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Stochastic Geometry-Based Interference
Characterization for RF and VLC-Based
Vehicular Communication System

Gurinder Singh

Abstract—In this article, we characterize various aspects of
stochastic behavior of intervehicular interference by modeling lo-
cation of road vehicles as a spatial Poisson point process. We make
use of various analytical tools of stochastic geometry to provide an
analytical framework to access the performance for both vehicular-
radio frequency (V-RF) communication and vehicular-visible light
communication (V-VLC) for dense, medium, and sparse traffic
scenarios. The developed framework is also precise in terms of
capturing the impact of reducing field-of-view (FOV) of receiver
on the level of interference experienced from interferers for V-
VLC. The performance has been evaluated and compared under
normal atmospheric conditions as well as different environmental
deterrents viz., light fog, dense fog, and dry snow conditions in
terms of probability of successful transmission as a performance
metric. Irrespective of any traffic scenario, the performance of V-
VLC communication under normal atmospheric condition always
outperforms V-RF communication. However, the performance of
V-RF communication is comparatively better than V-VLC under
various environmental deterrents. The proposed result motivates
the benefit of employing RF-based or VLC-based vehicular-to-
vehicular (V2V) communication which takes into account different
environmental conditions as well as meets the diverse application
requirements for future intelligent transportation system.

Index Terms—Correction function, critical radius, illumination
intensity (power) pattern, stochastic geometry, visible light
communications (VLC).

1. INTRODUCTION

EHICLE-TO-VEHICLE (V2V) communication based on

dedicated short range communication (DSRC) at 5.9
GHz[1] shows promising potential that can meet diverse require-
ment of future intelligent transport system (ITS) with enhanced
passenger safety, reduced traffic accidents, and congestion. Cur-
rently, ITS research activities, standardization, and products
mainly rely on deployment of vehicular-radio frequency (V-RF)-
based technologies with wireless access for vehicular networks.
The conventional V-RF communication experiences unwanted
packetloss, longer delays, and lower packet reception rate (PRR)
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especially during peak hours when traffic congestion is quite
high [2]. In addition to the above, RF-based transceiver design
is complex with relatively more added cost to the vehicle’s price
in form of on-board unit (OBU) installation. In recent years,
the vehicular-visible light communication (V-VLC)-based tech-
nology has gained considerable attention among researchers.
V-VLC offer advantages such as lower costs, higher PRR, less
delays, and complexity by utilizing the existing vehicle’s head-
lamp and taillight for exchange of information, thus satisfying
illumination as well as communication requirements. However,
conventional V-RF has superior communication range and wider
coverage area as compared to V-VLC [3]. It should be noted here
that both V-RF and V-VLC are complementary to each other. For
instance, V-RF-based technology may be appropriate for long
range communication, whereas V-VLC-based technology may
be suitable for high traffic density scenarios.

V-RF communication in the 5.9-GHz frequency band has vir-
tually no atmospheric or weather effects;! the main contributors
are thermal noise at the antenna receiver and the interference
caused from other simultaneous transmissions [4]. Unlike V-RF
communication, the performance of V-VLC is considerably
affected under various environmental deterrents such as rain,
light fog, dense fog, dry snow, wet snow, etc. [5].

A. Literature Review

The ITS [6] aims to integrate the existing state-of-the-art
cooperative technologies with the purpose of enhancing road
safety and efficiency of the transportation system. This will
also lead to reduced traffic congestion as well as minimize
the carbon footprints. Several technologies were proposed and
investigated for communications between vehicles and road-
side infrastructures, for instance, infrared [7], bluetooth [8],
3G [9], [10] LTE [11], or even hybrid of these aforementioned
technologies [12]. The primary focus has always been on the
V-RF communication which is regulated by the IEEE 802.11p
standards. Currently, the impact of vehicle-to-everything (V2X)
communications on the amount of RF spectrum usages is quite
low, but it is expected to significantly increase in the near future.
Such small RF bands can quickly suffer from interference when
large number of vehicles located in the same vicinity try to
communicate simultaneously. There are a number of solutions to
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address this potential bandwidth congestion problem. One such
possible solution is the usage of VLC in context to vehicular
scenario.

In [13]-[15], the authors have shown the feasibility of VLC-
based model for V2V communications using vehicle’s LED
headlamp and photodiodes. The critical issue for vehicular
VLC channels is the weather conditions which has received
insufficient attention in literature so far. In [5], the authors
document the effects of fog and rain on the performance of
V-VLC. In [16] and [17], Kim et al. employed a laboratory
chamber and experimentally evaluated the effect of artificially
generated rain and fog on the received optical signal for a red
LED (that can be potentially used as a taillight). In [18] and [19],
the authors characterize the daylight beam pattern of empirically
measured low and high beams of LED headlights. Apart from the
impact of various environmental deterrents, interference from
neighboring vehicles is also a major source of degradation for
V-VLC channel. Interference can be modeled as noise which
is independent from the desired signal of interest and Gaus-
sian distributed. Most of these comprehensive studies have not
considered the impact of interference from multiple interferers
as well as various environmental deterrents on performance of
V-VLC based on illumination intensity (power) pattern for a
typical vehicle headlamp module.

