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ABSTRACT

Vehicle-to-everything (V2X) communication aims to achieve significantly improved safety and
traffic efficiency, more particularly at road intersection where high percentage of accidents usually
occur. The existing vehicular radio frequency (V-RF) based V2X utilizes relaying for improving
safety message dissemination at road intersections. For a high traffic density scenario, the V-RF
communication with relaying solution may suffer from large latency and low packet delivery rates
due to channel congestion. In this paper, we explore cooperative non-orthogonal multiple access
(NOMA) communication assisted hybrid vehicular visible light communication (V-VLC) and V-
RF communication for improving safety message dissemination and enabling massive connectivity
among vehicles for road intersection scenarios. We develop a stochastic geometry based analytical
framework to model cooperative NOMA (C-NOMA) transmissions subject to interference imposed
by other vehicles on roads. We also examine the impact of vehicles headlights radiation pattern viz.
Lambertian and empirical path loss models on statistical characterization of the proposed C-NOMA
supported hybrid solution. Our numerical findings reveal that C-NOMA assisted hybrid V-VLC/V-
RF system leads to considerable improvement in outage performance and average achievable rate
as compared to traditional V-RF solution with relaying. Interestingly, Lambertian model offers a
lower outage and higher average achievable rate compared to the empirical model for the proposed
hybrid solution. Further, we observe the performance improvement using maximal ratio combining
(MRC) considering NOMA transmission for the proposed hybrid solution. The presented framework
may serve as an alternative for cooperative intelligent transportation system (C-ITS) to meet diverse

application needs for beyond 5G (B5G) V2X networks.

1. Introduction

According to world health organisation (WHO) survey
statistics, approximately 1.3 million people died in 2021 as a
result of road traffic crashes, more often at road intersections
[1]. To improve the driving safety, intelligent transportation
system (ITS) mechanisms are employed to provide efficient
vehicle-to-vehicle (V2V) communications [2]. Presently, the
information exchanges among moving vehicles and road
infrastructure (e.g., traffic lights, lamp posts, etc) mostly
rely on vehicular radio frequency (V-RF) communication.
The traditional V-RF technology provides a long commu-
nication range and can pass through objects with tolerable
degradation in performance. With the ever-growing data ser-
vices and applications, however, the RF spectrum (especially
the sub-6 GHz band) is becoming increasingly scarce and
congested. Moreover, the effect of interference in a dense
vehicular traffic scenario, as well as the resultant higher
latency and reduced packet delivery rates when hundreds of
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vehicles communicate concurrently, are hindering the large
scale development of V-RF based technology.

Vehicular visible light communication (V-VLC) has
emerged as a promising complementary solution to the
conventional V-RF. By employing light-emitting diodes
(LEDs) as transmitters and photodiodes as receivers [3], V-
VLC owns the potential of utilizing the existing lighting in-
frastructure to reduce fatal accidents. Due to the directional
property of V-VLC, lower amount of interference is expected
[4]. Further, its inherent features such as higher security,
reduced cost of transceiver design, enhanced connectivity
and less power consumption have made V-VLC one of the
most promising candidate technologies for V2X commu-
nication. However, V-VLC becomes inept as the distance
between the communicating vehicles increases, resulting
in a limited communication coverage [5]. Further, V-VLC
also requires line-of-sight (LOS) propagation which may
be unavailable in outdoor surroundings, due to vehicular
mobility and environmental effects in different geolocations
and weather conditions. Thus, it is necessary to integrate V-
RF and V-VLC to deliver enhanced vehicular safety message
dissemination. On one hand, V-VLC aims for achieving
higher data rates and reduced interference for each com-
munication link. On the other hand, V-RF provides reliable
connectivity even for larger distances. Such a heterogeneous
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system has a great potential for increasing the quality-of-
service (QoS) requirement of the vehicular communication
system [6].

Moreover, the beyond fifth-generation (B5G) V2X com-
munication networks require the support of massive connec-
tivity and lower latency among vehicles and hence a new
multiple access scheme needs to be adopted [7], [8]. The
power-domain non-orthogonal multiple access (NOMA) [9]
scheme has been extensively studied in recent years by
allowing several users to access the same resource with dis-
tinctive power levels, thus increasing the spectral efficiency
of the system. Additionally, it offers enlarged number of
connectivity, lower access latency, and reduced resource col-
lision. In comparison to orthogonal multiple access (OMA),
NOMA achieves enhanced sum rates by utilizing successive
interference cancellation (SIC) decoding at the receiver.
The performance of optical power domain-NOMA (OPD-
NOMA) in VLC based systems have recently attracted con-
siderable research attention [10]-[17]. In order to improve
quality-of-service (QoS) requirement, the cooperative tech-
niques can be applied into NOMA networks. Cooperative
technique is an effective solution to extend the coverage and
overcome channel impairments such as fading, pathloss and
shadowing. Depending on the cooperation types, there exists
two main categories of cooperative NOMA (C-NOMA)
techniques with user cooperation and dedicated relaying
cooperation, respectively [18]. NOMA users collaborate as
relays in the former, while in the latter category, dedicated
relay nodes are distributed in the network. Several C-NOMA
schemes have been discussed in the literature from various
perspectives [18]-[20]. It is anticipated that the integra-
tion of cooperative techniques, NOMA, V-VLC, and V-
RF systems can be exploited to improve the performance
of V2X communication system with wider communication
coverage, higher data rate, reduced transmission latency and
increased spectral efficiency [21], [22].

