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Abstract. In vehicular networks (VNs), the radio propagation char-
acteristics between two vehicles is greatly affected by the intermediate
vehicles as obstruction, which has also been verified in many measure-
ments. This property will definitely influence the routing protocol design
in VNs, where the estimation of the one-hop transmission distance is of
utmost importance on the relay selection. However, to the authors’ best
knowledge, the obstruction’s influence has not been taken into consid-
eration theoretically. In this paper, we propose an analytical model on
the obstructed light-of-sight (OLOS) transmission distance. Based on a
probabilistic method, the probability density function (PDF) of the one-
hop OLOS transmission distance is obtained. Monte Carlo simulations
are conducted to verify our proposed analytical model.
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1 Introduction

In vehicular networks (VNs), the received signal strength is easily affected
by obstructions, like the buildings, trees or the vehicles between the trans-
ceivers. With obstructions, the line-of-sight (LOS) transmission will degrade
into obstructed line-of-sight (OLOS) transmission. Many experiments had shown
that obstructions cause significant impact on the channel quality, where an addi-
tional 10 to 20 dB attenuation can be found on the received signal strength [1,2].
Therefore, it is of great importance to study the influence of possible obstructions
on the system design and performance evaluation.

The radio range differs between LOS and OLOS scenarios because of different
attenuation degrees, where the OLOS radio range is much shorter. The shorter
the radio range is, the less the one hop transmission distance is, which is impor-
tant for routing protocol design in data dissemination. For example, the end-to-
end delay might increase in obstructed scenario because of more transmission
hop count requirement. However, not much researches considered the influence
of obstructions on the protocol design or performance evaluation, especially in
the theoretical aspect, which will be the focus of this paper.
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Extensive experiment works had shown that the vehicles as obstructions
between transceivers can cause obvious decrease of signal power [2–6]. Based
on this observation, many researchers considered the obstructed light-of-sight
(OLOS) transmission in the simulations for routing protocol verification [7].
However, to the authors’ best knowledge, although some works had conducted
analysis for the routing performance in VNs [8], the analytical model for the
OLOS circumstance is still an open issue.

In this paper, we analyze and model the influence of vehicle as obstruction
on the one hop link transmission range in a two-lanes highway scenario given the
traffic density information. We use the widely accept condition than the OLOS
radio range is shorter than the LOS radio range, which is taken into considera-
tion. With a dedicated routing protocol, the one hop transmission range changes
with the vehicular density, which is modeled using a probabilistic method. Our
proposed theoretical framework can give the probability density function of the
one hop link transmission range.

The remainder of this paper is organized as follows. The related work of the
discussed issue is introduced in Sect. 2. Section 3 presents the model hypothe-
ses and definitions. The analysis architecture is proposed in Sect. 4. In Sect. 5,
simulations are carried out to verify the accuracy of the proposed anaytical
model. Last but not the least, Sect. 6 concludes the paper and proposes some
possible direction in future.

2 Related Work

Many researchers have conducted experiment on the influence of obstructions
on the radio propagation characteristics for VNs. The influence of the buildings,
especially in the intersection scenario, on the signal attenuation is target in
[3,4], where an obvious decrease of signal power can be found. In the straight
road scenario, signal obstructed by vehicles between the transceivers is the main
target. Meireles et al. [5] found that a single obstacle can cause a drop of over
20 dB on received signal strength when two cars communicate at a distance
of 10 m. Measurements were also conducted by placing a bus between two cars
acting as an obstruction, and found that this obstruction can create an additional
15- to 20-dB attenuation [2,6]. In [9], the propagation path losses are presented
based on the uniform theory of diffraction in the OLOS cases, with several
intermediate vehicles, for the inter-vehicle communications in the 60-GHz band.
Many other literatures also found such obvious signal strength attenuation from
different measurement campaigns [10–14].

