].

be expressed as SINRn = Pr/Pn denoted as without interferer.
Thus, the PDF and CDF of SINR may be derived based on the
occurrence probability of SINRI and SINRn, respectively.

The PDF of SINRI may be obtained by using the convolution
quotient formula of Pr as well as PI, where (1) gives the PDF
of Pr, while the PDF of SINRn may be obtained by PDF of Pr

assuming that Pn is a constant.
From the above analyses, we know that the main problem is

to derive PDF of PI, where the interference distance distribution
should be formulated first and then represented as next.

C. The Interference Distance Distribution

As shown in Fig. 1 in [16], rE and rT denote the channel
sensing range and the transmission range, respectively, where
rT ≤ rE [16]. DS denotes the distance between the source node
T and the target node R. I1(I2) is the interference node within
the right(left) shaded region with distance to T as [rE, 2rE].
Assuming that there are l(l′) nodes in the right(left) shaded re-
gion, di1(i1 = 1, . . ., l)(di2(i2 = 1, . . ., l′)) denote the distance
between the tagged node T and the i1(i2) -th node within the
right(left) shaded region.DI1(DI2 ) denotes the distance between
the interference node I1(I2) and the R, DI1 +DS = di1(DI2 =
DS + di2).

Given NHPP distribution of the distance between nodes,
and independent random variables rE ≤ Si1 ≤ 2rE denoting
unordered distances between T and the nodes in the right
shaded region. Let the number of vehicles in the interval [rE, r],
[rE, 2rE] be denoted by N(r), N(s), respectively. The CDF of
Si1 is given by Theorem 6.2 in [40].

FSi1
(r) = P (Si1 ≤ r|N(rE) = 1)

=
P [N(r) = 1, N(s)−N(r) = 0]

P [N(s) = 1]

=

∫ r

rE
β(z)dz∫ 2rE

rE
β(z)dz

, rE ≤ r ≤ 2rE, i1 = 1, . . ., l.

(2)

Then the PDF of Si1 is:

fSi1
(r) =

β(r)∫ 2rE
rE

β(z)dz
. (3)

Then according to Theorem 6.2 in [40], di1(i1 = 1, . . ., l) are
the order statistics of the random variables Si1(i1 = 1, . . ., l).
Thus, the CDF and PDF of distance di1(rE ≤ di1 ≤ 2rE) can
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be calculated as

Fdi1
(τ) = P (di1 ≤ τ) =

l∑
j=i1

(
l
j

)
F j
Si1

(τ)
[
1 − FSi1

(τ)
]l−j

,

fdi1
(τ) =

dFdi1
(τ)

dτ
, rE ≤ τ ≤ 2rE.

(4)
Let DS = ds, assume that I1 is the i1 -th node in the right

shaded region. The conditional CDF of DI1(rE −Ds ≤ DI1 ≤
2rE −Ds) can be defined as

FDI1 |(ds,i1)(x) = P (DI1 ≤ x|ds)
= P (di1 − ds ≤ x|ds)
= P (di1 ≤ x+ ds|ds)
= Fdi1

(x+ ds), i1 = 1, . . ., l.

(5)

The PDFs of the distances of the individual interfering nodes
to the receiver R are obtained as

fDI1 |(ds,i1)(x) =
dFDI1 |(ds,i1)(x)

dx
= fdi1

(x+ ds). (6)

The probability that there are l nodes in the shaded area is

P [l, (rE, 2rE)] =

(∫ 2rE
rE

β(x)dx
)l

exp
(
− ∫ 2rE

rE
β(x)dx

)
l!

.

Then, the DI1 ’s conditional PDF can be expressed as

fDI1 |ds
(x) =

∞∑
l=1

P [l, (rE, 2rE)]
l∑

i1=1

fDI1 |(ds,i1)(x)pi1 , (7)

where pi1 is the probability that the interferer I1 is the i1 -th
node within the right shaded area, which is evaluated as pi1 =
1/l(i1 = 1, . . ., l). Thus, (7) can be expressed as

fDI1 |ds
(x) =

∞∑
l=1

P [l, (rE, 2rE)]
l∑

i1=1

fdi1
(x+ ds)

1
l

= fSi1
(x+ ds)

=
β(x+ ds)∫ 2rE
rE

β(z)dz
.

(8)

Similarly, the CDF and PDF of I2’s interference power at R
can also be derived. Independent random variables Si2(rE ≤
Si2 ≤ 2rE) denoting unordered distance between T and the
nodes in the left shaded region, the CDF and PDF of Si2 are

FSi2
(r) =

∫ −rE
−r β(z)dz∫ −rE
−2rE

β(z)dz
, fSi2

(r) =
β(−r)∫ −rE

−2rE
β(z)dz

,

rE ≤ r ≤ 2rE, i2 = 1, 2, . . ., l′.

PDF of DI2 can be obtained based on deduction process from
(4) to (8):

fDI2 |ds
(x) =

β(ds − x)∫ −rE
−2rE

β(z)dz
. (9)

(8), (9) are the distance distribution of interference nodes,
which is briefly formulated with the introduction of order
statistics. In this way, the computational complexity becomes
constant. Otherwise, the complexity of (13) of 1-D and (29)
of 2-D intersection are O(n2) and O(n4), respectively. Latter
the experiments will show the comparisons of running time for
ordered vs. unordered case.

D. PDF of SINR With Interference

The CDF and PDF of I1’s interference power PI1 received at
R according to (1) and (8) could be presented as

FPI1 |ds
(x) = P (PI1 ≤ x|DS = ds)

=

∫ x

t′=0

∫ 2rE−ds

rE−ds

fPr|DI1
(t′)fDI1 |ds

(t)dtdt′,

fPI1 |ds
(x) =

dFPI1 |ds
(x)

dx
.

The CDF and PDF of I2’s interference power PI2 received at
R can be obtained by (1) and (9):

FPI2 |ds
(x) = P (PI2 ≤ x|DS = ds)

=

∫ x

t′=0

∫ 2rE+ds

rE+ds

fPr|DI2
(t′)fDI2 |ds

(t)dtdt′,

fPI2 |ds
(x) =

dFPI2 |ds
(x)

dx
.