In mathematics, stochastic geometry is the study of random
spatial patterns. It allows one to study the average behavior
over many spatial realizations for a network whose nodes are
assumed to be placed according to some probability distribu-
tion [20], [21]. Stochastic geometry can be used to characterize
the randomness in the spatial distribution of vehicles [22].
Most of the existing literature has used stochastic geometry
tools to evaluate the performance of wireless networks wherein
location of base stations and users are spatially distributed
by Poisson point process (PPP). The work presented in [23]
and [24] have characterized the interference in context to cel-
lular network based on stochastic analysis. The application of
stochastic geometry in context to vehicular ad hoc networks
(VANET) has been to evaluate the successful transmission rate
by modeling spatial distribution of road vehicles according to
single-dimensional PPP as presented in [25] and [26]. In order
to capture the effect of medium access (MAC) control to deter-
mine probability of successful transmission, the authors in [27]
have used Matérn hardcore process for modeling PPP vehicle
distribution.

To the best of our knowledge, the work presented in this
article is the first to compare and model the statistical behavior
of interference experienced by conventional V-RF and V-VLC
by utilizing various analytical tools of stochastic geometry. The
performance of conventional V-RF and V-VLC communication
under various environmental deterrents such as light fog, dense
fog, and dry snow condition has been evaluated in terms of
probability of successful transmission as performance metric.
Further, the impact of interference from multiple interferers on
performance of V-VLC based on illumination intensity (power)
pattern for a typical vehicle headlamp has also been demon-
strated for various environmental conditions.
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B. Contribution

The key contribution of the proposed work can be summarized

as follows.
1) This article gives an analytic framework for estimating
the average signal-to-interference-plus-noise ratio (SINR)
and thus provides the expected performance for both con-
ventional V-RF as well as V-VLC using various analytical
tools of stochastic geometry. The developed framework
is also precise in terms of capturing the impact of field-
of-view (FOV) of the photo-detector (PD) receiver on the
number of interferers and distribution of the aggregate
interference for a V-VLC communication system.
2) The impact of mean interference as well as various en-
vironmental deterrents viz., light fog, dense fog, and dry
snow conditions on received illumination power (inten-
sity) pattern for original equipment manufacturer (OEM)
LED headlamp has also been demonstrated.
3) The performance of conventional RF-based V2V and
VLC-based V2V under the above environmental deter-
rents has been evaluated and compared in terms of proba-
bility of successful transmission as a performance metric.
This article has been structured as follows. Section II presents
system model and gives analytical framework to characterize
the level of interference experienced by conventional V-RF
communication as well as V-VLC using various analytic tools
of stochastic geometry. The expression for probability of suc-
cessful transmission has been derived in Section III. The perfor-
mance of both the technologies have been evaluated in terms of
performance metric as described before with useful insights in
Section IV. Finally, concluding remarks are given in Section V.

Notation: £.(+) and £(-) defines complementary error function
and error function, respectively, IP[-] denotes probability of an
event, By [-] is the expectation of its argument over random
variable (RV) Y and & denotes imaginary part of complex
number. R* and I'(-) denote one-dimensional space and gamma
function, respectively. Fx(-), fx(:), and ¢ x denote cumula-
tive distribution function, its corresponding probability density
function and characteristic function of an RV X.

II. SYSTEM MODEL

A typical V2V communication scenario has been shown in
Fig. 1. We consider one-way double lane highway road wherein
communication link either RF or VLC exists between Vehicle A
and B, whereas vehicles in another lane acts as interferers (say,
for instance Vehicle C and D are acting as interferers).

Vehicle B is the transmitter which is trying to communicate
information (for instance, speed of vehicle, traffic direction or
warning messages) with Vehicle A which acts as receiver. The
location of VLC transmitter and receiver in Vehicle A and B is
shown in Fig. 2. The location of photodetector may be chosen
nearby vehicle headlamp/taillight. It is assumed that Vehicle
B has low beam OEM LED headlamps of a Toyota Corolla
Altis (Taiwan model, 2015) whose received illumination pattern
has been shown in Fig. 3 based on empirical measurements
obtained from [28]. All the vehicles use the same frequency ( f.),
bandwidth (B) and transmit with same power () concurrently.
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Fig. 1. System model. Here, Vehicle C and Vehicle D act as interferers
(denoted by green solid line) for the dedicated communication link (denoted
by red solid line) between Vehicle A and Vehicle B.

(Optional)

VLC Receiver

Taillight

Fig. 2. Location of VLC transmitter and receiver on a typical vehicle.

