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ABSTRACT
We propose a design methodology to determine the opti-
mal transmission parameters for delay-critical safety appli-
cations in vehicular ad hoc networks. We develop a model to
characterize the delay requirements needed to prevent rear-
end collisions. By adopting a stochastic geometry frame-
work to simultaneously address multi-user interference, path
loss, and fading, we then analytically derive the transmission
rate, range, and channel access probability of the nodes that
satisfy the delay requirement at a target success probability.

Categories and Subject Descriptors
C.2.1 [Computer-Communication Networks]: Network
Architecture and Design-Wireless Communication.

General Terms
Design, Reliability, Theory.

Keywords
Safety, Stochastic geometry, VANET.

1. INTRODUCTION
VANETs are considered to augment the safety and effi-

ciency level of tomorrow’s transportation systems by uti-
lizing Dedicated Short Range Communications (DSRC) to
establish vehicle-to-vehicle and vehicle-to-roadside commu-
nications. There has been a plethora of studies considering
the exchange of safety related information between vehicles
(see for example [1]). The driving force behind most such
studies is to propose efficient communications algorithms
that achieve high packet success probabilities. This, how-
ever, usually goes without accounting for the safety require-
ments of the system. Only recently some experimental and
simulation-based studies addressed the communications re-
quirements needed for safety applications [2][3]. In this pa-
per we take an analytic approach for adjusting the commu-
nications parameters of the VANET for such delay-critical
safety applications.
In a typical crash scenario where a driver applies a sudden

brake, the following vehicle’s driver does not immediately
observe this event due to a number of factors such as low
visibility in extreme weather conditions, distracted driver
attention, driver drowsiness, or even defected brake lights.
Hence the need to use the assistance of a communications
system which attracts the drivers attention just in time and
avoids collisions is justified.
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We study traffic flow in the sparse regime. In this regime
it has been observed that at any given time, the positions of
vehicles can be modeled based on a Poisson process on the
road [4]. By analyzing the vehicle’s equations of motion, we
derive the delay requirements of a safety system that seeks
to prevent collisions in case of emergency braking. With
poisson distribution for nodes, stochastic geometry tools are
utilized to address the communications parameters of the
system (namely the optimal values for the channel access
probability, transmission rate, and range) that fulfil the de-
lay requirements of the collision avoidance application.

In a separate paper [5] we address parameter tuning for
the non-sparse regime.

2. ANALYSIS AND DESIGN
The Media Access Control (MAC) scheme of the network

is based on slotted ALOHA. Here, at every time slot, each
node transmits with probability p independent of all other
nodes. It has previously been shown that due to channel
access delays, carrier sensing strategies such as CSMA/CA
do not perform as well for delay-critical periodic broadcasts
[1].

We assume that the distance x from the trailing vehicle i+
1 is known to the leader vehicle i via prior communications
between the two. By analyzing the equations of motion of
the two vehicles, the communications delay τc should satisfy
the following in order to prevent collision between the two:

τc ≤ x

vi+1
+

v2i − v2i+1

2bvi+1
− τPR (1)

Where vi and vi+1 are the speeds of the leading and trail-
ing vehicles, respectively, b is the vehicle deceleration rate,
and τPR is the driver Perception-Reaction time.

The safety application seeks to successfully deliver at least
one packet within the τc seconds window to the trailing ve-
hicle. Let R be the rate of transmission and l be the packet
length. This way, the allowable number of transmission op-
portunities is:

D = ⌊τcR
l

⌋ (2)

We address PD
s , which is the success probability after D

transmission trials (hence PD
s shall be referred to as the

delay-bounded success probability hereafter). The safety
criterion of the collision avoidance system is to achieve a
target success probability of 1 − ϵ or higher in delivering a
packet to vehicle i+1 within the period of the D time slots.
This way ϵ is the vehicle collision probability. Assuming
independent success probabilities across time slots, we have:

PD
s = 1− (1− p(1− p)Ps)

D (3)



Table 1: Optimum transmission rates (R) for various
values of the path loss exponent (α).

α R∗ (Mbps)

2 < α ≤ 3 9
3 < α ≤ 4 18
α > 4 24

Where Ps is the success probability given that a node
transmits and the intended receiver distance r away listens.
Given a fixed coding scheme that requires the SIR to be
larger than some threshold β to have successful transmission
at a given bit-rate, it can be shown that for a set of poisson
distributed interferers and in the presence of Rayleigh fading
[6]:

Ps = e−pζ (4)

In which:

ζ = 2krβ
1
α
π

α
csc(

π

α
) (5)