[8] built a semi-Markov based queueing model to characterize
the CSMA/CA backoff mechanism, and obtain theπXMT which
is the steady-state probability that a vehicle is in the transmis-
sion state. According to πXMT , the probability that a node in
the shaded area transmits during the vulnerable period of the
transmission from the tagged node T is evaluated as

pt = πXMT
2(Tp −DIFS)

Tp
, (10)

where Tp is the mean sojourn time in XMT state, DIFS is
distributed interframe space. Then, the probability that there is
interference in the right shaded region is

p1=1 −
∞∑
i=0

(1 − pt)
i
(
∫ 2rE
rE

β(x)dx)i

i!
exp

(
−
∫ 2rE

rE

β(x)dx

)

= 1 − exp

(
−pt

∫ 2rE

rE

β(x)dx

)
,

(11)
and the probability that there is interference in the left shaded
region is

p2 = 1 −
∞∑
i=0

(1 − pt)
i
(
∫ −rE
−2rE

β(x)dx)i

i!
exp

(
−
∫ −rE

−2rE

β(x)dx

)

= 1 − exp

(
−pt

∫ −rE

−2rE

β(x)dx

)
.

(12)
Three cases need to be considered to get the PDF of SINR

with interference:
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1) There are interferers in the right shaded region, and no
interferers in the left shaded region:
the probability is p1(1 − p2), the PDF of the interference
power is fPI1 |ds

(x).
2) There are interferers in the left shaded region, and no

interferers in the right shaded region:
the probability is p2(1 − p1), the PDF of the interference
power is fPI2 |ds

(x).
3) Interferers exist in both the left and right shaded region:

the probability is p1 · p2, the PDF of the interference power
is

fPI1+I2 |ds
(x) =

∫ ∞

0
fPI1 |ds

(x− t)fPI2 |ds
(t)dt. (13)

From the total probability formula, the PDF of the total
interference power PI accumulated at the receiver R is denoted
as

fPI|ds
(x) = p1(1 − p2)fPI1 |ds

(x)

+ p2(1 − p1)fPI2 |ds
(x)

+ p1p2fPI1+I2 |ds
(x), fSINRI|(ds,Pr>Pth)(x)

=

∫ ∞

Max{Pth
x ,Pth}

t · fPr|ds
(t · x)fPI|ds

(t)dt. (14)

E. PDF of SINR Without Interference

The probability that there are no interferers in both the left
and right shaded region is (1 − p1) · (1 − p2), the noise power
is assumed to be constant with the value ofPn,SINRn = Pr/Pn.

FSINRn|(ds,Pr>Pth)(x)

= (1 − p1)(1 − p2)P (SINRn ≤ x|Pr > Pth)

= (1 − p1)(1 − p2)P

(
Pr

Pn
≤ x|Pr > Pth

)

= (1 − p1)(1 − p2)
P (Pth < Pr ≤ Pnx)

1 − P (Pr ≤ Pth)

= (1 − p1)(1 − p2)
FPr|ds

(Pnx)− FPr|ds
(Pth)

1 − FPr|ds
(Pth)

, (15)

fSINRn|(ds,Pr>Pth)(x)

=
dFSINRn|(ds,Pr>Pth)(x)

dx

= (1 − p1)(1 − p2)
PnfPr|ds

(Pnx)

1 − ∫ Pth

0 fPr|ds
(y)dy

. (16)

F. Derivation of QoS Metrics and Link Capacity

This subsection presents the definitions for PRP, PRR and link
capacity.

1) Prp: the distribution of SINR when DS = ds can be ob-
tained from by (14) and (16):

fSINR|(ds,Pr>Pth)(x) = fSINRI|(ds,Pr>Pth)(x)

+ fSINRn|(ds,Pr>Pth)(x).
(17)

From (17) the conditional CDF of SINR could be presented as

FSINR|(ds,Pr>Pth)(x) =

∫ x

0
fSINR|(ds,Pr>Pth)(t)dt. (18)

Transmissions in the same slot from vehicles within the inter-
ference range of the tagged vehicle, which cannot be detected
by CSMA protocol, may also cause packet (message) collisions,
this situation is called concurrent collision. The probability that
there are no concurrent collisions with the transmission from R
is derived as [22]

Pcon|ds
= exp(−nΣ), (19)

where nΣ is the average number of nodes transmitting in the
concurrent slot in sensing range of receiving node.

The probability that the receiver with distance ds to the tagged
node accepts the message successfully if the measured SINR is
bigger than the given threshold and the received signal should
be stronger than the reception threshold Pth, which is expressed
as

PRP(ds, θ)

= P (SINR ≥ θ|ds, Pr > Pth)Pcon|ds

= P (SINR ≥ θ|(ds, Pr > Pth)P (Pr > Pth)Pcon|ds

= (1 − FSINR|(ds,Pr>Pth)(θ))(
1 −

∫ Pth

0
fPr|ds

(x)dx

)
Pcon|ds

.

(20)

2) Prr: Define the Region of Interest (ROI) of a safety ap-
plication as the size of the geographical region covered by those
entities participating in the application, which is denoted as
dROI. Different kinds of safety applications have different ROI
sizes [41].

Packet Reception Ratio (PRR) (the percentage of receivers
that are free from transmission errors) within ROI can be eval-
uated as

PRR(d, θ) =

∫ d

0 β(x)PRP(x, θ)dx∫ d

0 β(x)dx
, d ≤ dROI.

3) Link Capacity: the SINR distribution without DS is used
to obtain the link capacity distribution, and the PDF of DS is
deduced similar to deductions (2)–(8), The total DS’s PDF can
be expressed as

fDS
(x) =

β(x)∫ rE
0 β(z)dz

. (21)

The SINR’s PDF and CDF can be derived as

fSINR|(Pr>Pth)(x) =

∫ rE

0
fSINR|(ds,Pr>Pth)(x)fDS

(t)dt,

FSINR|(Pr>Pth)(x) =

∫ x

0
fSINR|(Pr>Pth)(t)dt.

(22)
The link capacity of the channel represents the upper limit of
the channel transmission rate (bits per second), which is given
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by Shannon formula:

C = W log2(1 + SINR),

C : link capacity,

W : network bandwidth.

(23)

CDF of link capacity can be obtained by using SINR’s CDF and
Shannon formula:

FC(x) = P (W log2(1 + SINR) < x)

= FSINR|(Pr>Pth)(2
x/W − 1).

(24)

Further, we can get the PDF and expectation of link capacity as
follows:qn26

fC(x) =
ln 2
W

· (2x/W )fSINR|(Pr>Pth)(2
x/W − 1),

E(C) =

∫ ∞

0
xfC(x)dx.