We capture the randomness in geometrical distribution when
the locations of interfering vehicles on a certain lane are com-
pletely independent of each other. We represent this set of vehi-
cles as Uppp. We assume that the interfering vehicles are nearly
aligned on the same lane and thus encounters constant lane
spacing, L. Since the interfering vehicles are on the same lane
and their locations are Poisson distributed, the proposed scenario
resembles a uni-dimensional PPP in R! with a homogeneous
congestion parameter, A measured in number of vehicles per unit
length. The cumulative distribution function (CDF) for spatial
distribution of vehicles can be given as [25], [29]-[31]

Fx(z) =1—exp(—2x). (1)

Apart from being more generalized and practically feasible
condition, the main motivation behind utilizing PPP is to allow
on an average tractable analysis of the proposed scenario by
utilizing various tools of stochastic geometry. We characterize
desired signal and interfering signal as signal received from
desired transmitter and signals received from interferers at the
typical receiver, respectively.
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Fig. 3.  OEM headlamp optical illumination pattern with receiver height of
0.7 m. The values in the plots represent the received optical power and are in
dbm.
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Fig. 4. Simplified geometrical layout. Vehicle a is assumed to be located at
the origin O. Here, d denotes distance between legitimate vehicle and receiver.

A. Statistics of Mean Interference

A more generalized and simplified geometrical layout of
proposed scenario has been shown in Fig. 4. It is assumed
that Vehicle A is located at the origin O. Here, L, x, and d,,
denote the interlane spacing, the horizontal distance of interferer
from origin O and the distance of nth interferer to Vehicle
A, respectively. For outdoor VLC applications with piece-wise
path loss model, the average received optical power at a typical
receiver which is located at a distance, D from a legitimate
transmitter can be given as [4], [28], [32], [33]

= (m 1 ) A R
P=—

2n DY
where Ag, 7, ¢, and O denote the area of PD, the path loss
exponent, the angle of irradiance, and the angle of arrival (AoA),
respectively. Here, m is the order of the Lambertian model and is

%. Kindly note that (2) gives the average

cos™ () cos(Or) Py (2)

givenby m = —
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received optical power from legitimate transmitter (Vehicle B)
at typical receiver (Vehicle A) with major line-of-sight (LOS)
component. It has been demonstrated by Zeng er al. [34] that
even the strongest diffuse component is at least 7-dB lower than
the weakest LOS component. Hence, only the LOS path is taken
into account for getting desired signal at typical receiver. The
aggregate interference from all the interferers at the receiver
can be given as sum of all the optical power received from N
interferers as

>

€ Wppp

(m + l)AR

I T Geleos 0P O

In the above-mentioned equation, a statistical fading process
is incorporated in the model which is given as a random variable
(). It represents multipath fading coefficient associated with
particular nth interferer. This randomness in channel is mainly
caused by multipath reflections from buildings, surrounding
environment, and other vehicles. The channel model for outdoor
VLC link can be formulated based on Poisson distribution of
location of vehicles. From Fig. 4, we can find euclidean distance
in terms of interlane spacing (L) and horizontal distance (x)

as cos(fr) = cos(¢) = T Hence, equation (3) can be
rewritten as
(m+1)Ag pmtl
Lyre = or et £ SR G
a:Gz‘P;PP 27T(L2 +$2>% (L2 +x2)T+

In order to evaluate the mean of interference power (Tyre),
the Campbell theorem? is applied to calculate the sum over a
homogeneous PPP

m(m+1)
Toce=Ea E | > jnogP T ()
x€Wppp ) 2
where 11 = M , E, is the expectation over the statistical

fading channel and E\prpp is the geometric expectation taken
over all possible realizations of the locations of interferers,
U = {21, 79,...} C R! with intensity, A. For our analysis, we
assume that each propagation channels have an independent
and identical (i.i.d) distribution and is independent from the
defined geometrical point process. With no loss of generality, it
is assumed that the average channel gain is unity, i.e., E[a] = 1,
and there exists sufficiently large number of interferers, thus (5)
can be further be simplified as

W (M)
Lyee = Z by T
x€Wppp ) 2
00 (m+1)
(b) T
= P, rdx
/0 M1t (L2 N x2) m+2'y+1

2Campbells theorem transforms an expectation taken over a random sum for
the point process (PP) to an integral involving the PP intensity function [22].
More specifically, for a homogeneous PPP Wppp with intensity A and a measur-
able function f : R? — R, the sum of f over the homogeneous PPP is given

by [22, Th. 4.6]
[Z e 1 = / f(a)d

x€Wppp
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() APepiy L (m + 2)T'(35H)0(22)
a 4 Lm+147)] (2 +;+ )
= 1K (6)

Py L2 (m+2)D( 40 (mE2
i DS Step (@) follows the

assumption that each V-VLC propagation channels have an i.i.d
distribution and is independent from defined geometrical point
process. The distance distribution (fx(x)) is assumed to be
Poisson distributed and thus step (b) follows from Campbell
theorem. Step (c) has been obtained using 3.241 [35].