Where k is the node density and α is the path loss expo-
nent. Note that since ζ and D are both a function of β, PD

s

depends on p and β.
In our design, we select the media access probability p, and

the transmission rate R such that PD
s = 1− ϵ is guaranteed

for the largest possible transmission range r greater than x.
This provides a guaranteed QOS for vehicle i+ 1, while al-
lowing for the largest population of vehicles beyond it being
informed as a bonus. In case PD

s = 1 − ϵ is not feasible at
the trailing vehicle, we need to adjust the parameters such
that the collision probability between vehicles i and i + 1
stays the lowest possible.
Now, differentiating (3) with respect to p renders the op-

timal access probability:

p∗ =
1

ζ
+

1

2
(1−

√
1 +

4

ζ2
) ' 1

2 + ζ
(6)

The latter approximation is because p∗(0) = 1
2
and also that

p∗ = Θ( 1
ζ
) as ζ → ∞. Replacing (6) in (3) we have:

PD
s

∗ ' 1− (1− 1 + ζ

(2 + ζ)2
e
− ζ

2+ζ )D (7)

We can now investigate the value of β (and the corre-
sponding rate R) which maximizes PD

s
∗
. For this we use the

set of transmission rates and the corresponding SIR decod-
ing thresholds anticipated in IEEE 802.11p standard. Inter-
estingly we observed that the maximizing transmission rate
was only a function of the path loss exponent α. Table 1
shows the optimum transmission rates for some practical α
values.
To guarantee a target delay-bounded success probability,

we set:
PD
s

∗
= 1− ϵ (8)

Where PD
s

∗
is as in (7), and the optimal data rate chosen

from Table 1 is used to compute ζ. This equation needs
to be solved numerically to find ζ∗ which leads to the opti-
mal access probability p∗ = 1

2+ζ∗ and maximum tranmission

range r∗ = ζ∗

2kβ
∗ 1
α π

α
csc( π

α
)
.

Note that in case (8) does not have a solution or when
r∗ < x, the target collision probability of ϵ is not achievable
at the trailing vehicle. In this case we set r∗ = x. The new
achievable success probability, 1 − ϵ′, can then be obtained
from (7)where ζ is calculated from (5) using again the op-
timal data rate from Table 1 but this time a transmission
range of r∗ = x.

To see the numerical implications of our design, we assume
a highway of N lanes. With independent Poisson traffic on
each lane and all lanes having the same density, the resulting
process of the interferers is itself Poisson with intensity Nk.
We let τPR = 2 seconds and l = 500 bytes.

Figure 1(a) shows the achievable success probability 1−ϵ′

for a target collision probability of ϵ = 0.05, as the inter-
vehicle spacing varies. We study highways with different
number of lanes, corresponding to different values of vehi-
cle densities. As can be seen from the figure, for a 1-lane
highway, the achievable success probability rises sharply over
a short interval to reach its target value 1 − ϵ. This rise is
more gradual as the number of lanes increases. Interestingly,
according to Figure 1(b), the optimal access probability is
somewhat constant over the range of inter-vehicle spacings
where ϵ′ > ϵ and then starts decaying. Moreover the figure
suggests that when the target success probability is achiev-
able i.e. ϵ′ = ϵ, the optimal access probability is the same
for all vehicular densities, however, according to Figure 1(c),
the corresponding reaching range is lower at higher densities.
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Figure 1: Achievable delay-bounded packet suc-
cess probability, optimal access probability, and
maximum transmission range, all as a function
of inter-vehicle spacing. vi = vi+1 = 30m

s
, k =

20 veh/km/lane .

3. REFERENCES
[1] Q. Xu, T. Mak, J. Ko, and R. Sengupta, “Vehicle-to-vehicle

safety messaging in DSRC,” in Proceedings of the 1st ACM
international workshop on Vehicular ad hoc networks,
Philadelphia, U.S.A, pp. 19–28, 2004.

[2] F. Bai and H. Krishnan, “Reliability analysis of dsrc wireless
communication for vehicle safety applications,” in Intelligent
Transportation Systems Conference, 2006. ITSC ’06. IEEE,
pp. 355 –362, 2006.

[3] J. J. Haas and Y.-C. Hu, “Communication requirements for
crash avoidance,” in Proceedings of the seventh ACM
international workshop on VehiculAr InterNETworking,
VANET ’10, pp. 1–10, ACM, 2010.

[4] N. Wisitpongphan, F. Bai, P. Mudalige, V. K. Sadekar, and
O. K. Tonguz, “Routing in sparse vehicular ad hoc wireless
networks.,” IEEE Journal on Selected Areas in
Communications, pp. 1538–1556, 2007.

[5] M. Nekoui and H. Pishro-Nik, “Analytical design of
inter-vehicular communications for collision avoidance.” to
be presented at IEEE WIVEC 2011.

[6] F. Baccelli, B. Blaszczyszyn, and P. Mühlethaler, “An aloha
protocol for multihop mobile wireless networks,” IEEE
Transactions on Information Theory, vol. 52, pp. 421–436,
2006.


