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Abstract

In order to provide vehicles with reliable, ubiquitous, and massive con-
nectivity, an appropriate multiple access (MA) scheme should be adopted.
An appealing MA scheme referred to as non-orthogonal multiple access
(NOMA) has been gaining significant attention in vehicular networks among
academia and industry. This work aims to show the technical feasibility
of uplink vehicular-VLC system (V-VLC) using OPD-NOMA, which is a
promising technique for future intelligent transportation system which has
not been explored before. We aim to present a comprehensive qualitative
and quantitative analysis on the performance of Optical Power Domain-
NOMA (OPD-NOMA) based Vehicular Visible Light Communication (V-
VLC) systems. In particular, we aim for designing V-VLC systems with
robust information exchange over various weather conditions such as rain,
light fog, dense fog, dry snow, etc. We make use of various analytical tools
of stochastic geometry to derive theoretical expression for outage probability
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and throughput by modelling the location of the vehicle as a spatial Poisson
point process. We compare the performance of OPD-NOMA based V-VLC
with Vehicular Radio Frequency (V-RF) communication for three different
traffic scenarios (i.e., sparse, medium, and dense traffic) in terms of outage
probability and throughput. Our numerical results reveal that instead of view-
ing V-VLC as competing technology, it can be visualized as complementary
technology to V-RF technology under different environmental conditions for
future Intelligent Transportation System (ITS) to meet diverse requirements
of 5G networks and beyond.

Keywords: RF Spectrum, Radio Frequency, Road Side Unit.

1 Introduction

According to global status report on road safety, 2018 issued by World
Health Organization (WHO), the number of annual road traffic deaths has
reached 1.35 million. To address this global issue, various intelligent trans-
portation system (ITS) applications could be adopted to prevent and reduce
road accidents by improving Cooperative Awareness Messages (CAMs) or
Basic Safety Messages (BSMs) dissemination. Currently, the exchange of
CAMs/BSMs among moving vehicles (V2V) and roadside infrastructure
(V2I) primarily utilize traditional Radio Frequency (RF) based V2X tech-
nology. However, in relation to meet the growing demands for future ITS, the
currently used RF spectrum is insufficient. Further, conventional RF based
vehicular networking tends to become incompetent in dense traffic scenarios
as it may suffer from higher interference, longer communication delays, and
lower Packet Reception Probability (PRP) when hundreds of vehicles located
in the same vicinity try to communicate simultaneously.

Against this background, Visible Light Communication (VLC) offers
an economically viable solution to implement Vehicle-to-everything (V2X)
communications. Vehicular-Visible Light Communication (V-VLC) pro-
vides optical communication among vehicles using low-cost Light-Emitting
Diodes (LEDs) and photo diodes. The use of optical bands complementary
to RF may relieve the problems caused by spectrum crunch in RF-based
wireless communication [1]. Unlike RF based wireless communication, a
critical research issue in the deployment of V-VLC is how to provide robust
information exchange under adverse attenuating weather conditions such as
light fog, dense fog, rain, dry snow, and wet snow [2]. The impact of weather
condition has received insufficient attention in literature so far.
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In order to handle next generation vehicular network requirements sup-
porting reliable massive connectivity and reduced resource collision, an
appropriate multiple access (MA) scheme should be adopted. Recently, Non-
Orthogonal Multiple Access (NOMA) scheme is emerging as a favourable
multiple access scheme for next generation cellular networks. Compared to
other multiple access techniques, NOMA provides higher spectral efficiency,
better connectivity, user fairness, reduced latency and enhanced data rates
which makes it a viable candidate for future development of vehicular com-
munication systems [3]. NOMA allows multiple users to share the same
channel resource via power domain or code domain multiplexing. Authors
in [4] introduced NOMA techniques in power and code domains for LTE-
based vehicular networks to support reduced resource collision and massive
connectivity. Power domain NOMA allocates considerably higher power to
the vehicle with worse channel conditions, which improve system throughput
and fairness.