1.1. Related Works

VLC is attractive because of its advantageous features
such as large unlicensed bandwidth and high throughput
with negligible interference from nearby users [23]-[25]. V-
VLC is an outdoor application of VLC that complements the
V-RF by employing the headlights and taillights of vehicles
for communicating data between them [26]. Substantial
research on V-VLC has been carried out using Lambertian
path loss model which is built on the symmetrical radiation
pattern of an LED source for indoor VLC scenarios [27]. A
similar Lambertian model was used in [28] and [29] to study
the VLC channel for vehicular communication. However,
such a model was found to be inaccurate in low-beam and
high-beam headlamps with asymmetrical distribution [30]—
[34]. Abuella et al compared the Lambertian model with the
simulated channel model in terms of received power as a
function of distance [30]. It was shown that their simulated
channel model is able to capture the reflections from the
road, thus giving a reduced received power. In [31], three

different channel models are employed to analyse the asym-
metrical distribution of the headlamps while considering
the dynamic traffic conditions. The bit error rate (BER)
performances of Lambertian, Gaussian and empirical path
loss models were illustrated, revealing that the Lambertian
model provides a lower BER as compared to the empirical
model for the same SNR. In [32], the authors investigated the
asymmetrical radiation pattern of the taillights from three
different vehicles. They also compared the path loss for
a proposed model with the existing Lambertian model. In
[33], the authors investigated a realistic model for vehicular
VLC communication by taking into account the low beam
headlamp as the transmitter. It was observed that the inter-
vehicular distance and the lateral distance between the trans-
mitter and receiver plays a crucial role in the measurement
of the channel model. Mehdi et al proposed a non-sequential
ray tracing approach to study the asymmetrical radiation
pattern of automotives for different weather conditions in
[34]. The path loss curves are analysed for different aperture
diameter in different weather conditions, and the results are
then compared with the conventional Lambertian model.

Recently, researchers have been exploring the potential
of a hybrid VLC-RF system in various applications [35]-
[41]. For instance, in [35], the authors have explored the
shortcomings that urban platooning faces due to the conges-
tion in RF channel and investigated the use of VLC as an
alternative. Zhang et al proposed a heterogeneous VLC/RF
network by taking into the account the requirement of users
and inter-cell interference limits for a small cell area [36]. In
[37], the potential of employing energy efficient integrated
VLC and RF system is discussed. In particular, the issue of
power and bandwidth allocation to a heterogeneous VLC/RF
based system is analyzed and further compared their results
to only RF based systems. In [38], a message transmission
system based on dual-hop VLC/ RF has been studied. Bao et
al investigated an indoor VLC heterogeneous network sys-
tem wherein VLC channel is integrated with RF channel for
downlink and uplink communication [39]. Enhancement in
capacity performance has been observed by comparing the
VLC-HetNet results to that of RF. In [41], the coexistence of
VLC and RF communication link for an indoor scenario has
been investigated by utilizing performance metrics such as
coverage probability and average rate for different network
configurations.

Owing to spatial diversity gain, the packet reception
probability of NOMA users can be significantly improved by
combing copies from different paths [18]. In [42], a multiple
antenna relaying network scenario is designed, where the
receiving antennas at destinations employ maximal ratio
combining (MRC). Further, the outage performance and
ergodic sum rate of the users have been analysed to study
the improvement in NOMA over OMA. In [43], the ad-
vantages of employing cooperative relay based PD-NOMA
systems are analyzed. [44] investigated the concept of PD-
NOMA for cellular future radio access and demonstrated
that the downlink NOMA with SIC enhances the capacity
and throughput of a cellular system. Furthermore, in [9],
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Our novel contributions in contrast to the state-of-the-art.

the application of the NOMA scheme has been introduced
into long-term evolution (LTE)-based V2X communication
to improve the resource allocation schemes and to reduce
latency. [45] investigated the performance analysis for a
downlink NOMA network showing that NOMA has a better
outage performance than OMA provided that the target
rate and power allocation coefficient are wisely chosen. To
expand the coverage of NOMA-based transmissions, one of
the effective ways is to integrate the cooperative techniques
into NOMA networks. In [19], the authors proposed a novel
amplify-and-forward (AF)-based transmission protocol that
involves both the user cooperation and the dedicated relay
cooperation. [46] presented a comprehensive NOMA user
relaying system, where near user close to base station can
interplay between full duplex (FD) and half-duplex (HD)
modes according to the channel conditions. Besides, Zhong
et.al developed a full-duplex (FD) cooperative NOMA sys-
tem with dual users, where a dedicated FD relays to support
information transfer for users with weak channel conditions
[47].

Stochastic geometry based approach, widely used for
more than a decade, has been considered as an efficient
mathematical tool to model and analyze the randomness
of interference in V2X wireless communication [25], [48],
[49]. To acknowledge the mathematical tractability and an-
alytical modelling of vehicular ad hoc networks (VANETS),
stochastic geometry has been employed in [50]. With the
aid of stochastic geometry, the random positioning of inter-
fering nodes are characterised by the Poisson point process
[51]1-[53]. In [54]-[57], the performance of NOMA enabled
vehicular and UAV networks has been investigated using
various analytical tools of stochastic geometry.

1.2. Motivation and Contributions

Against the aforementioned individual pros and cons of
V-RF and V-VLC, this paper aims to exploit the comple-
mentary roles of these two technologies for enhanced V2X
data exchanges at road intersection. Note that the existing

V-RF solution advocates the use of message relaying at the
center of intersection. However, with increase of vehicular
density, V-RF tends to suffer from larger communication
latency and reduced packet delivery rates due to channel
congestion. In this paper, we propose to use NOMA enabled
hybrid V-VLC/V-RF communication systems to address this
problem. In particular, the main motivation is to mitigate the
effects of shadowing caused by blockages' such as building
and other obstructions at road intersection. Moreover, such
a scheme can also facilitate more reliable communication in
the case of non-line-of-sight (NLoS) transmission. Our novel
contributions against previously published works are shown
in Table I. More specifically, the main contributions of this
research paper are summarized as follows:

1. We explore a cooperative NOMA enabled hybrid V-
VLC/V-RF solution for improving safety message dis-
semination and enabling massive connectivity among
vehicles particularly at road intersection scenario. The
superiority of the proposed V2X solution is validated
by comparing it with conventional V-RF communica-
tion system.

2. We develop tractable analytical expression for such
NOMA enabled hybrid vehicular communication sys-
tem in terms of outage probability and average achiev-
able rate using various analytical tools of stochastic
geometry. The proposed analysis is then extended to
generic NOMA scheme with K destination vehicles,
where K >2.

3. We also examine the impact of vehicles headlights
radiation pattern viz. Lambertian and empirical path

'Empirical measurements showed that due to such blockages, the
strength of received V2V signal drops rapidly over distance away from
the intersection [61]. As a consequence, vehicles located in perpendicular
streets may not be able to communicate well with each other, resulting in a
significant decrease in V2V communication performance.