(25)

III. QOS AND CAPACITY OF BEACON MESSAGE BROADCAST IN

TWO-DIMENSIONAL VANET

This section presents the analytic model for 2-D intersection,
and the CDF of SINR is derived similar to the II-B. Without
loss of generality, two cases accounting for locations geometry
between tagged transmitter and receiver are utilized to show
how to derive PRP, PRR, and capacity analytically. At each case,
the combinations between the number of interference areas and
whether there exist interference node transmitting are gathered at
24 = 16, where the number of interference areas equals 4. The
analyses of 2-D are more complex compared with 1-D since
various combinations need to be traced.

A. Assumptions

In addition to the same assumptions as to the 1-D case, the
following assumptions apply to the 2-D intersection scenario:
(1) Each crossing road has one lane per direction so that each
intersection can be approximated by cross lines. The intersection
is widely separated from the other intersection, so there is
no overlap of the communication range. (2) Distance between
intersections far exceeds the node’s transmission range. (3) The
impact of interferes on the tagged receiver node R can be
approximated by the shaded region of four sides shown in Fig. 2
or Fig. 3.

Assuming that the coordinate of the intersection is (0,0).
Given a transmitting node T placed in (x0, 0) (see Fig. 2), R
is one of the receivers within ROI of node T for the safety appli-
cation. The position of R is either (xr, 0) or (0, yr) (|xr − x0| ≤
dROI, y

2
r + x2

0 ≤ d2
ROI), we need to study CDF of SINR for each

case. The implication of SINR, SINRI, and SINRn is the same
as that of 1-D case.

B. Case 1 R in (xR, 0)

As shown in Fig. 2, assuming that the interference I1(I2) is
within the right(left) shaded region on the X-axis with distance
to T as [rE, 2rE], and there are l(l′) nodes in this region; the
interference I3(I4) is within the up(down) shaded region on the
Y-axis with distance to T as [rE, 2rE], and there are l′′(l′′′) nodes

Fig. 2. A general interfering scenario for intersection as receiving node is in
(xr, 0).

Fig. 3. A general interfering scenario for intersection as receiving node is in
(0, yr).

in this region. DIk(k = 1, 2, 3, 4) denote the distance between
the node of Ik and the R, DS denotes the distance between the
T and R.

1) The Interference Distance Distribution: The distribution
of I1 and I2 is the same as in 1-D case, but the coordinate of the
origin is changed from T to O, and X0 = x0(x0 + ds = xr).
Transform coordination x0 in (8) and (9) to obtain the PDF of
I1 and I2:

fDI1 |(x0,xr)(x) =
β(x+ xr)∫ x0+2rE

x0+rE
β(z)dz

. (26)

fDI2 |(x0,xr)(x) =
β(xr − x)∫ x0−rE

x0−2rE
β(z)dz

. (27)
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The PDF of I3, fDI3 |(x0,xr)(y) formulated as (28) and the con-
crete deductions are presented in Appendix A.

fDI3 |(x0,xr)(y) =
β(
√

y2 − x2
r)∫√4r2

E−x2
0√

r2
E−x2

0

β(z)dz

. (28)

Considering that upside and downside of the vertical axis are
symmetrical to each other, the PDF of DI4 is equal to PDF
of DI3 .

2) PDF of SINR With Interference: The CDF of interference
power PI1 , PI2 , and PI3 received at R could be presented as

FPI1 |(x0,xr
)(x) = P (PI1 ≤ x|(x0, xr))

=

∫ x

t′=0

∫ 2rE−ds

rE−ds

fPr|DI1
(t′)fDI1 |(x0,xr)(t)dtdt

′,

FPI2 |(x0,xr)(x) = P (PI2 ≤ x|(x0, xr))

=

∫ x

t′=0

∫ 2rE+ds

rE+ds

fPr|DI2
(t′)fDI2 |(x0,xr)(t)dtdt

′,

FPI3 |(x0,xr)(y) = P (PI3 ≤ y|(x0, xr))

=

∫ y

t′=0

∫ √
4r2

E−x0
2+x2

r

√
r2
E−x2

0+x2
r

fPr|DI3
(t′)fDI3 |(x0,xr)(t)dtdt

′.

Then the PDF of PI1 ∼ PI4 can be derived as

fPI1 |(x0,xr)(x) =
dFPI1 |(x0,xr)(x)

dx
,

fPI2 |(x0,xr)(x) =
dFPI2 |(x0,xr)(x)

dx
,

fPI3 |(x0,xr)(y) =
dFPI3 |(x0,xr)(y)

dy
.

From the symmetry, we get the following results:

fPI4 |(x0,xr)(y) = fPI3 |(x0,xr)(y).

The combinations between the number of interferer areas and
whether there exist interferers in each area are total 24 = 16, and
15 types of combinations with interference of total 16 combina-
tions could be derived. When there are multiple interferences,
the PDF of interference power at the receiving node R is the
convolution sum of PDFs of other interference powers. The
following is an example of the expression of convolution sum
in some cases, other cases are similar and can be omitted.

fPI1I3 |(x0,xr)(x) =

∫ ∞

0
fPI1 |(x0,xr)(x− t)fPI3 |(x0,xr)(t)dt,

fPI2I4 |(x0,xr)(x) =

∫ ∞

0
fPI2 |(x0,xr)(x− t)fPI4 |(x0,xr)(t)dt,

fPI1−4 |(x0,xr)(x) =

∫ ∞

0
fPI1I3 |(x0,xr)(x− t)fPI2I4 |(x0,xr)(t)dt,

fPI1I2I4 |(x0,xr)(x) =

∫ ∞

0
fPI1 |(x0,xr)(x− t)fPI2I4 |(x0,xr)(t)dt.

(29)

Let p1, p2, p3 and p4 indicate the probability of interferences in
the right, up, left and down shaded regions, respectively. Using
the same method as (11), (12), the following formulas can be
obtained:

p1 = 1 − exp

(
−pt

∫ x0+2rE

x0+rE

β(x)dx

)
,

p3 = 1 − exp

(
−pt

∫ x0−2rE

x0−rE

β(x)dx

)
,

p2 = p4 = 1 − exp

(
−pt

∫ √
4r2

E−x2
0

√
r2
E−x2

0

β(y)dy

)
.

