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Fig. 4 Multi-hop connectivity between a car and an RSU.

environments communications can become difficult because
radio devices often operate at their design limits (large dis-
tances, multi-path signal propagation, critical packet length
vs. channel coherence time ratio, etc.), which amplifies the
effect of layer-2 inefficiencies due to hidden node scenarios.
Furthermore, the probability of having a multi-hop path be-
tween two nodes is lower in sparse scenarios. On the other
hand, when roads become more crowded, speeds are lower,
links are more reliable and the chances for two arbitrary
nodes to be connected by at least one stable multi-hop path
are higher.

Deploying vehicular networks without dead zones (i.e.,
areas not served by any RSU) is economically inefficient in
non-urban locations. As we have mentioned above, in the
ETSI TC ITS architecture vehicles form a self-organized
multi-hop network. This multi-hop network is used to for-
ward packets between the RSU and the CCUs within the
RSU’s area of influence (i.e., associated GVL area), and
therefore extends the effective coverage area of the RSU. In
order to assess the feasibility of vehicular communications
in practical scenarios, it is necessary to evaluate whether
wireless multi-hop communications are possible in differ-
ent vehicular situations. To do so, we model and analyze the
probability of having a multi-hop path between a sender and
a receiver, studying the impact of different parameters, such
as vehicular speed and density, wireless radio coverage, etc.
We present our mathematical model first and then validate it
via simulations.

Given two nodes separated by a distanceS, Pmhc(S)

is the probability of having multi-hop connectivity (mhc)
or, in other words, the probability that one chain of inter-
connected vehicles between the two nodes exists. This prob-
ability depends – as we show below – on the distance be-
tween the two nodes, the radio coverage and the vehicular
density. Figure 4 shows an example of a chain of intercon-
nected vehicles between a car and an RSU.

We model the distanceD between consecutive vehicles
(inter-vehicle spacing) as exponentially distributed [15,16],

with parameterβ, with its Probability Density Function (PDF)
given by:

fD(d) = βe−βd, d ≥ 0, (1)

whereβ is the vehicular density. LetR be the wireless
coverage radius. The distance between two consecutive ve-
hicles that are part of a connected multi-hop chain of vehi-
cles (the inter-vehicle gap is smaller than R) follows a trun-
cated exponential distribution [17]:

fte(d) =

{

βe−βd

1−e−βR , 0 < d < R,

0, otherwise.
(2)

The length of a multi-hop connected chain ofn+ 1 ve-
hicles (Y ) can be represented as the sum ofn independent
exponential truncated variables. The PDF ofY can be ob-
tained by the method of characteristic functions [17]:

gY (y;n) =
(βb)n

(n− 1)!
e−βy
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(y − kR)n−1;

k0R < y < (k0 + 1)R (3)

wherek0 = 0, 1, · · · , n− 1, andb = (1− e−βR).
Let a = (k0

′ + c)R, wherek0
′ is an integer, and0 ≤

c < 1. The Cumulative Distribution Function (CDF) ofY
evaluated ata isGY (a;n) =

∫ a

0
gY (y;n)dy:
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′
− k + c)Rβ, 2n].

(4)

whereQ[u,w] = P
(

χ2(w) < u
)

andχ2(w) is a chi-square
variable withw degrees of freedom. Since the probability
P (i) of having a connected chain ofi hops is given by(1−
e−βR)i e−βR, the PDF and CDF of the length (L) of a con-
nected multi-hop chain of vehicles can be derived using the
law of total probability:

fL(l) =

∞
∑

i=0

P (i hops)gY (l; i) =

=

∞
∑

i=0

(1 − e−βR)ie−βRgY (l; i),

(5)

FL(l) = PL(L ≤ l) =

∫ l

0

fL(u)du =

=

∞
∑

i=0

(1− e−βR)ie−βRGY (l; i).

(6)
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