Figure 1: Real life application scenario: At road intersection,
vehicles in blocked LOS (dashed red line) can communicate
via C-NOMA supported hybrid V-VLC/V-RF systems. The
SR link can either be V-VLC (red color line) or V-RF (solid
magenta line) link, while RD,, link is a V-RF link.

loss model on statistical characterization of the pro-
posed hybrid solution. Moreover, we compare the per-
formance of NOMA with conventional OMA scheme
and show that NOMA leads to improved performance
for the proposed system.

1.3. Paper Organization

The structure of the paper is organized as follows. In
Section II, we describe the network scenario and state the
assumptions used for our analysis. A detailed analytical
framework to characterize the hybrid based V-VLC/V-RF
system in terms of outage probability and average achievable
rate are discussed in section III. In section IV, the results and
the related discussions are analyzed. Finally, the concluding
remarks and the future work is provided in Section V.

Notation: || - || denotes euclidean norm, P[-] denotes
probability of an event, Ey[-] is the expectation of its argu-
ment over random variable (RV) Y. R! denote one dimen-
sional space. Fy(-) and &, denote cumulative distribution
function and complementary error function respectively. @
~1D-HPPP denotes one-dimensional homogeneous Poisson
point process.

2. System Model and Assumptions

2.1. Network Scenario

A typical road intersection scenario involving coopera-
tive NOMA transmission between a source vehicle, .S and
two destination vehicles, D and D, with the help of a relay
node, R has been shown in Fig. 1. The proposed analysis
can been extended to generalized form for K destination
vehicles where K > 2. The relay node is assumed to be kept
at the road intersection, where the two perpendicular roads,
horizontal road X and vertical road Y, cross each other. We
assume the communication from a single source vehicle to

Source Vehicle

Destination Vehicle

Interference Vehicle
Desired Link (V-RF/V-VLC)
Interference Link

Roadside Unit (RSU)

Figure 2: Abstraction model of the considered scenario. The
source vehicle is marked with red triangle, destination vehicles
are marked with yellow squares, and interfering vehicles with
black circles. The desired link is represented by red dotted line
and the interference link is represented by black dotted line.
H denotes the height of the traffic light.

multiple destination vehicles applying decode and forward
(DF) strategy via relay node [62]. For sake of analysis,
we consider a realistic scenario, where all the destination
vehicles do not require the same amount of data rate, that is,
Dy can be a vehicle which needs to be served immediately
with a lower data rate whereas D, has a lower priority with
a higher data rate’. As per insights shared in [67], we also
consider that vehicles can control the transmit power of
optical signals. Half duplex transmission is employed where
the transmission occurs in two phases. In the first phase,
reception occurs where R, D and D, receives the message
from .S (S = R, S — D, S = D,) and in the second phase,
the message received at R is broadcasted to the destination
vehicles Dy and D, (R — D, R — D,). Each of these phases
lasts one time slot and the message received at D; and D,
in the two phases are decoded after MRC. Fig. 2 provides an
abstract model of the proposed network scenario.

A hybrid VLC-RF based V2X scenario is considered,
where SR link can be either VLC link or an RF link, while
SD and RD are RF links as shown in Fig.3. A hybrid
transmission without MRC implies that the communication
takes place between .S — Rand R — D, whereas the hybrid
transmission with MRC implies that the communication
occurs between.S - R, R - Dand S — D.During S - R
transmission, only one of the links is operational at a given
time instant based on QoS requirement. For instance, when
SIR of V-VLC link is above a threshold value, the system
keeps on operating with V-VLC link. However, as distance
of the source vehicle .S from R becomes large, the quality
of V-VLC link degrades, as a consequence V-RF link is then

2Unlike [20], [63], we consider a more realistic assumption that the
destination vehicular nodes are prioritize according to their quality of
service (QoS) requirements as reported in [64]-[66].
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Figure 3: lllustration of cooperative NOMA aided hybrid VLC-
RF based V2X with relaying.

activated. The SR link goes to outage only when both V-
VLC and V-RF link falls in outage [59].

The triplet set {.S, R, D} are subject to interference that
are originated from vehicles on roads. The set of interfering
vehicles can be denoted by @y and @y on X and Y road
respectively. These are distributed according to 1D-HPPP,
expressed as, @ y~1D-HPPP (4y, x) and gy ~1D-HPPP(4y,
¥), where x and Ay and y and Ay are the position of
interfering vehicles and their intensity on the X and Y road
respectively. We assume that the vehicular nodes employ
slotted Aloha protocol with parameter p, where each node
can access the medium with an access probability p.

2.2. Channel Model for V-VLC and V-RF

We assume V-VLC system consists of a transmitting
LED headlamp and a PD receiver placed at the back end
of the vehicle. The channel impulse response which have
been used in outdoor environment for a Lambertian source
is given as [17],

€+ DA
=

k

hy cos® () cos(w) T, (w gy, (1)

where £ represents the Lambertian order expressed as, & =

__In@)
ncos )’ :l)%, A, ¢, vy, Ty(wy), and D, denote the LED

half bea2m angle, area of the PD, angle of arrival, angle
of irradiance, the gain of the optical filter at the receiver
and euclidean distance between the k' vehicle and the
intersection respectively. The gain of optical concentrator at
the receiver, g(y;) is expressed as,

2
—; if0< ¢, <yp,
awh{ww 0= des v @

where n denotes the refractive index of the optical concen-
trator and y is field of view (FOV).

In this study, we consider Empirical modelling based
realistic asymmetrical angular distribution of the radiation
intensity pattern of light source. Assuming no attenuation
loss, the channel DC gain for V-VLC system can be given as

[34],

12
H(0) = <1)1*Cé’0—]iél’/i)s> (3)

1

where Dy and y denote the aperture diameter and angle of
Lo d;
irradiance. Here, cosy; = L

between i'” transmitter and the intersection. The two correc-
tion coefficients (e and ¢) take into account the asymmetrical
pattern of the headlamp and weather conditions [34]. L; =

\/a'[2 + H? which is expressed as the propagation distance

between the i" transmitter to the relay.

For V-RF communication, the fading coefficient for
the links source-to-relay, source-to-destination and relay-
to-destination denoted by, hgg, hgp and hgp respectively
are modeled as ~ A'(0,1). Given a RF link, the power
fading coefficient (|hg g |%, |hspl|?, |hgp|?) is an exponential
random variable with unit mean. Further, we consider a path
loss model / g between the nodes p and g. For direct LOS
between p and g, I,, = |lp — q||;* where [|p — g|| is the
euclidean distance between node p and ¢, where ||.||, is
[, norm, and «a is the path loss exponent. For non-line-of-
sight propagation (NLOS), Manhattan model is used where
Ly =1lp— q||1_"‘ where ||.||; is /; norm[68]. For our case,
the distance of vehicles from relay node is represented as,

(V H? +d?)~%, where d is the distance of the vehicle from
the intersection point and H is the height of relay.