(30)

The pt is given by (10). According to the PDF of interference
power in 15 cases with interference and the probability of each
case, the average PDF of interference power with interference
is obtained by using the full probability formula.

fPI |(x0,xr)(x) =
4∏

i=1

pifPI1−4 |(x0,xr)(x)

+

4∑
i=1

⎡
⎢⎢⎣(1 − pi) ·

4∏
j=1
j �=i

pj · fP∏4
j=1
j �=i

Ij

|(x0,xr)(x)

⎤
⎥⎥⎦

+

4∑
i=1

⎡
⎢⎢⎣pi

4∏
j=1
j �=i

(1 − pj) · fPIi
|(x0,xr)(x)

⎤
⎥⎥⎦

+

3∑
i=1

⎡
⎢⎢⎢⎢⎣

4∑
j=i+1

pipj

4∏
k=1
k �=i
k �=j

(1 − pk)fPIiIj
|(x0,xr)(x)

⎤
⎥⎥⎥⎥⎦ . (31)

The conditional PDF of SINR with interference is

fSINRI|(x0,xr,Pr>Pth)(x)

=

∫ ∞

Max{Pth
x ,Pth}

t · fPr|(x0,xr)(t · x)fPI|(x0,xr)(t)dt,
(32)

3) PDF of SINR Without Interference: Similar to (15), (16),
the PDF of SINR without interference can be obtained as

fSINRn|(x0,xr,Pr>Pth)(x)

=

4∏
i=1

(1 − pi)
PInfPr|(x0,xr)(PInx)

1 − ∫ Pth

0 fPr|(x0,xr)(y)dy
.

(33)

4) QoS Metrics: The conditional PDF of SINR can be pre-
sented as

fSINR|(x0,xr,Pr>Pth)(x) = fSINRI|(x0,xr,Pr>Pth)(x)

+ fSINRn|(x0,xr,Pr>Pth)(x).
(34)

The SINR’s conditional CDF could be presented as

FSINR|(x0,xr,Pr>Pth)(x) =

∫ x

0
fSINR|(x0,xr,Pr>Pth)(t)dt.

(35)
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Use the same method as (21), the PDF of DS can be obtained
by

fDS
(x) =

β(x)∫ rE+x0

x0
β(z)dz

.

The SINR’s PDF and CDF can be derived as

fSINR|(Pr>Pth)(x) =

∫ rE

0
fSINR|(x0,xr,Pr>Pth)(x)fDS

(t)dt,

FSINR|(Pr>Pth)(x) =

∫ x

0
fSINR|(Pr>Pth)(t)dt.

(36)
Then the PRP with distance ds to the tagged node and the PRR
within ROI can be evaluated as

PRP(ds, θ) =
(
1 − FSINR|{x0,xr,Pr>Pth}(θ)

)
×
(

1 −
∫ Pth

0
fPr|ds

(x)dx

)
× Pcon|(x0,xr),

Pcon|ds
= exp

(
−nΣ(x0,xr)

)
,

PRR(d, θ) =

∫ x0+d

x0−d β(x)PRP(x, θ)dx∫ x0+d

x0−d β(x)dx
, d ≤ dROI.

(37)

C. Case 2 R in (0, yr)

As shown in Fig. 3, assuming that the interference I1(I2) is
within the right(left) shaded region on the X-axis with distance
to T as [rE, 2rE], and there are l(l′) nodes in this region; the
interference I3(I4) is within the up(down) shaded region on the
Y-axis with distance to T as [rE, 2rE], and there are l′′(l′′′) nodes
in this region. DIk(k = 1, 2, 3, 4) denote the distance between
the node of Ik and the R, DS denotes the distance between the
T and R.

1) The Interference Distance Distribution: fDI1 |(x0,yr)(x)
and fDI3 |(x0,yr)(y) denote the PDF of DI1 and DI3 , respectively,
which are formulated as in (38). And, the derivations of (38) are
presented as Appendix B.

fDI1 |(x0,yr)(x) =
β(
√

x2 − y2
r )∫ 2rE+x0

rE+x0
β(z)dz

,

fDI3 |(x0,yr)(y) =
β(y + yr)∫√4r2

E−x2
0√

r2
E−x2

0

β(z)dz

.
(38)

The derivations of fDI2 |(x0,yr)(x) as well as fDI4 |(x0,yr)(y)
are similar with fDI1 |(x0,yr)(x) and fDI3 |(x0,yr)(y), which is
formulated as (39).

fDI2 |(x0,yr)(x) =
β(−√x2 − y2

r )∫ x0−rE
x0−2rE

β(z)dz
,

fDI4 |(x0,yr)(y) =
β(yr − y)∫ −

√
r2
E−x2

0

−
√

4r2
E−x2

0

β(z)dz

.
(39)

2) CDF of SINR and QoS Metrics: The CDF and PDF of Ik’s
interference power PIk received at R could be presented as

FPI1 |(x0,yr)(x) = P (PI1 ≤ x|(x0, yr))

=

∫ x

t′=0

∫ √
(2rE+x0)2+y2

r

√
(rE+x0)2+y2

r

fPr|DI1
(t′)fDI1 |(x0,yr)(t)dtdt

′,

FPI2 |(x0,yr)(x) = P (PI2 ≤ x|(x0, yr))

=

∫ x

t′=0

∫ √
4r2

E−x0
2+yr

√
r2
E−x2

0+yr

fPr|DI2
(t′)fDI2 |(x0,yr)(t)dtdt

′,

FPI3 |(x0,yr)(y) = P (PI3 ≤ y|(x0, yr))

=

∫ y

t′=0

∫ √
4r2

E−x0
2−yr

√
r2
E−x2

0−yr

fPr|DI3
(t′)fDI3 |(x0,yr)(t)dtdt

′,

FPI4 |(x0,yr)(y) = P (PI4 ≤ y|(x0, yr))

=

∫ y

t′=0

∫ √
4r2

E−x0
2+yr

√
r2
E−x2

0+yr

fPr|DI4
(t′)fDI4 |(x0,yr)(t)dtdt

′.

Then the PDF and CDF of SINR can be obtained by using a
method similar to (29)–(36):

fSINR|(Pr>Pth)(x) =

∫ rE

0
fSINR|(x0,yr,Pr>Pth)(x)fDS

(t)dt,

FSINR|(Pr>Pth)(x) =

∫ x

0
fSINR|(Pr>Pth)(t)dt,

and

fDS
(y) =

y√
y2 − x2

0

∫ √
y2−x2

0

0

β(t)∫ rE
0 β(z)dz

dt.

The PRP with distance ds to the tagged node and the PRR
within ROI can be evaluated as

PRP(x0, yr, θ) = P (SINR ≥ θ|(x0, yr))P (Pr > Pth)

=
(
1 − FSINR|(x0,yr,Pr>Pth)(θ)

)
×
(

1 −
∫ Pth

0
fPr|ds

(x)dx

)
× Pcon|(x0,yr),

Pcon|ds
= exp

(
−nΣ(x0,yr)

)
,

PRR(d, θ) =

∫√d2−x2
0

−
√

d2−x2
0

β(y)PRP(x0, y, θ)dy

∫√d2−x2
0√

d2−x2
0

β(x)dx

,

x0 ≤ d ≤
√

d2
ROI − x2

0. (40)

D. Capacity Derivation

The solutions of PDF and expectation of link capacity are the
same as those of 1-D, and (23)–(25) are also applicable to 2-D
intersection.
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Fig. 4. Architecture of the NS2 simulation.