Apart from its applications in conventional RF based communications,
the performance of Optical Power Domain-NOMA (OPD-NOMA) based
VLC systems has been widely investigated in [5-9]. PD-NOMA [10] mul-
tiplexes the users in power domain and applies the iteration-based Successive
Interference Cancellation (SIC) to detect multiple signal streams at the
receiver [11, 12]. Authors in [12] have shown that PD-NOMA is capable
of improving the resource utilization efficiency in both uplink and downlink
channels.

To quantify the impact of weather conditions on the performance of
OPD NOMA based V-VLC and V-RF communication, we make use of
various analytical tools of stochastic geometry. Stochastic geometry [13, 14]
can be used to characterize the randomness in the positions of vehicles.
It is indeed a powerful tool for random interference modeling and perfor-
mance analysis, with applications in numerous types of vehicular adhoc
networks (VANET) [15]. The work in [16, 17] applies stochastic geometry
in VANET to determine the average successful transmission rate assuming
that road vehicles are spatially distributed according to a linear Poisson point
process (PPP).

To the best of authors’ knowledge, there has been no previous works
on PD-NOMA based V-VLC systems to evaluate the reliability of packet
transmission using stochastic geometry. We aim to present a comprehensive
qualitative and quantitative analysis on the performance of PD-NOMA based
V-VLC in presence of adverse weather conditions. We make use of various
analytical tools of stochastic geometry. We compare the performance of
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PD-NOMA based V-VLC for three different traffic scenarios (i.e., sparse,
medium, dense traffic) in terms of outage probability and throughput as
a performance metric under different weather conditions, e.g., light fog,
dense fog, dry snow and rain. Our numerical results show that V-VLC with
OPD-NOMA technique under normal atmospheric condition provides a more
reliable option for dense traffic scenarios. While, V-RF communication is
rather more suitable option for vehicular communication as compared to
V-VLC under dense fog or dry snow conditions.

The organization of the paper is as follows: Section 2 presents the system
model and various assumptions made for our analysis. We derive the theoret-
ical expression of outage probability and throughput using tools of stochastic
geometry in Section 3. In Section 4, the numerical results and discussion are
provided with useful insights. Finally, concluding remarks and future scope
of current work are given in Section 5.

2 System Model
2.1 Network Model

For sake of analysis, we consider uni-directional traffic stream wherein either
VLC or RF uplink exists between vehicles and Road Side Unit (RSU)
(mounted on LED traffic lamp) as depicted in Figure 1. The space headway
(s) denotes inter-vehicular distance between vehicles. In traffic flow theory,
it is also defined as reciprocal of vehicular density, A. The vehicular density,
A denotes the number of vehicles per lane per km. We consider the existence

Backhaul
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oD FSpac
LED Traffic Light headuay
Figure 1 System model consisting of uni-directional traffic stream. The transmitting vehicle

of interest can be at any location, while LED traffic light acts as target receiver. It is assumed
that only proportion of vehicles, g transmits concurrently and causes interference.
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of a central information center (CIC) that collects and keeps track of the
necessary information (such as location and speed of vehicle, road condition,
BSMs dissemination etc) about the on road vehicles. The communication
between LED Traffic light and CIC is established via back-haul connectivity
and to vehicles through free-space wireless transmission over the light sig-
nals. At a given time instant, we assume there is a fraction ¢ of vehicles that
are active, which means they are transmitting, and a fraction 1 — g of vehicles
that are non-active, which means they are potentially receiving signals from
LED Traffic light or does not have any information to transmit. We further
assume that the probability of any vehicle being active is independent of
all the other vehicles. This approach results in a Poisson process of active
transmitting vehicles with density pA. We incorporate complete randomness
in the location of vehicles in each lane by modelling it as a one-dimensional
homogeneous PPP, ¥ ppp with vehicular density, A. The received signal at
RSU from N transmitting vehicles can be given as

N
y=> hsp+n, (D
k=1

where hj denotes the channel gain associated with vehicle-k, n denotes the
additive white Gaussian noise (AWGN) with a zero mean and variance a,%.
We assume that there is a perfect interference cancellation through SIC at the
receiver.