The signal transmitted by source .S, denoted by Xg, is a
combination of the data intended to vehicular nodes D, and
D,,

and d; is the distance

Xsg= \/EXD] + \/@Xpy 4

where a; and a, are the power allocation coefficient to
vehicular nodes Dy and D, such that a; +a, = 1. Here X,
and X pp are the signals intended to the destination nodes D
and D,.

For V-VLC system, the received optical signal at R due to
VLC link, denoted as Y{ LC "can be given as,

YV =RhX g+ Iy e 3)

where R denotes the responsivity of PD, and Iy ;. is the
combined interference experienced at the relay node R from
vehicles in adjacent lanes. It can be given as,

4
Pyicrs
1
Iyre = Z z 5 242 (©)
: 2 e

ri€p (H +r i )

2( D 4 . . . .
where z = R 7") s 118 the distance of interfering ve-
hicles from intersection and P}, ; -~ denotes the transmission
power for VLC.

For V-RF link, the signal received at relay node R during
S — R transmission, denoted as YlfF , can be expressed as,
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where X, and X, represent the message transmitted by
the interfering nodes x and y respectively and /g, and /g,
denote the path loss model between vehicular node R and
interfering node x or y. The signal received at the vehicular
node D; during S — D; transmission, denoted as Y, , can
be given as,

Yp, = hsp/lspXs+ Z hpx\/1pxXx

xE(pXD
+ Z hDiy \ lD,-yXy’
ye(ﬂYD,-

where [, . denotes the path loss model between vehicular
node D; and interfering node x. The signal received at
vehicular node D; during R — D, transmission, denoted
as Yp p;» can be represented as,

Yrp, = hrp\/IRD, X R + Z hpx\/1pxXx

X€¢XD
+ Z hD,-y V lD,-yXy'
ye(ﬂyD’_

3. PERFORMANCE ANALYSIS

In the following, we evaluate the performance of the sys-
tem model using outage probability and average achievable
rate as the performance metrics.

3.1. Outage Probability for V-VLC

An outage is said to occur when the instantaneous SINR
drops below a certain threshold value. For an interference
limited scenario, we first evaluate the SIR at each of the re-
ceiving nodes, and then define outage probability associated
with them. The vehicular node D, is assumed to receive
information with higher power than node D,, therefore it
will decode first according to SIC decoding and interference
would be due to D,. The SIR at R due to VLC link, denoted

as yglgc, can be expressed as,

o2 . -2
VLC _ ZalPVLCd (H”+dg) "« . (10)

VSR,
za, Py pcd (H2+d2) S >+1VLC

where d) is the distance between source node .S and relay
node R.
The relay R will first retrieve the information from D,

vehicle, denoted as yVLC is expressed as>,

S g2y
vic _ ZaIPVLCd (H"+dj) "« _an

VSR, , (202
zay Pypcd (H2 +d2)

+2)
+1yic

The SIR at relay node to decode the data associated with

vehicular node D,, denoted as yé’éc, is represented as,
2

o2 4 -
vic F@Pyicdi(H™+dg) < 12
Yok, = Lyic .

Let us denote the outage event associated with vehicular
node D; at R as OVLC The outage event at R when
vehicular node D, is unable to retrieve the data associated
with D, is denoted as OVLC1 The outage at R when D,

node is unable to retrieve its own data is denoted by O¥ L€,
These outage events can be expressed as,
VLC _ VLC
Og¢ R, ={rgg <01},
VLC VLC
Osr, , = lrgg,_, <01}, (13)
VLC VLC
0%k = r§a€ < 0y),

where 0, = 27”(201 —1)and 6, = Z(2% — 1) and C, and
C, are the target data rates of vehicular nodes D; and D,
respectively.

We now calculate the outage probability associated with the
relay node R by using the moment generating functional
(MGF) approach. The outage probability at R due to vehic-
ular node D, denoted as Pg RLC, can be calculated by using

[58, Eq. (19)],

-F Ey F G+
e L0 § (Yt (0
Or, 6! f H § .
(14)
In (14), L ;(s) denotes Laplace transform of the probability
distribution of a random variable, Z which can be expressed

as [17, Eq. 23],
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3Perfect SIC has been considered which implies that there is no fraction
of power left after SIC decoding process [60].
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The expectation in (15) can be solved using probability
generating functional laplace (PGFL) defined for a homo-
geneous Poisson point process [69].

N
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where Ap denotes the intensity of the interfering vehicles
located on the roads. Eq.(16) can be solved using numerical
methods that can be implemented using MATLAB. The
outage probability at R associated with vehicular node D,
can be calculated by using [17, Eq.(27)],

pVLC _
O,

1
—{_p VLC

<min(B,., By) .
—(%£2)

4
zPypcdf (H? + d3)
(17)

where B| = —(al_;laz) and B, = ;—2.
1 2
Now, we extend the NOMA results to K vehicular nodes.
The SIR at relay R associated with D; to decode D,, due to
the VLC link can be expressed as,

T2 . -2
za,Pypedl (H? +d2)

VLC _
Vsr, = 4 X ’
S 4 g2
zPypcds (H>+dj) " « 2 a,| +Iyc
u=w+1
(18)
K
here, when u > K, then ), a, = 0. Then, the outage
u=w+1

probability at node R; is expressed as [17],

PVLC —

O,

I
1-P VLC <B; | else,
4 _(25+2) Bmin
2Py pcdf (H2+d3)™

1; v <9

19)
where B, is given by (20).