TABLE I
MODULATION SCHEMES, RdS, AND SINRTS OF IEEE 802.11P IN NS2

IV. NS2 SIMULATION AND SETTINGS

We adopt NS2 simulator version 2.35 to validate the theoret-
ical model. Some modifications to the source code of NS2 for
adjusting SINRTs are made to allow the user to define SINRTs.
Furthermore, we compare the performance of the static simu-
lation scenario and the mobility simulation scenario, where the
mobility traffic is generated by SUMO and NS2 mobility tool,
respectively. Results show that there are almost no differences
between the performance metrics obtained by statistics in the
mobility scene and the static simulation scene. Therefore, we
adopt static scene simulation in subsequent NS2 simulation
experiments for verifying the theoretical model.

A. Flexible SINR Threshold Settings

The NS2 adopts the SINR based method to determine
whether an incoming signal is received or not by comparing
the SINR of the signal and the customized SINRT stored in
modulation_table variable. SINRTs are fixed values in terms
of the modulation schemes and corresponding data rate (Rd) as
shown in Table I. Therefore, we redesign the WirelessphyExt
class by modifying the modulation_table variable type and its
constructor function in NS2 to enable the flexible SINRTs setting
by user-programmable Tcl script. The specific details are shown
in Fig. 4.

B. Simulation Parameter Settings

In our experiment, we consider the specific DSRC VANETs in
both 1-D highway with a length of 5 km and the 2-D intersection
road with a length of 1250 m on each of the crossing roads for
safety message dissemination, respectively. Each vehicle in the
network is equipped with DSRC capability. The communication

TABLE II
SIMULATION PARAMETERS

vehicles are Poisson distributed with piecewise constant densi-
ties, which are the functions of distances Δ (Δ = x or Δ = y)
to a tagged vehicle as follows.

β(Δ) =

⎧⎨
⎩

1.5βav, −50 m ≤ Δ ≤ 50 m
βav, Δ < −100 m or Δ > 100 m
0.5βav, others,

where βav is set to 0.066 vehicles/meter, 0.132 vehicles/meter,
0.2 vehicles/meter, and 0.5 vehicles/meter, respectively.

We list the critical simulation parameters for the 1-D high-
way and the 2-D intersection road as shown in Table II. The
simulation parameter settings are consistent with the theoret-
ical calculations. According to [35], transmission range, car-
rier sensing range, and interference range for research are set
300 m, respectively. Carrie sensing threshold Pth is calculated
by Nakagami model, which equals 2.81838e-11 Watts, and the
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TABLE III
VEHICLE PARAMETER SETTINGS IN SUMO

receiving power threshold and the power monitor threshold in
NS2 are also set 2.81838e-11 Watts, respectively.

C. Mobility Scenario Simulations for VANETs

Traffic simulation software SUMO can mimic the realistic
scene in which the vehicles move at a given speed. NS2 also
provides a simple build-in mobility model to drive the movement
of nodes. We implement two mobility traffic scenarios by SUMO
and NS2’s build-in mobility model.

In SUMO, we generate a two-lane, two-way highway scenario
with the length of 5 km, enabling relative speed between vehi-
cles, and the width of each lane is 3.2 m. All vehicles parameter
settings are shown in Table III. Each vehicle updates the speed
every 10 ms, and the speed of all vehicles follows the uniform
distribution for the mean speed 90 km/h (i.e., 25 m/s) with the
variance of 2 (m/s)2. The driving speed changes as it approaches
the safety distance with the vehicle ahead, thereby the inter-
vehicle distance changes and can be regarded as approximately
following NHPP. SUMO records the positions of vehicles at the
sample step of 1 ms. The log files formed by the vehicle positions
at different times are input into NS2 programs to simulation the
mobility network scenario.

The mobility scenario of NS2 build-in mobility model is set
as a one-way highway driving right with the length of 6 km, and
the vehicles following the NHPP distribution with piecewise
constant densities are put within the left 5 km of the road, and
the simulation ends within 5 s. The other parameters are utilized
similarly to SUMO.

D. Comparison Results Between Static Scene Simulation and
Mobility Scene Simulation

Fig. 5 shows the PRP comparison results of the static scene
simulation and two mobility scene simulations at the density
of 0.132 vehicles/meter. The results show that the static scene
simulation can obtain almost the same results as mobility scene
simulations at the given receiving distance ds and the SINRT.
[10] also pointed out that the vehicles can be considered static
during the period of transmitting a packet. Obviously, the static
scenario simulation costs less time compared with the mobility
scenarios simulation, so we adopt a static scenario simulation in
the next comparisons.

V. THEORETICAL RESULTS ANALYSIS AND VALIDATION

In this section, we firstly compare the time complexity of
the theoretical model between the order statistic and unordered.

Fig. 5. PRP of static and mobility 1-D scenarios at the density of 0.132
vehicles/meter and the communication range of 300 m.

Secondly, we make the reliability cross-validations between the
analytic model and NS2 simulation for the scenarios at 1-D as
well as 2-D intersection to guarantee the accuracy of the analytic
model. QoS metrics, including PRP, PRR, and SINR distribution
at various VANET scenarios are obtained. Thirdly, we further
compare the PRP of two scenes at 2-D and 1-D. Finally, the link
capacity distribution in 1-D and 2-D VANETs are obtained by
numerical computation.

The simulation scenarios include 1-D and two 2-D intersec-
tion scenes. Specifically, two types of 2-D intersection scenarios
are considered since the closer the receiver is to the intersection,
the more interference should be generated. In the first scenario,
the sender is assumed at the intersection, and the vehicle node at
the distance ds from the intersection on the X-axis is the receiver.
In the second scenario, the receiver is assumed at the intersection,
and the vehicle node at the distance ds from the intersection on
the negative X-axis is the sender. All scenarios regard different
densities covering the 0.066 vehicles/meter as low density, 0.132
vehicles/meter, 0.2 vehicles/meter as medium density, and 0.5
vehicles/meter as high density, respectively. At each density,
we choose five values as SINRTs to observe the QoS metrics:
23.3 dB (215), 24.9 dB (315), 26.9 dB (500), 28.5 dB (700), and
30.0 dB (1000), respectively. In NS2 simulation, the experiment
with the same density and the SINRT was performed ten times.
The average value of ten PRP/PRR is used as the simulation
results of PRPs/PRRs. The parameter settings are given in
Section IV.