In case of RF-based V2V, the interference at the receiver
assuming free space path loss propagation model can be given
as sum of all the power received from all the interferers as

where k’ =

Trr= Y PGiGlhy||L* + 2| 2. (7)
€ Wppp
Here, { = (4;)722]02; c is speed of light and f, is carrier fre-
0

quency. In the above expression, o, Gy, and G,. are the path
loss exponent, the antenna gains for transmitter and receiver,
respectively [36]. We assume that the received signal amplitude
in RF-based V2V channel follows Rayleigh probability distribu-
tion function (PDF). Given a RF link, fading gain (h,) is either
an exponential r.v. of unit mean in the case of Rayleigh fading,
or is set to 1 when no channel fading is considered.

Using similar steps (4)—(6) and assumptions as before, the
average interference (Zpr) at receiver for RF-based V2V can
be given in simplified form as

- ApRLUT2 /(e
Irr = T INE) . "
2
where o = %

Apart from interference in VLC-based V2V, there are other
major sources of noise, namely, thermal and shot noise. The total

noise variance (o2,,) can be expressed as

2 2 2
Ototal = T shot + O thermal (9)

where O’Shot and crtherma
and are given as [28]

, denote shot and thermal noise variances,

02 = 2¢R P, B, (10)
KgT,
CTt2hermal =4 < PB;L k) BS (11)

where R is the responsivity of the PD, e is the electron charge,
P, is the average optical power received from vehicle headlamp,
Kp is Boltzmann’s constant, T} is the absolute temperature in
Kelvin, and Ry, is load resistance given as 10 k2. In this article,
the optical receiver is assumed to be a nonimaging PIN PD,
which is equipped at the rear end of the vehicle. The PD can be
modeled using its effective collection area A R.¢r, which is given
as [37]

Co < <
AReﬁ:{ARCOS(QR), lfO_QR_\I/FOV (12)

0; 1f93 > Uroy

where Yoy denotes PD’s field of view (FOV).
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Coverage region

—Critical radius, r

4—Interference
region

Fig. 5. Reference scenario illustrating coverage and interference region using
VLC attocells. Here, R and D denotes radius of VLC attocell under coverage
region of desired vehicle and communication-range, respectively.

Typically, the received signal as well as the interference model
considers full FOV of 180° at the PD receiver which leads
to a worst-case bound on the interference. Nonetheless, for
a typical receiver, the received interference power as well as
the received signal power heavily depends on the FOV of the
receiver. Moreover, considering a full FOV of the PD assumes
that the interferers are always within the FOV of the desired
receiver, which may not be true and hence overestimate the total
interference for the given scenario. It can be inferred from (6) that
the radiation power received by the PD when PDs FoV is 180°
is indeed a worst-case scenario. In order to show the reduced
effect of interference and increase the communication range
from desired vehicle, we introduced the correction function,
C(0R) at the receiver, which implies that the interferers that
are located within PDs FOV will only be considered. Correction
function C (fr) can be expressed in terms of PDs FoV as

C(0g) = I; if0 < Og < Uroy

. (13)
0; if g > Wgoy.

The above scenario can be best visualized in the form of Fig. 5
which clearly depicts that reducing PD’s FOV can significantly
reduce the effect of interference caused by interferers from
other lane. Like small cell concept for indoor RF scenario, the
VLC attocell concept can be applied for outdoor scenarios as
well [38], [39]. In fact, the critical radius’® (r) of VLC attocell
for desired vehicle with communication range (D) can be de-
fined as the radius beyond which the effect of interference is
less pronounced (i.e., P, > Zyre). The critical radius can be
computed as

(m+1)
CORm+DAr D™ p o clopk (4)
2 D7 (D? + Tz)%
(14) can be rewritten as
(m +1)ArP, °D? ) *
-1 D (1
r<{[ D m+ 1) >>r. (15)

3The notion of critical radius in general contains the effect of PD’s FOV
variation.
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The average SINR for V-VLC at the receiver can be given as

(RP;)?

SINRy ¢ = ——r)
T + Tvce

(16)

where Zyrc represents noise due to interference from inter-
ferer [40]. The theoretical bit error rate (BER) of ON-OFF keying
(OOK) in an additive white Gaussian noise (AWGN) channel is
given as [2]

RP,
Voo + Tuce
The average SINR for V-RF at the receiver is given as [41]
b,
R

BER = Q(v/SINR) = Q (17)

SINRgp = (18)

where o2, denotes thermal noise power at RF receiver.

B. Cumulative Distribution Function of Interference

The cumulative distribution function of interference (Fr(x))
is defined as the probability that interference power is below
than a certain minimum threshold level. At the receiver, it is
indeed important that interference power should be as minimum
as possible for a signal to be decoded correctly.