3.2. Outage Probability for V-RF
We define the SIR at R due to D, as y§£1 , expressed as,

JRE Prrlhsg|*lsray @
SRy PrplhsglPlsras + Iy, + Iy,

where Pgp is the RF transmission power and Iy —and Iy, A
denote the combined interference from perpendicular roads
X and Y at M respectively. Here M signifies the receiving
nodes, M € {R, Dy, D,}. I, and Iy can be expressed
as,

2
IXM = 2 PRFthxl lMx’

XEPx

Iy, = >, Prelhag Pl (22)
YEPy,,

The SIR at relay node R to first retrieve the information from
D, denoted as ygg , can be expressed as,
2—-1

2
Prrlhsrl“lsra;
Prplhggl?lgras + Ix, + Iy,

RF
VSRyy = (23)
The SIR at node R associated with D, to retrieve its own
data, denoted as yRF can be represented as,

SRy’
2
re _ Prelhsel™lsray

= 24
TSR, Ty +1y, 24

Let us denote the outage event at R associated with vehicular
node Dy as ORY . Let ORE  be the outage event at R when
1 2—-1

vehicular node D, cannot retrieve the message associated

with D;. The outage at R when D, vehicle is unable to

decode its own data is denoted by O§£ . These outage events
2

can be expressed as,

OSr, = {rsk, <P},

SRy
Ogr, , ={rsr,, <A1 (25)
OSr, = (rsk, <A}

where g, = 22¢1 — 1 and g, = 2?2 — 1.
Having analysed these expressions, we now calculate the
outage probability at relay node R associated with vehicular



(Drmin =

K
ai_ k-1~ 9;—(k—|) [ Z au:| a4 (k-2 — 01‘—(1(—2) [
u=i—(K—1)+1

u=i—(K—=2)+1 u=i—(K—L)+1
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where L € (1,2, ..., K) and we set the condition that L > K — 1.

0i_ k-2

5 eeey

k-1

>, (20)

nodes D, and D,. The outage probability at R associated
with D, node, denoted as ng , can be represented as [70],
1
SR,

A
—— )£ e el
"R\ Prplsr

and £; ~and L; denotes the Laplace
R R

<p)

RF _ m, RF
POR1 =Py

By
a1=fra, . .
transforms of the interfering vehicles at relay node R from

road X and Y whose expressions can be calculated by using
[58, Eq. (33)] as,

where A; =

—pAynsP
L, (s)=exp (M)
R VH?+ sPgrp
—pAynsP
L), (5)=exp (M) @7)
R VH?+ sPgp
Eq. (26) can be expressed in simplified form as,
A .
1= Gp(32=); otherwise,
ng _ Cr Prrlon otherwise 25)
1

a
. >_]
I prz 4,
C

where Gy (§) = £, (3)£,YM (%)
Similarly, the outage probability at R associated with vehic-

ular node D,, denoted as PgF , can be represented as,
Ry
- Gr ( Amax ) otherwise
(1)2:; = N Prrlsgr (29)

>4
ﬁZ—uzs

where A, = £—2 and A, = max(A;, Aj).

2
Assuming that V-VLC and V-RF links to be independent,
the overall outage performance at relay node R associated
with vehicular nodes Dy and D,, denoted as Py, wherei €

{1,2}, can be expressed as,
_ pRF VLC
PORi = POR,- X POR,- . (30)

The SIR at destination node D, to retrieve its own data when
transmission occurs from R — D, is expressed as,

2
Prelhrp, 1" Irp, a1

€1y}

YRD, =
" Pgplhgp,*lgp,a; + IXDI + IYDI

Now, as D, comes second in decoding order, it first retrieves
the data associated with D; vehicle. The SIR, denoted as
YRD,_,» can be expressed as,

2
PRFlhRD2| IRDzal

YRD, | = (32)

Prrlhgp,*lgrp,ar + IXD2 + IYDZ

The SIR at node D, to retrieve its own data can be repre-
sented as,

2
Prelhgp, " lrp,a2

YRD, = (33)

1 Xp, t 1 Yp,

Let Ogp, be the outage event associated with D . The outage
event when D, node is unable to retrieve the data associated
with vehicular node D;, denoted as Ogp, . The outage
when destination node D, is unable to decode its own data
is denoted by Ogp, . These outage events can be represented
as,

Orp, = {rrp, <h1}:
Orp, , ={Yrp,, <Bi}

Ogrp, = {rrp, < A2}

(34)
The outage probability associated with vehicular node D,
denoted as PORD , can be expressed as [70],

1

PORDl =P(rrp, <P

Al
=1-L L — ), (35
IXDI < ) IYDI (PRFIRDI > ( )

where £; ~and £;  denotes the Laplace transforms of
M M

A

Prrlrp,

the interfering vehicles at destination nodes, D; and D,,
from road X and Y whose expressions are governed by [60,
Eq.(21), Eq.(22)].

Similarly, the outage probability associated with vehic-
ular node D,, denoted as PORDZ’ can be expressed as,

Poyp, =1 =Prp, | <P XPlrrp, <)

=1 —CIXD ( )EIYD ( ) (36)

The overall outage probability associated with nodes D,

A

Prrlrp,

max max

Prrlrp,



and D, for a hybrid transmission without MRC, denoted as
Poutage,p, Where i € {1,2}, can be expressed as,

Pouage,p, = 1= (1= Po, )X (1= Po, ). 37)

During the second phase, after applying MRC at destination
node D, the SIR associated with D can be expressed as,

B Pre(lhsp, |21SD] + |hgrp, |21RD1 )a
Prp(lhsp, Ilsp, + 1hgp, 1*1Rp,)ar + Ixp +1y,
(33)

YD,

Similarly, in the second phase, after applying MRC, D, first
retrieves the message associated with Dy vehicle. Hence, the
SIR at node D, to interpret D, can be represented as,

PRF(thDzlzlSDz + |hRD2|21RD2)a1

YD, | =
(39

Now, the SIR at node D, to retrieve its own data after MRC
reception, can be expressed as,

Prp(lhsp, 1*Lsp, + |hgp,1* rp,)a;
}/D2 = .