The results of various experiments pave the way to explore the
accuracy of the proposed model for 1-D as well as 2-D VANETs,
to analyze the effect of receiving distance ds and SINRT on the
reliability.

A. Time Complexity of Numerical Analysis

The computation efficiency of the SINR distribution based
on order statistics and unordered at 1-D highway is given by the
experiments. We adopt Monte Carlo integration and MPI parallel
framework to implement the numerical programs calculation
PRP to improve the computing speed. The programs are running
on the MPI cluster composed of homogeneous nodes organized
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TABLE IV
COMPARISONS OF COMPUTING TIME AND ACCURACY UNDER DIFFERENT

INTERPOLATION NUMBERS

Fig. 6. PDF and CDF of SINR in 1-D with the density of 0.132. (a) PDF of
SINR. (b) CDF of SINR.

Fig. 7. PDF and CDF of SINR in 2-D with the receiver at the intersection for
the density of 0.132. (a) PDF of SINR. (b) CDF of SINR.

by Intel MPI 5.1.2. The hardwares of each node in the MPI
cluster include Intel E5-2660 2.60 GHz CPU and 32 GB memory
with 20 cores CPU for numerical integration.

Monte Carlo integration needs large enough sampling points
to ensure accuracy. The number of sampling is 1000, 3000, and
5000 times, respectively. SINRT value θ is set as 4, and signal
propagation distance ds is set as 50 m. The execution time of
single interpolation for ordered and unordered by Monte Carlo
integration are 38.1328 ms, 736 462 ms, respectively. Table IV
presents the comparisons of computing time and accuracy when
the number of sampling points is 1000, 3000, and 5000 times,
respectively. It is clear to see from Table IV that the ordered
model has dramatically reduced the computational complexity
compared with the unordered.

B. Cross-Validation Between Theoretical Calculation and NS2
Simulation

1) Pdf, Cdf of Sinr: We compute the PDF and CDF of SINR
within 1500 (31.8 dB) at a 1-D scene and two 2-D scenes. Fig. 6
and Fig. 7 present the PDF and CDF of SINR in 1-D and 2-
D scene with the receiver at an intersection for the density of

Fig. 8. PRP comparisons between the theoretical model and the simulation in
the 1-D scene. (a) The density is 0.066. (b) The density is 0.132.

Fig. 9. PRP comparisons between the theoretical model and the simulation
where the sender is at a 2-D intersection. (a) The density is 0.066. (b) The
density is 0.132.

Fig. 10. PRP comparisons between the theoretical model and the simulation
where the receiver is at a 2-D intersection. (a) The density is 0.066. (b) The
density is 0.132.

0.132 vehicles/meter. The results show that the smaller ds, the
larger average value of SINR, and otherwise, the larger ds, the
smaller the mean of SINR. The small ds value means the small
attenuation power for receiver and thus SINR becomes large,
which is consistent with the results from Fig. 6 and Fig. 7.

2) PRP, PRR of 1-D, 2-D With Low, Medium Density: Fig. 8 –
Fig. 10 show the PRP comparisons between the analytical model
and NS2 simulation at the density equaling 0.066 vehicles/meter
and 0.132 vehicles/meter in 1-D, 2-D with the sender at an
intersection, and 2-D with the receiver at an intersection. It can be
seen that the analytical results are consistent with the simulations
results with various ds as well as SINRT values at each density,
and it also shows the ds and the SINRTs affect the PRP. ds
starts from 10 m until 300 m at the 20 m interval, it is obvious
from the figures that PRPs decrease with the increasing ds.
The increasing ds suffers more channel attenuation, resulting in
lower received power, which will further reduce the SINR values
for the receiver, as a result it could not satisfy the requirement
of SINRTs. Thus, the increasing ds definitely cause the PRP
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Fig. 11. PRR, PRP comparisons between the theoretical model and the sim-
ulation in the 1-D scene. (a) PRR with the density of 0.132 vehicles/meter. (b)
PRP with the density of 0.2 vehicles/meter.

Fig. 12. PRP comparisons between the theoretical model and the simulation in
1-D, 2-D with the receiver at an intersection for the density of 0.5 vehicles/meter.

decreasing trends. On the other hand, the larger the SINRTs,
the stronger reception power and larger signal strength required
to decode the received packet, and the vehicle nodes which are
not satisfied with the receiving conditions will drop the packet
causing the packet loss, thus the PRP decreasing trend with larger
SINRT equaling 30.0 dB is more obvious than those of small
values 28.5 dB, 26.9 dB, 24.9 dB and 23.3 dB. Fig. 11 gives
PRR, PRP comparisons between the theoretical model and NS2
simulation in the 1-D with a density of 0.132 vehicles/meter,
0.132 vehicles/meter, respectively. The results show that the
numerical computations of PRR are close to the simulations
results, and the increases in ds and SINRT also cause the PRR
decreasing trends.

From Fig. 8–Fig. 11, we find that analytic results are more
optimistic than simulation results, since the proposed analytic
model assumptions consider the interference in 2rE, while the
random interferer for the receiver is regarded as the major
interference if multiple interferers coexist in the shaded area,
which may underestimate the interference calculations. On the
other hand, as shown in Fig. 8–Fig. 11, the PRPs of theoretical
model and NS2 simulation can fit well at the density of 0.066
for the 1-D scene and two 2-D intersection scenes. But, when
the density equals 0.132 and 0.2, it is obvious that the discrepan-
cies between the analytical model and simulation become large
slightly compared with the low density case.

3) PRP of 1-D, 2-D With High Density: Fig. 12 presents the
comparison results between the theoretical model and simulation
with density equaling 0.5 vehicles/meter and SINRT equaling

Fig. 13. PRP comparisons of 1-D scenario and two 2-D scenarios at the density
of 0.066 vehicles/meter.

Fig. 14. Link capacity of 1-D and 2-D with the density of 0.132 vehicles/meter.
(a) 1-D. (b) 2-D with the receiver at an intersection.

24.9 dB for the 1-D, 2-D with the receiver at an intersection.
It can be seen obviously the discrepancies become the largest
compared with the density equaling 0.132 vehicles/meter and
0.2 vehicles/meter intermediate cases. The evaluations discrep-
ancies for the analytical model mainly connect with whether
the queueing system of semi-Markov based queueing model [8]
could reach the steady-state. The queueing system will reach the
saturated state with the increasing vehicle density, in our exper-
iment with the vehicle density equaling 0.5, the discrepancies
between the theoretical and simulation become large obviously.