In recent years, some literatures also considered the influence on system
performance evaluation and routing protocol design. Some researchers focused
on developing simulation framework for a more realistic fading environment
description [7]. However, although the results from these simulation frameworks
can be more accurate, the time consumption problem cannot be neglected.
On the other hand, it is an accurate and effective analytical model that
can provide more clear understanding for the fundamental trade-off between
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obstruction features (e.g. vehicles’ position) and performance expectation
(e.g. transmission distance, hop count, throughput, and delay etc.). The influ-
ence of radio range on the system performance has been modeled analytically in
some work [8]. However, the influence of some obstructions on the signal attenu-
ation is not taken into consideration. In recent years, some researchers conducted
analysis with obstructed radio range. Chen et al. [15] modeled the joint effects of
radio environment and traffic flow on link connectivity to investigate the relation
between the obstruction probability and inter-vehicle connectivity probability.
However, they did not give way to calculate the obstruction probability and not
derive the influence of obstruction on the transmission distance. As far as we
know, no literatures derived the transmission distance distribution with obstruc-
tions in the theoretical aspects.

3 System Model

All the vehicles are assumed moving on a highway with two lanes. The vehicle’s
location can be obtained by the Global Position System (GPS) unit, which is
assumed to be installed in each vehicle. A vehicle can know all its neighbour’s
position information from the continuous exchanged beacon information or trig-
gering information. A transmitter or relay will choose the furthest vehicle as
the next hop relay according to the aforementioned assumption. Vehicles are
distributed along the road in accordance with a spatial one-dimensional Poisson
point process (1-PPP), which has been deemed to be appropriate under free flow
conditions. The width of road is ignored and the traffic flows are independent
of each other. All drivers tend to maintain a constant spacing with their leader
based on the car-following model, where all vehicles in the same lane have the
same velocity.

X2
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S2

Current Relay Receiver

Fig. 1. An example for the adopted relay selection policy

Suppose that no static infrastructure exists or incomplete covered dedicated
base stations are built, therefore, many transmission, especially when the trans-
ceiver distance is long, should be finished through multi-hop transmission. The
baseline routing protocol chosen for this paper is the Greedy Perimeter State-
less Routing (GPSR) [16], based on which many work proposed some revised
versions. The principle for this kind of protocols is that the furthest vehicle in
current relay’s radio range will be selected as the next hop relay. For example,
in Fig. 1, suppose that vehicles, B, C and D are neighbours of the current relay
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vehicle A. Therefore, the vehicle D will be selected as the next hop relay, which
is also named as the furthest vehicle in A’s radio range. The distance between
two relay vehicles is defined as one-hop transmission distance.

For the analysis tractability, the LOS radio range RLOS and the obstructed
radio range ROLOS is assumed to be a constant.

4 Theoretical Analysis

Since the analysis is conducted on a two-lanes scenario, the derivation of one-hop
transmission distance distribution is also divided into two cases: the intra-lane
one-hop transmission distance and the inter-lane one-hop transmission distance.
After obtaining both of the distribution of the single lane’s one-hop transmission
distance distribution, the two-lanes one-hop transmission distance distribution
will be derived at the end of this section.

4.1 One-Hop LOS Transmission Distance

Let Xi denote the inter-vehicle distance between the (i−1)-th and the i-th near-
est vehicle in the neighbouring vehicle set in the intra-lane scenario, which can be
illustrated in Fig. 1. Since the inter-vehicle distance Xi are positive, independent,
identically distributed, random variables, the n vehicles cumulative distance Sn

is defined as:

Sn =
n∑

i=1

Xi, n ≥ 1. (1)

The cumulative density function (CDF) of the one-hop LOS transmission
distance XL will be derived as following. First, the probability of FXL(0) can be
represented as:

FXL(0) = Pr{XL = 0} = Pr{X1 > RL}. (2)

We have the density function of inter-vehicle distance X1 as:

FX1(x) = 1 − e−λx. (3)

and
fX1(x) = λ1e

−λx. (4)

Therefore, FXL(0) can be obtained as:

FXL(0) = e−λRL . (5)
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Otherwise, when the one-hop LOS transmission distance is greater than zero,
FXL(x) can be obtained as:

FXL(x) = FXL(0) + Pr{x > 0,XL ≤ x}
= e−λRL + Pr{X1 ≤ RL}Pr{SN ≤ x, SN+1 > RL}

= e−λRL + (1 − e−λRL)
∞∑

n=0

Pr{N[0,x] = n} · Pr{N[x,RL] = 0}

= e−λRL + (1 − e−λRL)
∞∑

n=0

[λx]n

n!
e−λ(x) · e−λ(RL−x)

= e−λRL + (1 − e−λRL)e−λ(RL−x).