(40)

We assume Op, is the outage event associated with D;.
The outage event when D, is unable to retrieve the message
associated with Dy, denoted as Op, . The outage when D,
is unable to retrieve its own message is denoted by Op, .
These outage events can be given as,

Op, ={rp, <B}:
Op,_, ={rp,., <hi}; 1)
Op, ={rp, <h}.
We now calculate the outage probability related to vehicular

nodes D and D,.The outage probability associated with D,
destination node, denoted by POD , can be represented as
1

(601,

PoD1 = [P’(VDl <py)

A A
lRDl ng ( P lI ) - lSDlng (P l] )
=1_{ RFIRD, RFlsD, } 42)

Irp, = Isp,

The outage probability associated with D, destination node,
denoted by POD , can be expressed as,
2

POD2 =1-P(yp, , <P XPyp, <)

F'rD, Prrlsp,

{ lRDZQDZ(P:i) —Isp,Gn, ( i
1—

)
. (43)

Irp, = Isp,

Prr(lhsp,|*lsp, + lhgp,*Irp,)as + IXD2 + IYD2

The overall outage probability associated with vehicular

nodes D; and D, after applying MRC, denoted as ng Sgﬁ D
where i € {1,2}, can be expressed as,
oo n, = 1= (1= Po, )X (1= Po). (44)

Now, we extend the NOMA results to K vehicular nodes.
The SIR at relay R associated with D; to decode the message
related to D,, can be represented as,

RF  _ PRF|hSR|21SR‘1i
ySRiaw_ K
PrplhgrlPlgrl Y a+1Ix +1
RFINSRI“LSR u Xg Yr

u=w+1

. (45)

The outage probability related to R due to RF link can be
expressed as [17],

PSF = 46
O, =1 w g (40)
w=l ¥ g,
u=w+1

where A(;) is given by (47).

The expression for SIR at destination node D; to decode
D, data during R — D; transmission, denoted as ygp. _ ,
can be given as, o

Prplhrp, IleDai
YRD_, = - (48)

K
Prplhgp,*lrp [ 2 au]+IXD,.+IYDi

u=w+1

The outage probability related to vehicular node D;, denoted
as PORD<’ can be represented as,

A .
1- QD'_ (M), otherwise,

Prrlrp;
K
P, = . 49
0w, = 11; U — <p, @9
w=l"% a,
u=w+1

During the second phase, after applying MRC, the SIR
related to node D; to retrieve message associated with node
D,,, denoted as Yp,., can be expressed as,

yDi—>w =
Prp(lhsp, PLsp, + 1hgp, PLrpa;
K
Prp(lhsp, Plsp, + |hrp, P lrp )l X | @)+ Ix, + Iy,
u=w+

(50)

The outage probability related to vehicular node D; can be
expressed as [60],

A(i)max A(i)xnax
lRDigDi ( Prrlrp, ) - lSDigDi ( Prrlsp, )
1- d — .
Irp, — lsp,
(5D
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where L € (1,2, ..., K) and we set the condition that L > K — 1.
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) @7
K K
Z au:| ai_(k-L) — ﬂi—(K—L) |: 2 au:|
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3.3. Average Achievable Rate for V-VLC
For a V-VLC system, the average achievable rate at node
R related with destination node D, denoted as TSI;LIC, can

be expressed as,

v | e y
FYLC P LC /
SR, /U 0 lz log, (1 t5.7sR ) > L] v

Liog,(1+£ 4
2 2 2z ay 27[
=/ P lygéf > ?(22” - 1)] dv
v=0

T a2
Z(al - eaz)PVLchE (H + dO) €
1%

Cop2 g2
Z(al - eaz)PVLcd(; (H + do) €
= FT dU,
v VLC 9

(52)

where 8 = 27”(22” — 1) and F,VLC(-) denotes the CDF of
interference caused from V2V communication. This CDF
expression can be expressed as [17],

y) 2
Fr, () = é( ”(i—x)z>, (53)

where &, is the complementary error function.
Similarly, the average achievable rate at node R associated
with D, vehicle due to the V-VLC link, denoted as 7. SVRLZC,

can be represented as,

1 e
FVLC VLC
SRZ _/)=0Pl§10g2<1+ﬂySR2 > >V dU

p dé(Hz dz)_(ze+2)

zay Pyrcds + €

- /7 0 0 dv. (54)
v VLC 9

The expression for average achievable rate at relay node R;
for K destination nodes can be given as [17],

K
. z(ai_el ZD
VIC _ u=i+
T, -/v=0 FIVLC(

SR, 0

T2 . -2
XPypcd (H? +d2"5) )do, (55)

1
where v' = ; log, <1 + 5

3.4. Average Achievable Rate for V-RF
For a V-RF system, the average achievable rate at relay

node R associated with D, node, denoted as T, SIE{I , can be

expressed as [70],

1
TSRRJT = 5 Ellog(1 + yggln

%10g2(1+:—;) 22u -1
= Cr 5 dv.
=0 (a; +ay — ay2°") Prrlgr

(56)

Similarly, the average achievable rate at R associated with

D, node due to the V-RF link, denoted as TSRRI"; , can be given
as,

1
TS’;P; = SEllogy(1 + yggzn

/ oA i 57)
= —— )dv. 7
v=0 R ar Prrlsr

The average achievable rate at R due to the combined effect
of V-VLC and V-RF link associated with D; message, where
where i € {1,2}, can be expressed as?,

Tsr, = max(Tgg <. T, (58)

The average achievable rate at destination node D; when R
broadcasts the message to D, denoted by T p,> canbe given
as,

1
TRDI = E[E[logz(l + yRDl)]

%10g2(1+z—;) 22v _ 1
= / gDI ) dU.
v=0 (ay +ay — a;2°") Prplgp,

(39)

4V-RF and V-VLC are two different vehicular technologies. For ease
of analysis, we assume that average achievable rate evaluated at relay is
maximum of average achievable rate associated with either V-VLC or V-RF
link.
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T =
D =0 lRD] - lSD|

20_
1 o\ Lrp,Gp 20 —lsp,Gp zlvz 1
/Elogz (1+i) 1751\ (a=(2%=Dax)PrrlRrp, 1751\ (0= =Dax)Prplsp,
U:

dv. (63)

The average achievable rate at node D, when R broadcasts
the message to D,, denoted by Tgp,, can be expressed as,

1
Trp, = E[E[logz(l + Yrp,)]

oo 2v
27V — 1
o (2 o
0=0 ay Prrl RD,
The overall average achievable rate at vehicular node D; due
to hybrid transmission without MRC, can be expressed as,

(60)

where i € {1,2}. After applying MRC, the average achiev-
able rate associated with vehicular node D, is represented as
(601,

Ty = %[E[logQ(l +7p)l- ©2)

1

On further solving the above equation, we obtain (63).
Similarly, after applying MRC on D, node, the average
achievable rate, is represented as,