In order to evaluate the statistical behavior of the interference,
we first obtain its characteristics function (CF) denoted as o7
and then evaluate its CDF denoted as F7 (). The CF of arandom
variable X is defined as E [¢/“X]. For the proposed scenario, the
characteristic function can be expressed as

pr(w)=E [ej”I]

m—+1
—E, E x

CCIE\I’ppp

exp(jw Z 11 Prag

miy+1 )
z€Wppp ) 2

(L2 + 22

xm+1
= E

x€Wppp

H E., exp(jwp Prag

Myl )
2€Wppp ) 2

(L2 + 2
19

The previous step comes from the fact that the channel fading
random variable () is assumed to be independent of the geo-
metrical stochastic process (Wppp). The probability generating
functional (PGFL)* for function f(z) for homogeneous PPP
over region of interest, R can be given as [22, Th. 4.9]

E| ] f@)

€ Wppp

— oxp (—,\ /R - f(x)]da:). (20)

#The PGFL can be visualized as an equivalent for point process of the moment
generating function or characteristic function (that provide an alternative de-
scription of random variables). It enables to compute the Laplace transform (LT)
of random variables of the form F' = Z XieUppp g(X;). Mathematically, LT
of such function can be given as

2(s)=E |exp(—s Y g(x)| =E | J] eo»

X, eV X, e¥
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Using (20), (19) can be rewritten as

pr(w) =

00 - " P m+1
exp | —E,, / 1 —exp W—tfw Adx | .
0 (L2 4+ 22)" =2
(21
The above integral can be numerically evaluated in order to
obtain the CDF using Gil-Pelaez’s inversion theorem [42]

1 1 /™1 )
Fr(x) == — 7/0 S [goz(w)e_j“”’] dw. (22)

2 7 w
For sake of simplicity, the interlane distance, L with respect
to the longitudinal stretch of the road is ignored. Without loss of
generality, we further simplify the above characteristic function
by setting the value of path loss exponent (7 = 2) and as there
is no channel fading in case of V-VLC, thus (21) reduces to a
simplified form as

| ,
or(w) = exp (—E [xr (1 - 7) (—janmawb
= exp (f\/fjwulptw)?) .
(23)

Equation (23) can be compared with a tractable Levy-
distribution having a CF and a CDF of the form

(o= =27e)

=

where 1 and c are the location parameter and the scale parameter,
respectively. By comparing (23) with (24), we can conclude that
the function follows a Levy distribution with CDF:

7T)\.2/,61P
FIVLC(‘T) =& ( 4It> .

pw)=ce

Fx(z) =& ( (24)

(25)

Using similar steps (18)—(24) and assumptions as before, the
expression for interference cumulative distribution function for
RF-based V2V can be given as

20 P,
A7l t). (26)

FIRF (‘T) =& ( A

The performance of proposed scenario has been evaluated in
terms of probability of successful transmission, Ps as perfor-
mance metric for three different traffic scenarios viz., dense,
medium, and sparse traffic scenario.

III. PROBABILITY OF SUCCESSFUL TRANSMISSION

For a given modulation and coding scheme (MCS), treating
interference as noise, say for instance, by using a simple linear
receiver, a well-accepted model for packetized transmissions is
considered successful if the SINR exceeds a certain threshold
(¢). The probability of successful transmission (P;) is formally
defined as the probability that SINR is greater than a certain
minimum threshold level. Its complement is outage probability.

IEEE SYSTEMS JOURNAL

The SINR can be given as
S

SINR= —————
Tivic,rry + 07

27)

where o2 denotes the noise variance. Accordingly, we formulate
the probability of successful packet transmission as

Py =P (SINR = ()
S
=P <I{VLC,RF} < I U?)

- (3-1)

Thus, the probability of successful packet transmission for
V-VLC can be given as

(28)

Ps =& (29)

For dense traffic scenario, interference becomes the limiting
performance factor rather than the noise variance and hence,
noise variance may be ignored. Hence, (29) reduces to

P =t ( WulPtc) |

4S8
We investigate the probability of successful packet transmis-
sion for V-RF communication on free-space propagation model
with no channel fading as well as Rayleigh-fading cases.

(30)

A. No Channel Fading With Path Loss Exponent, o« = 2

In case of no-channel fading, the presented framework of-
fers a closed-form expression of probability of successful
transmission® which is given as

pszgc< /AZP<>

B. Rayleigh Fading Case

(€29

In this case, we consider a higher path-loss exponent and
Rayleigh fading on the interfering signals as worst-case scenario
of the multipath-induced random fluctuations in the received
power. The probability of successful transmission (Ps) can be
given as

Py (S exp R S (32)
s Inr \ p.G,G 4D P.G,GtD“

where .Z(.) stands for Laplace transform which is given as

¢ B 1T T
Zine (PthGTEDa - eXp( MO=DT esc (a))
(33)
Proof: Please refer to the Appendix.