2.2 Channel Model for VLC and RF

For a VLC system, the direct current (DC) gain of a VLC channel is expressed
by [18]
(m+1Ar

h. =
k QWD;/

cos™ () cos(Vp)Ts (V) g(Pg), ()
where, AR, ¢, and ¥}, denote the area of PD, the angle of irradiance and the
angle of arrival (AoA) respectively. Ts(U}) denotes gain of the optical filter
at the receiver; g(Uy) denotes the gain of optical concentrator at the receiver
front-end which is given as

n2

ERCE A if 0 < ¢ < Yrov,
g(¥y) = ¢ s ¥rovy 3)

0; if ¢, > Yrov,
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where n denotes the refractive index of the optical concentrator; and Dy
denotes the Euclidean distance between the k' vehicle and RSU. Here, m is
the order of the Lambertian model and is given by m = —%. Given
a RF link, fading gain (hy) is an exponential random variable (r.v.) of unit

mean in the case of Rayleigh fading.

2.3 Power Allocation Strategy and Practical Challenges

For transmitting information in power domain, recognising that V;—1 o, has
worse channel conditions, PD-NOMA allocates a greater amount of power
Pi—1 2, .n to that vehicle. A lower power (for instance, P» < P) is allocated
to V; (here, V5) with higher channel gain. The overall transmit power F; is
divided among vehicles based on power allocation strategy and channel state
condition as follows

P =& B,
Py, =& P,

Z& =1
i—1

where P; denotes transmission power and &; represents the power allocation
coefficient associated with vehicle-:.

Such non-uniform transmit power allocation strategy adopted among
vehicles is critical for designing a practical V-VLC or V-RF system. Sev-
eral open issues such as power imbalance and maintaining fairness among
vehicles need to be addressed carefully before practical deployment of PD-
NOMA to vehicular communication systems. In order to ensure practical fea-
sibility of proposed scenario, we assume that each vehicle is allocated power
more than certain minimum threshold power which can suffice illumination
as well as communication constraint.

4

3 Performance Analysis
3.1 Outage Probability

We characterize the performance of the VLC based vehicular communication
in the presence of the aggregate interference and AWGN in terms of outage
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probability as a performance metric. An outage occurs when the SINR falls
below a given SINR threshold, 8 [19]. Mathematically,

Pout,VLC(ﬁ) = P(‘SINR < ﬁ)v

S &)
_P<I+ 2<”B)

Based on simple geometrical argument, one can find cos(¢) = cos(y)) =
for given system model. Here, i denotes the height of RSU. The

dehs21red signal power S and interference Z can be defined as
D2(m+1)
S= k(h2 T Dz)(m+v+1)€PVLC
(m+1) (©)
T= Z k h2 + .Z' (m—‘r’y-‘rl) ( g)PVLC’

=1

2
Here k = (%TAWGW)) . In above, Py ¢ and D denote the

transmission power for V-VLC and distance between legitimate vehicle and
RSU respectively. The electrical SINR can be represented as:

1
SINR=—7——7 (7)
kZ.§Pyrc o
where, ag = ’“Z‘)i_# and Z, = MD;()%. By definition of outage
probability,
T 1 1
Pt =Pl 77—+ —> = 8
out <k‘Zo€PVLc a0 5) ®)
We define random variable W as:
7z 1
W=t ©)

kZ,{Pyrc o

Hence, Equation (8) can be rewritten as

Popvic(B) =PW > p 1) =1-Fy (7). (10)
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In general, it is quite difficult to obtain a closed-form solution for
Fy(871). Hence, we make use of numerical inversion of Laplace transform
to find CDF, Fyy(8~!). The CDF of a random variable W is related to the
Laplace transform of Fyy (w) as

1 c+j00
Fy(w) = 2717/ Ly (w) exp(sw)ds. (11)
c—joo

where j denotes imaginary unit (1/—1). The above integral can be discretized
to get a series using the trapezoid rule and then the infinite series can
be truncated to get a finite sum using the Euler summation [20]. Also,

Ly (w)(8) = EWT(S) Moreover, (10) can be approximated as
27 B exp 4
Pout,VLC(ﬁ) ~1- %
B C+b
B (=1, [Zw(s)
. 12
EQE ) o

where D, = 2 (ifc=0)and D, = 1 (ifc = 1,2,3,.. ) and s = M;;%El’rc).The
estimation error is controlled by three parameters A, B and C'. Using the well
established result given in [20,21], in order to achieve an estimation accuracy
of 1077 (i.e., having the (1 — 1)th decimal correct), A, B and C' have to be at
least equal to nIn10, 1.243n—1, and 1.4677), respectively. Setting A = 8In10,
B =11, C = 14 achieves stable numerical inversion with an estimation error
of 1075.