(6)

Consequently, we have the probability density function (PDF) of XL as:

fXL(x) = λ(1 − e−λRL)e−λ(RL−x). (7)

In summarization, the CDF of the one-hop LOS transmission distance can
be obtained as:

FXL(x) =

{
e−λRL , x = 0
e−λRL + (1 − e−λRL)e−λ(RL−x), otherwise

. (8)

4.2 One-Hop OLOS Transmission Distance

As for the CDF of the one-hop OLOS transmission distance FXO(x), the deriva-
tion should be split into three cases, that is x = 0 (case I), 0 < x ≤ RO (case
II), and RO < x ≤ RL (case III), respectively.

Case I: The CDF value FXO(0) can be obtained similarly as that for the LOS
circumstance, we have

FXO(0) = e−λRL . (9)

Case II: When 0 < x ≤ RO, it means that at least one vehicle existing in RO

distance. Therefore, we have

FXO(x) = FXO(0) + Pr{X1 ≤ RO,XO ≤ x}
= e−λRL + Pr{X1 ≤ RO}Pr{SN−1 ≤ x − X1, SN > RO − X1|x ≤ RO}

= e−λRL + (1 − e−λRO)
∞∑

n=0

Pr{N[0,x] = n} · Pr{N[x,RO] = 0}

= e−λRL + (1 − e−λRO)
∞∑

n=0

(λx)n

n!
e−λx · e−λ(RO−x)

= e−λRL + (1 − e−λRO)e−λ(RO−x).

(10)
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Take the derivation at x, we can obtain the corresponding PDF as:

fXO(x) = λ(1 − e−λRO)e−λ(RO−x). (11)

Case III: When RO < x ≤ RL, it means that the first vehicle’s position X1 is
greater than RO. In this case, the first vehicle will be selected as the next hop
relay, and we have

FXO(x) = FXO(RO) + Pr{X1 > RO,XO ≤ x}
= FXO(RO) + Pr{RO < X1 ≤ x}
= 1 + e−λRL − e−λx.

(12)

Take the derivation at x, we can obtain the corresponding PDF as:

fXO(x) = λe−λx. (13)

In summarization, the CDF of the one-hop OLOS transmission distance can
be obtained as:

FXO(x) =

⎧
⎪⎨

⎪⎩

e−λRL , x = 0
e−λRL + (1 − e−λRO)e−λ(RO−x), 0 < x ≤ RO

1 + e−λRL − e−λx, otherwise
. (14)

Meanwhile, the PDF of the one-hop OLOS transmission distance can be
obtained as:

fXO(x) =

{
λ(1 − e−λRO)e−λ(RO−x), 0 ≤ x ≤ RO

λe−λx, otherwise
. (15)

5 Performance Evaluation

In this section, Monte Carlo simulations are conducted to verify our proposed
analytical model.

5.1 Simulation Setup

In our simulations, vehicles move within a fixed region of a two-way highway road
segment with the length of L. The vehicular density is assumed to be a constant
value for a relative short time period, which is denoted as λ vehicles per second
(vehs/s). To have a fixed number of vehicles in the target road segment, we
assume that the exit vehicle will enter the highway immediately and start to
move toward the opposite direction [17]. The default value of major parameters
for this simulation is shown in Table 1.

Simulations were run using different parameters and system settings. The
performance analysis is designed to compare the effects of different parameters,
such as the LOS radio range, the OLOS radio range, and the vehicular density
etc. For each simulation parameter set, the values of the one-hop transmission
distance distribution are obtained by collecting a large number of samples such
that the confidence interval is reasonably small. In most cases, the 95% confi-
dence interval for the measured data is less than 10% of the sample mean.
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Table 1. Default Value of the Simulation Parameters

Parameter Description Value

RL The LOS radio range 250 m

RO The OLOS radio range 150 m

λ The vehicular density 0.01 vehs/s

N The number of Monte Carlo simulations 105

Nh The number of histogram 10

5.2 LOS Scenario

Figure 2 depicts the PMF of the one-hop LOS transmission distance, where the
results are compared between the simulations and our analytical model. Since the
statical results are from the extensive Monte Carlo simulations, only an estima-
tion of probability mass function (PMF) can be obtained. For the tractability
of the comparison, the PMF value is estimated from the proposed analytical
model with a integral function. As can be seen from Fig. 2, results from our pro-
posed analytical model matches with well with that from the simulations, which
is verified using the chi-square goodness fit test. In general, the chi-square test
statistic is of the form

χ2 =
Nh∑

i=1

ρanai − ρsimu
i

ρsimu
i

(16)

where Nh denotes the number of histogram, ρsimu
i and ρanai represent the values

from the Monte Carlo simulations and the proposed analytical model, respec-
tively. Based on the chi-square test statistic theory, χ2 = 2.0311, which is less
than 55.758, the threshold value corresponding to the 0.05 significance level.