3The expression has been derived in same way as discussed before for V-VLC
scenario.
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TABLE I —~-38 ; T ; T T T 60 €
SYSTEM MODEL PARAMETERS aEJ Dense Traffic Medium Traffic Sparse Traffic %
2 40} Scenario Scenario Scenario =
= [
Parameter Symbol Value “;’ —+*—-45dBm 165 2
= - 3 4ol —=—-74.37 dBm °
Lambertian Order m 2,4 and 6 o . o
- - > ° N —6—-77.14 dBm [0)
PD active detection area Aqg 1.2 mm S — 5 .80.08 dBm e
Transmission power for RF P 33 dBm [34] o T 1.70 g
Transmission power for VLC | P 36.5 dBm % S 5
Ca - . -
Responsivity of the PD R 0.54 A/W [2] € T <
Electronic charge e 1.6 x 10°19 C 5. T | 75 %
Noise variance o2 -99 dBm g . offe o s
Boltzmann’s constant Kp 1.38 x 10-23 > - —s 1 2
g 3 Ho o . 2| >
LA 5 FOv=53°, 28° - T ——s 1l
Absolute temperature Ty 298° K § 52 ! 1_40 ’ e | &
System Bandwidth B 2 Mz [2] ks an Ve g
Transmitter antenna gain Gy 3dBi & sl | | | | | | o5 Q
Receiver antenna gain Gr 3dBi 10 20 30 40 50 60 70 80 90 106 =
Visibility parameter light fog | V 0.1 km Inverse congestion parameter [s=1/A] [meters]
Visibility parameter dense fog | V 0.05 km
Attenuation coefficient under | f 39.4 dB/km Fig. 7. Mean interference variation with inverse congestion parameter for V-
light fog . [45] RF communication (o = 2) and V-VLC with Lambertian Order, M = 4 with
Attenuation coefficient under | (3 78.8 dB/km different FOV of receiver (53°, 28°, and 14°).
dense fog [45]
Attenuation coefficient un- | Barysnow 131 dB/km [45]
der dry snow (snow rate=10
/h . . . .
muv/hr) : beam has lower impact on the desired communication link be-
Inter-lane spacing L 10 m . . . .
tween Vehicle A and B as compared to vehicles with wider beam.
40 ' ' ' ' ' ' For our analysis, the average optical transmit power is taken to be
E 36.5 dBm for a typical Toyota Corolla Altis headlamp module.
o 42F Dense Traffic Medium Traffic Sparse Traffic S o s .
= Scenario Scehario Scbnario The transmission power for V-RF communication is taken to be
n%_ 4ar il 33 dBm which is maximum allowable transmission power given
Q -46 1 by federal communications commission (FCC) [44]. The impact
= 4 . . .
© 4 vy i of reducing the FOV of the receiver on the level of interference
T . . .
g % T aaem ] experienced at the typical receiver can be well observed from
< Fig. 7. The mean interference value for V-VLC with Lambertian
§ g
@ -52 ~e__ q 6 . .
= order® m = 4 when space headway between vehicles is 50 m
o . .,
S 4 ambertian order, are —74.37, —77.14, and —80.08 dBm with receiver’s FOV of
% -56 | m=2, 4 and 6 53°,28°, and 14°, respectively. The mean interference for V-RF
o 581 ] communication when space headway between interferer is 50 m
- .
> I I I I I ; is —45 dBm.

o2}
=}

o

20 30 40 50 60 70 80 90 100
Inverse congestion parameter [s=1/)] [meters]

Fig. 6. Mean interference variation with inverse congestion parameter for V-
VLC with Lambertian Order, M = 2, 4, and 6 when the FOV of receiver is
180°.

IV. SIMULATION RESULTS AND ANALYSIS

The system model parameters used in the analysis are summa-
rized in Table I. Based on (6) and (8), it can be noted that the mean
interference value for both V-VLC and V-RF communication
varies linearly with congestion parameter (A). In traffic flow
theory, space headway (s) is defined as horizontal distance
between vehicles (in metres). The space headway is related to
congestion parameter as s = % [43]. Hence, space headway can
also be referred as inverse congestion parameter.

It can be noted from Fig. 6 that with space headway of
50 m (medium traffic scenario), the mean interference value for
V-VLC with Lambertian order m = 2, 4, and 6 are —52.6, —54.2,
and —55.5 dBm, respectively. Further, with increasing value of
Lambertian order, m from 2 to 6, the interference power for
V-VLC decreases indicating that the vehicles with narrower light
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Fig. 8 shows modified OEM headlamp optical radiation pat-
tern with receiver height of 0.7 m with interference under worst-
case scenario (FOV of receiver = 180°) and space headway
between interferers is 20 m. The average received optical power
at a distance of 100 m from transmitter degrades by 10 dB
as compared to radiation pattern observed without considering
the impact of interference. Fig. 9 shows the impact of various
environmental deterrents on OEM headlamp optical radiation
pattern based on [17] and [46]. Table IT shows the impact of in-
terference as well as various environmental deterrents on average
received optical power with receiver height of 0.7 m at a distance
of 100 m from location of headlamp. As compared to normal
atmospheric conditions, the optical power loss’ at a distance of
100 m from transmitter under dry snow condition reduces by
23 dB taking into consideration the effect of interference as well
as the environmental deterrent.

9The Lambertian order m = 4 best describes the closest approximation of
vehicle radiation pattern and thus has been chosen for our analysis.