C. Compare 1-D Scenario and Two 2-D Scenarios At an
Intersection

We compare PRPs of 1-D scenario and two 2-D intersection
scenarios with SINRT equaling 24.9 dB (315) as shown in
Fig. 13. The performance of 1-D is the best since it suffers the
least interference compared with two 2-D scenes. The dotted
line represents PRPs of the situation where the sender is at an
intersection, which is better than the scenario where the receiver
is at an intersection. This is because the signals arriving at the
intersection are interfered with the nodes in the four directions:
up, down, left, and right. The farther the receiver is from the
intersection, the less vertical interference will occur.

D. Link Capacity Analysis At 1-D and 2-D VANETs

Fig. 14 shows the PDF of the link capacity of the local VANET
for BSM broadcast with different values of bandwidth at the
1-D and 2-D with the density of 0.132 vehicles/meter. It is
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Fig. 15. PRR comparisons between multi-road with multi-intersection sce-
narios and the baseline at the density of 0.132 vehicles/meter. (a) Compare with
three intersections.(b) Compare with nine intersections.

observed that PDF of the link capacity increases with the system
bandwidth initially, but degrades when bandwidth (W ) reaches
90 MHz or so. It is also observed that the probability of link
capacity values equaling [0, 30] in Fig. 14(b) is larger than that
of Fig. 14(a). The above analyses also denote the mean of link
capacity for 2-D is smaller than that of 1-D.

VI. EXTENSION TO MULTI-ROAD WITH MULTI-INTERSECTION

SCENARIOS

In this section, we discuss the effect on the PRR with the
multiple intersections by simulation. We take the performance
results of one intersection scenario by NS2 as the baseline,
and the other two groups simulations of multi-road with multi-
intersection scenes by NS2 as the comparisons. The first group
is three equally spaced intersections where a horizontal road
and three vertical roads intersections, and the second group is
nine equally spaced intersections where three horizontal roads
and three vertical roads intersections. Each group simulation
corresponds to the distance between adjacent roads equaling
100 m, 200 m, 300 m, 400 m, 500 m, and 800 m, respectively.
Each road extends 1 km outward in two directions except the
road between the intersections. The communication range, the
carrier sensing range, and the interference range are all 300 m.
The density is set to 0.132 vehicles/meter, and SINRT is equal
to 24.9 dB (315).

Fig. 15 shows the PRR comparisons between the baseline and
the other scenarios that the distances between the intersections
is larger or less than the carrier sensing range. We found that the
closer the intersection, the worse the PRRs. When the intersec-
tion space is less than the sensing range of 300 m, there is a big
gap with the baseline. Otherwise, when the intersection space
is larger than the sensing range, the PRRs are almost the same
as the baseline. The comparison results show that our model for
analyzing 2-D intersection fits the scenario that the intersection
space is larger than the sensing range.

VII. CONCLUSION

In this paper, we propose an analytic model based on SINR
analysis for 1-D and 2-D VANETs, to evaluate the reliability and
capacity of the IEEE 802.11 based broadcast wireless networks.
The ordered statistics approach is utilized to reduce the computa-
tional complexity of the analytical models. Firstly, IEEE 802.11p
modules regarding the SINR thresholds in NS2 are modified to

adapt our SINR based analyses, and the mobility model enabled
by SUMO incorporating the simulations not only enrich the
simulation scenarios to evaluate the PRP but also account for
the fact that evaluations for QoS metrics could utilize the static
model in NS2 validations. Secondly, numerical results prove
the effectiveness and the correctness of the proposed model:
1) The comparison results between the ordered and unordered
model show that the proposed model with order statistic has
greatly reduced the computational complexity. 2) The simulation
results further validate the numerical results, and the comparison
discrepancies at high density become the largest. The PDF, CDF
for 1-D and 2-D are obtained by numerical solutions and then the
QoS metrics PRR, PRP, and link capacity are obtained. Thirdly,
the comparisons between the 2-D intersection with two types of
geometry locations and 1-D highway, show that 2-D intersection
geometry location with the receiver at the intersection has the
lowest performance values, including the PRP and PRR. Finally,
our model for analyzing 2-D intersection is fit to the multiple
intersections that the intersection space is larger than the carrier
sensing range.

APPENDIX A
DERIVATION OF fDI3 |(x0,xr)(y)

Let’s look at PDF of I3. Denote di3(i3 = 1, . . ., l′′) be the
distance between the origin and the i3 -th node within the up
shaded region. Given NHPP distribution of the distance between
nodes, independent random variables Si3 (

√
rE2 − x0

2 ≤ Si3 ≤√
4rE2 − x0

2) denote unordered distances between the origin
and the nodes in the up shaded region in vertical axis. Let
the number of vehicles in the interval [

√
rE2 − x0

2, r] and
[
√
rE2 − x0

2,
√

4rE2 − x0
2] be denoted byN(r), N(s), respec-

tively. The CDF of Si3 is given by Theorem 6.2 in [40]:

FSi3
(r) = P (Si1 ≤ r|N(s) = 1)

=
P [N(r) = 1, N(s)−N(r) = 0]

P [N(s) = 1]

=

∫ r√
r2
E−x2

0
β(z)dz

∫√4r2
E−x2

0√
r2
E−x2

0

β(z)dz

,

The PDF of Si3 is

fSi3
(r) =

β(r)∫√4r2
E−x2

0√
r2
E−x2

0

β(z)dz

. (41)

Given DS = |xr − x0| is the distance between T and
R, the distance between interference node and node R

is denoted as DI3 =
√
d2
i3
+ x2

r (
√

r2
E + x2

r − x2
0 ≤ DI3 ≤√

4r2
E + x2

r − x2
0). We have:

FDI3 |(x0,xr,i3)(y) = P (DI3 ≤ y)

= P (d2
i3
+ x2

r ≤ y2)

= P (di3 ≤
√

y2 − x2
r)

= Fdi3
(
√
y2 − x2

r), i3 = 1, . . ., l′′.

(42)
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The PDF of the DI3 is obtained as

fDI3 |(x0,xr,i3)(x) =
dFDI3 |(x0,xr,i3)(x)

dx
.

The probability that there are l′′ nodes in the up shaded area
is:

P

[
l,′′
(√

r2
E − x2

0,
√

4r2
E − x2

0

)]

=

(∫√4r2
E−x2

0√
r2
E−x2

0

β(y)dy

)l′′

exp

(
− ∫√4r2

E−x2
0√

r2
E−x2

0

β(y)dy

)
l′′!

.