The one-hop LOS transmission distance (m)
0 50 100 150 200 250
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0.15

0.2

0.25

Simulation results
Analytical results

Fig. 2. The PMF of one-hop LOS transmission distance
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That is, we can accept the hypothesis at the 0.05 significance level that the
PDF from our proposed one-hop LOS transmission model fits with that from
the statistical results with Monte Carlo simulations. Moreover, it’s a significant
tendency that the PMF value increases with the distance since the adopted rout-
ing protocol tries to select the furthest vehicle in its radio range as the next-hop
relay vehicle.
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Fig. 3. The CDF of one-hop LOS transmission distance

Figure 3 conducts a comparison on the CDF of one-hop LOS transmission
distance. Based on the chi-square test statistic theory, χ2 = 1.4, which is less
than 55.758, the threshold value corresponding to the 0.05 significance level. We
can accept the hypothesis at the 0.05 significance level that the CDF from our
proposed one-hop LOS transmission model fits with that from the statistical
results with Monte Carlo simulations.

5.3 OLOS Scenario

Figure 4 compares the PMF of the one-hop OLOS transmission distance between
Monte Carlo simulations and our proposed analytical model. First, compared to
the simulation results from that in Fig. 2, we can see that curve shape is quite
different. By considering the intermediate vehicle’s obstruction, the PMF of the
one-hop OLOS transmission distance shows a significant fluctuation at the OLOS
radio range. Although with one singular point, our analytical model can better
describe the actual circumstance. Based on the chi-square test statistic theory,
χ2 = 1.5714, which is less than 55.758, the threshold value corresponding to
the 0.05 significance level. That is, we can accept the hypothesis at the 0.05
significance level that the PDF from our proposed one-hop OLOS transmission
model fits with that from the statistical results with Monte Carlo simulations.
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Fig. 4. The PMF of one-hop OLOS transmission distance
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Fig. 5. The CDF of one-hop OLOS transmission distance

Figure 5 conducts a comparison on the CDF of one-hop OLOS transmission
distance. Based on the chi-square test statistic theory, χ2 = 1.8686, which is less
than 55.758, the threshold value corresponding to the 0.05 significance level. We
can accept the hypothesis at the 0.05 significance level that the CDF from our
proposed one-hop OLOS transmission model fits with that from the statistical
results with Monte Carlo simulations.

5.4 Comparison Between LOS and OLOS Scenarios

Figure 6 presents the average one-hop transmission distance verse OLOS radio
range RO. Since the LOS circumstance is assumed no affected by the obstructions,
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Fig. 6. The average one-hop transmission distance verse OLOS radio range
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Fig. 7. The average one-hop transmission distance verse vehicular density

the average one-hop transmission distance keep stable with different OLOS radio
range. In contrast, in the OLOS circumstance, the one-hop OLOS transmission
distance increase with the OLOS radio range. Overall, in both LOS and OLOS cir-
cumstances, the simulation results of average one-hop transmission range match
well with that from our proposed analytical model.

Figure 7 is plotted to show the influence of the vehicular density on the one-
hop transmission distance. Both LOS and OLOS circumstances show a increasing
tendency with the vehicular density. Again, in both LOS and OLOS circum-
stances, the simulation results of average one-hop transmission range match well
with that from our proposed analytical model.
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6 Discussion

This paper proposed an analytical model for the obstructed light-of-sight
(OLOS) scenario in vehicular networks (VNs). The influence of the OLOS/LOS
radio range and the vehicular density is carefully derived for the probability den-
sity function (PDF) of the one-hop transmission distance. With the PDF of the
one-hop link distance, the traditional routing protocol can be modified to adapt
to the real scenario, which will be one of our future works. Moreover, the per-
formance evaluation is conducted with Monte Carlo simulations in this paper.
An experiment-based model verification work will our another future work.
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