"Power loss has been calculated with respect to average optical power received
at a distance of 100 m from transmitter without taking into consideration the
impact of interference and environmental deterrents.
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TABLE II
AVERAGE RECEIVED OPTICAL POWER FOR V-VLC IN PRESENCE OF
INTERFERENCE WHEN SPACE HEADWAY BETWEEN INTERFERER
1S 20 m UNDER DIFFERENT ENVIRONMENTAL DETERRENTS

| Received Optical power (dBn;'),J
100 L! -

90 - AT A DISTANCE OF 100 m FROM TRANSMITTER

80 S.No V2V Received power Power loss (dB)
E - " o Communication (dBm)
~ - -
8 1 V-VLC under r}ormal 65 dBm 10 dB
g 60 atmosphenc.
ﬁ - 5 V-VLC gjgder light 69 dBm 14 dB
5
-~ 50 A
8 3 V-VLC gger dense 73 dBm 18 dB
[}
= 40 -60 A
3 4 Vv VLcsn‘f;fer dry 78 dBm 23 dB

30

-70 |
20 R
3
10 .80 0.9,

-10 -5 0 5 10
Longitudinal distance (m)

o
o

o
3

Fig. 8.  OEM headlamp optical radiation pattern with receiver height of 0.7 m
with interference under worst-case scenario when space headway between
interferers is 20 m.

o
=2}

—=—V-RF with no channel fading
——V-RF with fading (a=2)
V-RF with fading (a=4)
—4—V-VLC under normal atmospheric condition
—&—V-VLC under light fog (V=0.1 Km)

o
3

8

Recieved Optical Power (dBm) 2

I
IS

Probability of successful transmission, P

90 —4—V-VLC under dense fog (V=0.05 Km
03 —*—V-VLC under dry snow (snow rate=10 mm/hr)| |

80 65 -60 -55 -50
- = Threshold Power, ¢ (dBm
&7 &y ¢ (dBm)
3 g
S 60 S 60 Fig.10.  Probability of successful transmission over a range of threshold power
g g for sparse traffic scenario when inverse congestion parameter is 50 m.
= 50 - 5

i

§ :
w 40 w® 40
~ ~ 1

w
S
S

-10 -5 0 5 10
Longitudinal Distance (m) Longitudinal Distance (m)
(a) (b)

Recieved Optical Power (dBm)
20

04

—a—V-RF with no channel fading

0.3|—+—V-RF with fading (a=2)

V-RF with fading (a=4)

0.2 —4—V-VLC under normal atmospheric condition
~—&—V-VLC under light fog (V=0.1 Km)

0. —4—V-VLC under dense fog (V=0.05 Km

0 —*—V-VLC under dry snow (snow rate=10 mm/hr) |

-65 -60 -55 -50
Threshold Power, ¢ (dBm)

Probability of successful transmission, P

Fig.11.  Probability of successful transmission over a range of threshold power
for medium traffic scenario when inverse congestion parameter is 20 m.

Lateral Distance (m)

Figs. 10-12 show probability of successful transmission vari-

B DR ) ation over a range of threshold power for V-RF and V-VLC

© under various environmental deterrents for three different traffic

scenarios viz., sparse, medium, and dense traffic. It can be

Flg. 9 OEM headlamp optical radiation pattern.wuh recen{er height of 0‘.7 m  ghserved that irrespective of traffic scenario, the probability of
with interference when space headway between interferers is 20 m. (a) Light . L.

fog (V=0.1 Km). (b) Dense fog (V=0.05 Km). (¢) Dry snow condition (snow successful transmission for V-VLC communication under nor-

rate=10 Mm/hr). mal atmospheric condition outperforms V-RF communication

-10 -5 0 5 10
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s

0.3 |—=—V-RF with no channel fading
—*—V-RF with fading (a=2)
0.2|  V-RF with fading (a=4)
—4—V-VLC under normal atmospheric condition

0.1 V-VLC under light fog (V=0.1 Km)

" |=A—V-VLC under dense fog (V=0.05 Km L

0 —*—V-VLC under dry snow (snow rate=10 mm/hr) | N

-65 -60 -55 -50
Threshold Power, ¢ (dBm)

Probability of successful transmission, P

Fig.12.  Probability of successful transmission over a range of threshold power
for dense traffic scenario when inverse congestion parameter is 12.5 m.
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—*—V-VLC under dry snow (snow rate=10mm/hr)
V-VLC under light fog (V=0.1 Km)
—4—V-VLC under dense fog (V=0.05 Km)
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Fig. 13.  Comparison for probability of error, p. variation with inverse con-

gestion parameter for V-RF and V-VLC when distance between vehicle A and
B for VLC and RF is assumed to be 35 m.