Then, the total DI3 ’s conditional PDF can be expressed as

fDI3 |(x0,xr)(y) =

∞∑
l′′=1

P

[
l,′′
(√

r2
E − x2

0,
√

4r2
E − x2

0

)]

×
l′′∑

i3=1

fDI3 |(x0,xr,i3)(y)pi3 .

(43)
where pi3 is the probability that the interference I3 is the i3 -th
node within the right shaded region, which is evaluated as pi3 =
1/l′′. Substituting pi3 into (43) can obtain

fDI3 |(x0,xr)(y) =
β(
√

y2 − x2
r)∫√4r2

E−x2
0√

r2
E−x2

0

β(z)dz

. (44)

APPENDIX B
THE INTERFERENCE DISTANCE DISTRIBUTION OF CASE 2 R IN

(0, yr)

Denote di1(i1 = 1, . . ., l) be the distance between the tagged
node T and the i1 -th node within the right shaded region. Given
NHPP distribution of distance between nodes, and independent
random variables rE ≤ Si1 ≤ 2rE(i1 = 1, . . ., l) denote the un-
ordered distances between the tagged node T and the nodes in
the right shaded region, the CDF of Si1 is given by Theorem 6.2
in [40] as

FSi1
(r) = P (Si1 ≤ r|N(s) = 1)

=
P [N(r) = 1, N(s)−N(r) = 0]

P [N(s) = 1]

=

∫ r+x0

rE+x0
β(z)dz∫ 2rE+x0

rE+x0
β(z)dz

,

rE ≤ r ≤ 2rE, i1 = 1, . . ., l.

The PDF of Si1 is

fSi1
(r) =

β(r + x0)∫ 2rE+x0

rE+x0
β(z)dz

.

Then, according to Theorem 6.2 in [40], di1(i1 = 1, . . ., l) are
the order statistics of the random variables Si1(i1 = 1, . . ., l).
Thus, the CDF and PDF of distance di1 (rE ≤ di1 ≤ 2rE) can

be calculated as

Fdi1
(τ) = P (di1 ≤ τ) =

l∑
j=i1

(
l
j

)
FSi1

j(τ)
[
1 − FSi1

(τ)
]l−j

,

fdi1
(τ) =

dFdi1
(τ)

dτ
, rE ≤ τ ≤ 2rE, i1 = 1, . . ., l.

Similarly, independent random variables Si3(
√

r2
E − x2

0 ≤
Si3 ≤

√
4r2

E − x2
0) denote unordered distance between the ori-

gin and the nodes in the up shaded region in vertical axis. The
CDF and PDF of Si3 and be calculated as

FSi3
(r) =

∫ r√
r2
E−x2

0
β(z)dz

∫√4r2
E−x2

0√
r2
E−x2

0

β(z)dz

, fSi3
(r) =

β(r)∫√4r2
E−x2

0√
r2
E−x2

0

β(z)dz

,

√
r2
E − x2

0 ≤ r ≤
√

4r2
E − x2

0.

The di3(i3 = 1, . . ., l′′) are the order statistics of the random
variables Si3 . The CDF and PDF of distance di3 (

√
r2
E − x2

0 ≤
di3 ≤

√
2r2

E − x2
0) can be calculated as

Fdi3
(τ) = P (di3 ≤ τ) =

l′′∑
j=i3

(
l′′
j

)
F j
Si3

(τ)(1 − FSi3
(τ))l

′′−j ,

fdi3
(τ) =

dFdi3
(τ)

dτ
, i3 = 1, . . ., l′′.

Given DS = (yr
2 + x0

2)
1/2 is the distance between T and R,

the distance between interference node and node R is denoted
as DI1(

√
(rE + x0)2 + y2

r ≤ DI1 ≤
√

(2rE + x0)2 + y2
r) and

DI3(
√
r2
E − x2

0 − yr ≤ DI3 ≤
√

4r2
E − x2

0 − yr), respectively.
We have:

FDI1 |(x0,yr,i1)(x) = P (DI1 ≤ x)

= P (di1 ≤
√

x2 − y2
r − x0)

= Fdi1
(
√

x2 − y2
r − x0), i1 = 1, . . ., l,

FDI3 |(x0,yr,i3)(y) = P (DI3 ≤ y)

= P (di3 ≤ y + yr)

= Fdi3
(y + yr), i3 = 1, . . ., l′′.

The PDFs of the distances are obtained as

fDI1 |(x0,yr,i1)(x) =
dFDI1 |(x0,yr,i1)(x)

dx
,

fDI3 |(x0,yr,i3)(y) =
dFDI3 |(x0,yr,i3)(y)

dy
.

The probability that there are l(l′′) nodes in the right(up)
shaded area is

P [l, (rE + x0, 2rE + x0)]

=

(∫ 2rE+x0

rE+x0
β(x)dx

)l
exp

(
− ∫ 2rE+x0

rE+x0
β(x)dx

)
l!

,
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P

[
l,′′
(√

r2
E − x2

0,
√

4r2
E − x2

0

)]

=

(∫√4r2
E−x2

0√
r2
E−x2

0

β(y)dy

)l′′

exp

(
− ∫√4r2

E−x2
0√

r2
E−x2

0

β(y)dy

)
l′′!

.

Then, the total D′
I1

s and D′
I3

s conditional PDF can be expressed
as

fDI1 |(x0,yr)(x) =

∞∑
l=1

P (l, (rE + x0, 2rE + x0))

×
l∑

i1=1

fDI1 |(x0,yr,i1)(x)pi1 ,

(45)

fDI3 |(x0,yr)(y) =
∞∑

l′′=1

P [l,′′ (
√
r2
E − x2

0,
√

4r2
E − x2

0)]

×
l′′∑

i3=1

fDI3 |(x0,yr,i3)(y)pi3 .

(46)

where pi1(pi3) is the probability that the interference I1(I3)
is the i1(i3) -th node within the right (up) shaded region,
which is evaluated as pi1 = 1/l(i1 = 1, . . ., l), pi3 = 1/l′′(i3 =
1, . . ., l′′). So, (45) and (46) become the following forms:

fDI1 |(x0,yr)(x) = fSi1
(
√

x2 − y2
r ) =

β(
√

x2 − y2
r )∫ 2rE+x0

rE+x0
β(z)dz

,

fDI3 |(x0,yr)(y) = fSi3
(y + yr) =

β(y + yr)∫√4r2
E−x2

0√
r2
E−x2

0

β(z)dz

.
(47)

The derivation methods of PDF of DI2 and DI4 are similar to
those of DI1 and DI3 .
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