Using the definition of the Laplace transform of the probability distribu-
tion of a random variable,

7 1
Lw(s)=Ez {exp (—s (kZo§PVLC + ao))}
) S sT
=K, {exp (Oéo) exp </€ZO§PVLC>} (13)

g)Zil‘?(m—H)
- P ( ) {He P ( Zo€(h2 + a2)(mFy 1)

The expectation in Equation (13) can be solved using probability gener-
ating functional Laplace (PGFL) defined for a homogeneous Poisson point
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process [19, Th 4.9].
N 2(m+1)
1-87Z;x;
E, Hexp _s(1=9 2%
paley Zo&(h? + x2)(mty+1)

o s(1— §)Z:1;?(m+1)
_QA/O <1 TP <_ Z,&(h? 4 x2)(mty+1) de|.
(14)

= exp

Regarding RF based vehicular communication, assuming free space path
loss propagation model the interference at the receiver can be given as sum
of all the power received from NN interferers as:

Ipp =Y PrrGiGylhy||h? + 27|72, (15)
z€Qppp
where ¢ = ﬁ. In above expression, Prp, a, Gy and G, are the

transmission power for V-RF, the path loss exponent, the antenna gains for
transmitter and receiver respectively [22]. The outage probability (F,,:) in
case of RF based vehicular communication can be given as

Pout,RF(C) =1- PS(C) (16)
The probability of successful transmission, Ps(¢) can be calculated as
Ps(¢) = P(SINR > (),
PrrGiGylh, D™
_p (f rFGt - C) ’

Irp + 02

¢ 2
—E, |P(h, I ,
frr [ <h ~ §PRFGtGT€D_a( rE +07)

_ <U2 (17)
- <_ gPRFGtGTED—a>

((IrF) )] 7

X ]EIRF |:eXp(_§PRFGtGr£D_a

=exp | — Co® Z ¢
EPrrGyGUD~ ) TR \ €PppGLG D
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where, .Z(.) stands for Laplace transform which is given as' [23]

Finr <§PRFGtGr€D—Oé> = &Xp (‘Q/\(f)aDa csc <a>) .
(18)

3.2 Spatial Throughput

The spatial throughput is an outage-based metric. The probability of suc-
cessful transmission can be viewed as a throughput metric for a particular
link. The throughput is defined as the product of the probabilistic spatial
throughput and the rate of transmission, assuming that capacity-achieving
codes are used. Mathematically,

T (0) = oA (1 — Poyut)loga(1 + ) Bs.

4 Numerical Results and Discussion

In this section, we present numerical results that substantiate our theoretical
findings. The system parameters for V-VLC and V-RF communication have
been summarized in Table 1.

The cumulative effect of traffic intensity, A and power allocation fac-
tor, £ for PD-NOMA V-VLC can be observed from Figure 2. The outage
performance improves significantly with increasing space headway between
vehicles and power allocation factor. The outage probability, P,,; is higher
for high traffic density scenario. For such a high traffic density scenario,
PD NOMA (¢ = 0.8) based V-VLC under normal atmospheric condition
provides packet reception probability of around 84% and seems a more
reliable option for communication among vehicles as compared to V-RF com-
munication. The decrease in average received optical power under various
weather conditions becomes more severe such that V-RF becomes a more
reliable option for communication among vehicles as compared to V-VLC,
especially under dense fog or dry snow condition. For ease of visualization
and validation, the analytical results for PD-NOMA based V-RF and V-VLC
under various weather conditions has been shown in Figure 3.