for a given threshold power. However, it is also worth noting here
that for a given threshold power, V-RF communication under
no fading conditions outperforms V-VLC when environmental
deterrents such as light fog, dense, and dry snow conditions are
considered. Interestingly, the performance of V-VLC under light
fog condition is comparatively better than the performance of V-
RF communication under Rayleigh fading conditions with path
loss exponent, « of 2 or 4. With threshold power of —65 dBm,
the performance of V-VLC under dry snow condition falls by
40% as compared to normal weather conditions under dense
traffic scenario when inverse congestion parameter is 12.5 m.
This is primarily due to high attenuation in the average optical
power received under dry snow condition. Kindly note that
the proposed article does not take into account scheduling for
vehicular transmission, which indeed resulted in lower prob-
ability of successful transmission for some curves, especially
dense traffic scenario. The benefit of employing various MAC
protocols in order to facilitate scheduled vehicular transmission
will be considered as a subject of future work.
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TABLE III
PERFORMANCE OF V-RF COMMUNICATION AND V-VLC UNDER DIFFERENT
ENVIRONMENTAL DETERRENTS IN PRESENCE OF INTERFERENCE WITH
BER OF 1 x 10~3 ASs PERFORMANCE BENCHMARK

Vav Dense Medium Sparse
S.No. s Traffic Traffic Traffic
Communication . . .
scenario scenario scenario
V-VLC under
1 normal v v v
atmospheric
V-RF
2 communication X v v
(a=2)
V-RF
3 communication X X v
(a=4)
V-VLC under
4 light fog x * v
5 V-(YLC under X X X
ense fog
6 V—(;/L(; under X X X
ry snow

Based on empirical calculations using (10) and (11), the shot
noise due to received optical power and thermal noise when
distance between Vehicle A and Vehicle B is 35 m can be found
to be —187 and — 145 dBm, respectively. The mean interference
for VLC-based V2V with Lambertian order, m = 4 is —68 dBm
when space headway between interferers is 100 m (sparse traf-
fic). Hence, for the proposed scenario, the thermal noise and
shot noise may be neglected as compared to mean interference
experienced from interferers (Zy ¢ >> o2,,;) which is the only
major source that severely impacts the performance of V-VLC.
Fig. 13 gives a comparison for probability of error (P, ) variation
with inverse congestion parameter for V-RF and V-VLC when
distance between Vehicle A and B for VLC as well as RF
scenario is assumed to be 35 m.

With BER threshold of 1 x 1072 as a performance bench-
mark, V-VLC under normal atmospheric condition typically
supports vehicular density upto 29 vehicles/km, while V-RF
communication can support only 16 vehicles/km.

Further, it can be inferred from Table III that V-VLC under
normal atmospheric conditions can support dense traffic sce-
nario, while V-RF communication serves as better alternative op-
tion for communication under different environmental deterrents
such as light fog, dense fog, and dry snow conditions supporting
medium as well as sparse traffic scenario. It is worth noting
here that V-VLC can be more reliable option over V-RF for
dense traffic scenario under different environmental deterrents
by employing various scheduling-based MAC protocols which
are a part of future scope of this article.

V. CONCLUSION

The proposed article characterized various aspects of stochas-
tic behavior of interference by modeling location of road vehi-
cles as a spatial PPP. This article is also precise in terms of
capturing the impact of reducing FOV of receiver on the level
of interference experienced from interferers. The performance
of conventional V-RF and V-VLC under various environmental
deterrents viz., light fog, dense fog, and dry snow conditions
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has been investigated and evaluated in terms of probability of
successful transmission as a performance metric. We have also
illustrated OEM headlamp illumination patterns in presence of
interference under above environmental deterrents. Irrespective
of any traffic scenario, the performance of V-VLC communi-
cation under normal atmospheric condition always outperforms
V-RF communication. However, the performance of V-RF com-
munication is comparatively better than V-VLC under various
environmental deterrents. The proposed result motivates the
benefit of employing RF-based or VLC-based V2V communica-
tion which can cater for different environmental deterrents, thus
serving as a better alternative option to meet diverse application
needs for future intelligent transportation system.

APPENDIX

The probability of successful transmission for V-RF commu-
nication with Rayleigh fading can be computed as

P, =P(SINR > ()

(PthGrfth_a - C)
Irp + o}

_ ¢ >
=K., |:P (hm > PthGT[D*a(IRF—’—Ut)

= exp _L E exp(_ai)
P.G,G D« ) “1nr P.G,G D«

— @ N S ex 7L
e \ ' pG,GaD—< ) “P\ " BG,G.iD<
34)

where .Z(.) stands for Laplace transform which is given as
Z1nr(s) = Elexp(—slrr]

=E H exp(—sPGG-lh,||z||)

OF [TEn. {exp(—sP.G G lhy||z|| )}

1
H 1+ SPthGT€||£C||7a

x

® exp (—A /OO ! da:)
0 ].+H$||a/5pthGr€

(c) 1 [
2 —AMsPGGO)s [ ——
exp ( (sP,GG..0) /0 500 dv)

exp (—X(sPthGrﬁ)% g csc(g)) .

(35)

Here, step (a) holds due to independence of fading coefficients
h, and assumes L << x. Step (b) uses the definition of
PGFL for PPP, and step (c) involves the change of variable

|z|l/(sP.GyG,1)= — v. Substituting s = 55— yields

IEEE SYSTEMS JOURNAL

the desired result

Lo (PthG’grlDa> = exp (—)\(Q)éDg csce (g)) .
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