1
Tp, = 5Ellogy (1 +7p,)]

22v_|

2%
Irp. G ————— | -1l¢p.C _—
w RD27D2\ o PrrlRD, SD, 7Dy a Prrlsp,

= dv.
v=0 lRD2 - 1502

(64)

The overall average achievable rate at vehicular node D; after
applying MRC can be represented as,

where i € {1,2}. The average achievable rate at relay node
R; for K destination nodes can be expressed as [70],

TSRRf = / gR<
v=0 (

2% -1

u=i+1

a, — (2% - 1) [
(66)

>du.
K
)y au] >PRF1SR

Table 2
System Model Parameters

Parameter Symbol Value
Lambertian Order m 1[71]
Relay Position R (0,0)
Source Position S (-50,0)
Destination D, Position D, (0,70)
Destination D, Position D, (120,0)
Transmission power for VLC Pyre 33 dBm [17]
Optical Filter Gain T,(y;) 1
Responsivity R 0.54 A/W [71]
Refractive Index n 1
Photodiode Detection Area A lem? [71]
Aperture Diameter Dy 0.0Im
Path Loss Exponent a 2
Transmission power for RF Ppp 23 dBm [17]
Height of Relay H 8m

where v/ = %logz (1 + > The average achievable

X ay
u=i+l
rate at node D; due to R — D, transmission, denoted as

Tr Dp,» can be expressed as,
TRDi

/

=/UUOQD‘<<

After applying MRC at D; [60], the average achievable rate,
denoted by T, D, is given by equation (68).

2% -1

)du.
K
> au] )PRFIRD,.

u=i+1

a, — (220 — 1) l
(67)

4. NUMERICAL RESULTS AND
DISCUSSIONS

In this section, we present the results of our proposed
framework for hybrid transmission with and without MRC.
We also compare the results of a hyrbid V-VLC/V-RF system
with a conventional V-RF system. The system model param-
eters for V-VLC and V-RF system are summarised in Table I.
We assume the vehicular intensities at road X and Y to be the
same, that is, Ay=4y= A. As mentioned before, we consider
different data requirements of each destination vehicular
nodes, the target data rate of vehicular node D, is assumed
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Figure 4: Outage probability as a function of vehicular density 4: (a) Hybrid transmission without MRC, (b) Hybrid transmission
with MRC, and (c) Performance comparison for hybrid V-VLC/V-RF with and without MRC.

to be more than D; node. Monte Carlo simulations are
performed to corroborate our theoretical equations. We have
considered a worst case scenario when the interference from
same lane or perpendicular lane vehicles are originating
from an infinite road segment (B = R!).

Fig. 4 illustrates the performance of outage probability
for varying vehicular densities, A. We observe that as the
vehicular density increases, the outage probability associ-
ated with destination nodes D and D, also increases. To
observe the benefits of using a hybrid based system, we
evaluate and compare the performance of hybrid V-VLC/V-
RF based system with the conventional V-RF. From Fig.
4(a) we notice that, for a vehicular density of 0.01, outage
probability associated with D for a hybrid V-VLC/V-RF
case is 0.05, while for V-RF case, it is approximately 0.12.
Similarly, outage probability associated with D, for a hybrid
V-VLC/V-RF is 0.32, while for V-RF case it is around
0.42. Fig. 4(b) represents hybrid transmission without MRC.
For vehicular density, 4=0.01, outage probability associated
with D, for a hybrid V-VLC/V-RF system is 0.03, whereas
for a V-RF system it is approximately 1. Similarly, outage
probability associated with D, for a hybrid V-VLC/V-RF
system is 0.21 whereas for a V-RF system it is 0.34. The
outage performance for hybrid transmission with and with-
out MRC is better than a conventional V-RF system. Further,
we also analyze the NOMA and OMA results for two user
scenarios and observe that for both D; and D, destination
vehicles, the outage performance of the NOMA overpowers
that of OMA. Fig. 4(c) depicts the performance comparison

for a hybrid V-VLC/V-RF network scenario with and without
MRC. We observe that irrespective of traffic scenario, the
results for the MRC case have a better outage performance
compared to the reception without MRC for both D; and
D, vehicular nodes. For reception with MRC, D, and D,
decode the coherently combined information received from
both source node S and relay node R, thus increasing the
received SIR at the vehicular nodes D and D,.

Fig. 5 depicts the the impact of varying power allocation
coefficient on the outage probability. It is worth mentioning
here that as intuitive, with increase in a;, the outage prob-
ability associated with D, decreases, whereas the outage
probability of D, increases. We observe that the hybrid V-
VLC/V-RF link performs better than the conventional V-
RF link. From Fig. 5(a), for D; vehicle, OMA outperforms
NOMA when a; € [0.55,0.6] for a hybrid V-VLC/V-RF
system. This is because for lower values of a;, lower power
is assigned to vehicular node D; and more power is assigned
to D, node, consequently increasing the interference and
outage at D;. For a; € [0.6,0.85], NOMA performs better
than OMA, this is because, more power is now assigned
to vehicular node D;. On the other hand, for D, vehicle,
NOMA performs better than OMA for a; € [0.85,1].
Similarly, we observe from Fig. 5(b) that, for a hybrid V-
VLC V-RF, OMA outperforms NOMA for a; € [0.55,0.6].
For D, vehicle, NOMA provides an enhanced performance
over OMA for a; € [0.85,1]. In a hybrid V-VLC/V-
VRF scenario, when a; € [0.6,0.85], NOMA performs
better than OMA for both D; and D, destination nodes. On
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Figure 6: Average achievable rate as a function of vehicular density 4: (a) Hybrid transmission without MRC, (b) Hybrid
transmission with MRC, and (c) Performance comparison for hybrid V-VLC/V-RF with and without MRC.

comparing Fig. 5(a) and 5(b), we note that the performance
of a system using MRC reception is better than the system
without MRC. For instance, with a; = 0.8, MRC reception
has reduced the outage probability by 45% compared to the
hybrid transmission without MRC.