Figure 3 shows analytical outage results for PD-NOMA based V-RF and
V-VLC under various weather conditions for three different traffic scenario.

!The closed form expression was obtained based on assumption that height of traffic lamp
can be ignored as compared to distance between legitimate vehicle and traffic lamp i.e h<<x
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Table 1 System model parameters

373

Parameter Symbol Value
Lambertian Order m 2

PD active detection area Ar 1 em?

PD’s field of view (FOV) Wrov 53°,28°,14°
LED semi-angle P 1 70°
Transmission power for V-VLC Pvrc 36.5 dBm
Transmission power for V-RF Prr 23 dBm
Responsivity of the PD R 0.54 A/W [2]
Absolute temperature Tk 298° K
System Bandwidth Bs 20 MHz
Optical filter gain Ts(¥y) 1
Refractive index n 1.5

Power allocation coefficient ¢ 0.5-0.9
Height of RSU h 10 m
Attenuation coefficient under dense fog (V = 0.05 km) 153 78.8 dB/Km [24,25]
Attenuation coefficient under light fog (V = 0.1 km) 153 39.4 dB/Km [24,25]
Attenuation coefficient under rain (rain rate = 90 mm/hr) Brain 21.9 dB/Km [24]
Attenuation under dry snow (snow rate = 10 mm/hr) Bsnow 131 dB/Km [24]

o o o
£ o (-]
| 1

Outage Probability, Pom
e
N
|

v
/
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X
c\© 0.1
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0.4 \oc?®
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Figure 2 3D surface plot for outage probability as a function of space headway and power
allocation factor, : V-VLC under normal atmospheric condition.
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Figure3 Outage performance of PD-NOMA based V-RF and V-VLC under various weather
attenuating conditions for three different traffic scenario.
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Figure 4 Throughput variation against space headway for PD NOMA based V-RF and V-
VLC under various weather attenuating conditions.

Here, power allocation factor, £ and communication distance between legit-
imate vehicle and RSU, D are kept to be 0.8 and 100 m respectively. With
outage probability of below 10% as a performance benchmark, V-VLC under
normal atmospheric condition, rain and light fog condition has a potential
benefit over conventional V-RF communication supporting dense traffic sce-
nario. However, it is worth mentioning here that V-RF can be a more reliable
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option for vehicular communication supporting medium traffic scenario as
compared to V-VLC under dense fog or dry snow condition, ensuring outage
probability of less than 10% for a particular link.

In Figure 4, we plot the throughput with respect to vehicular density, A
for PD-NOMA based V-RF and V-VLC under various weather attenuating
conditions. Here, power allocation factor, £ and communication distance
between legitimate vehicle and RSU, D are kept to be 0.8 and 100 m respec-
tively. It should be noted here that the throughput first rises (due to more
active transmitting vehicles) and then decreases (overwhelming amount of
interference) with increase in vehicular density, A. Therefore, there also exists
an optimal vehicular density that maximizes the overall system throughput.
In addition, the maximum throughput can be achieved for V-VLC under
normal atmospheric condition. While, V-RF communication achieves higher
throughput as compared to V-VLC under dense fog or dry snow conditions.

5 Concluding Remarks

The proposed work shows the potential benefit of employing VLC for vehic-
ular communication over conventional V-RF under unfavourable weather
conditions. The presented framework also show the limitation of V-VLC
under dense fog or dry snow conditions over V-RF communication. Our
numerical results show that V-VLC may be visualized as a complementary
technology to V-RF technology under adverse weather conditions to meet
diverse requirements for future ITS.

It may be noted that the proposed work is just a preliminary step to
understand the performance of PD-NOMA based V-RF and V-VLC under
adverse weather conditions. Several open research challenges such as power
imbalance among vehicles, impact of channel symmetry, power allocation
techniques under feedback delay, synchronization in a high-mobility sce-
nario, non linear distortion in OPD-NOMA, co-existence of V-VLC and
V-RE, etc still needs to be explored. We hope that this comparative analysis
may serve as a valuable resource for future invention and development of
VLC based vehicular networks.
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