Fig. 6 represents the performance of average achievable
rate for varying vehicular densities, A. For a sparse traffic and
medium traffic scenario, vehicle D has a lower achievable
rate than vehicle D, because the D, vehicular node acts
as an additional interference term for D; vehicle. As the
vehicular density increases, D; vehicle provides a higher
achievable rate than the vehicular node D,. This is because,
a; > a, and the effect of D, interference on D; becomes
insignificant when compared to the other interfering vehicles
on road X and Y. We also note that the performance of
achievable rate in case of OMA for D, destination vehicle
is more than the D, destination vehicle. Analysing Fig. 6(a)

for a hybrid V-VLC/V-RF scenario, vehicular node D, has
a better performance of NOMA over OMA for 4 > 0.2
vehicles/m. Similarly from Fig. 6(b), we observed that when
A > 0.1 vehicless/m, NOMA performs better than OMA
in a hybrid V-VLC/V-RF scenario. Due to the directional
property of VLC, the effect of interference on a hybrid V-
VLC/V-RF system for a dense traffic scenario is significantly
less than the conventional V-RF system. From Fig. 6(c), we
observe that irrespective of traffic scenario, the achievable
rate performance for a transmission with MRC is compara-
tively better than the system without MRC for a hybrid V-
VLC/V-RF system.

In Fig. 7, we analyse the curves for average achievable
rate for different power allocation coefficient a;. For higher
ay, larger amount of power is assigned to node D, there-
fore we observe that, as the power allocation coefficient
increases, the achievable rate associated with vehicular node
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D, increases while that of the D, vehicle decreases. From
Fig. 7(a), when a; > 0.96, NOMA has an enhanced perfor-
mance compared to OMA for vehicular node D,. Similarly
for D, vehicle, NOMA performs better than OMA when
a; € [0.55, 0.95]. We also observe that for the D, vehicle,
there is a noteworthy improvement in the average achievable
rate for a hybrid V-VLC/V-RF based system compared to
the conventional V-RF system. Similar analysis has been
performed for Fig. 7(b). For D, destination vehicle, NOMA
performs better than OMA when a; € [0.55,0.97]. Analyz-
ing Fig. 7(a) and (b), we notice that on varying the power
allocation coefficient, the hybrid transmission with MRC
provides slightly better performance compared to the hybrid
transmission without MRC. For MRC reception, when a; >
0.98, D, has a higher achievable rate than D, whereas for
without MRC reception, D; has a better achievable rate
performance when a; > 0.96.

Fig. 8(a) and (b) investigate the performance of an em-
pirical model with respect to the Lambertian model in terms
of outage performance and average achievable rate. It can
be observed that Lambertian model has lower outage proba-
bility and high achievable rate as compared to the empirical
model while employing the hybrid transmission with MRC.
For A = 0.1, the outage performance of the Lambertian
model has decreased by 0.1 as compared to the empirical
model. Similarly for D, destination vehicle, the outage per-
formance of empirical model is 0.12 more than the Lamber-
tian model. For dense traffic scenarios, Lambertian model
offers higher achievable rate for both D, and D, destination
vehicles as compared to the empirical VLC channel model.
It has been observed that for A = 0.1, the Lambertian
model offers an achievable rate of 0.8 bits/s/Hz for D, node
whereas the empirical model offers an average achievable
rate of around 0.6 bits/s/Hz. It can be inferred from the above
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Figure 10: Outage performance as a function of vehicular density A for K = 3 destination vehicles: (a) Hybrid transmission without
MRC, (b) Hybrid transmission with MRC, and (c) Performance comparison for hybrid V-VLC/V-RF with and without MRC.

insights that given our simulation setting, empirical model
is lower bound to the Lambertian model in terms of outage
and average achievable rate performance. Next, we employ
traffic flow theory (TFT?) to investigate the impact of vehic-
ular speed, v,°%. Given the traffic flow ¢ = v,X4, we utilize
speed-density flow model [72] to investigate the impact of
v, on the outage probability and average achievable rate.
Fig. 9 illustrates the impact of vehicular speed on outage
performance and average achievable rate for proposed C-
NOMA supported V-VLC/V-RF scheme. Under stationary
traffic condition, it can be observed that the outage and
average rate improves with increase in vehicular speed. This

STFT entails the knowledge of the fundamental characteristics of traffic
flows (for instance, the road capacities, the relation between flow and den-
sity, and headway distributions) and the associated analytical methods[72].

6Shown under stationary traffic conditions, please note that under non-
stationary traffic conditions, the time varying effects of V2X channels and
Doppler shift are beyond the scope of this study and has been left as a subject
of future investigation.

is due to fact that light traffic (low 4) supports high vehicular
speed and vice versa obeying speed-density flow model. In
more simpler words, in low traffic conditions, increasing
the vehicle speed improves the outage and average achiev-
able rate performance, whereas in high traffic conditions,
decreasing the vehicle speed increases the performance.
For the sake of completeness, we analyze the perfor-
mance of the network scenario for three destination vehicles
with reference to outage probability and average achievable
rate. The position of .S, Dy, D,, D5 and R are (-50,0), (0,70),
(120,0), (180,0) and (0,0) respectively. From Fig. 10(a) and
10(b), we observe and compare the outage performance of a
hybrid V-VLC/V-RF based network scenario with a conven-
tional V-RF system. As the vehicular density increases, we
notice that the outage probability in a hybrid V-VLC/V-RF
network scenario is less than a conventional V-RF system
for all the three destination vehicles. The outage probability
decreases by around 28% for D; destination node when
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Figure 11: Average achievable rate as a function of vehicular density 4 for K = 3 destination vehicles: (a) Hybrid transmission
without MRC, (b) Hybrid transmission with MRC, and (c) Performance comparison for hybrid V-VLC/V-RF with and without

MRC.

4 = 0.01. Fig 10(c) shows the comparison between hybrid
transmission with and without MRC systems. We observe
that the reception through MRC scheme outperforms the
system transmitting without MRC. For a vehicular density of
0.01, D5 vehicle has an outage of 0.32 for a MRC scenario
whereas for without MRC case, the outage probability is
0.48. For the MRC case, vehicular nodes D, D, and Dy
decode the combined information received from both .S and
R, thus increasing the power at receiving nodes D, D, and
D5, and therefore increasing the overall SIR. Fig 11(a) and
(b) analyse and compare the average achievable rate perfor-
mance of a hybrid V-VLC/V-RF network with a conventional
V-RF system. For a sparse traffic scenario, the performance
of vehicular node D; with reference to achievable rate is
better than the other vehicular nodes. This is because of the
SIC that is performed at nodes D; and D,, thus reducing
the interference term at D3 node. As the vehicular density
increases, the average achievable rate of D5 vehicle reduces
drastically. Vehicular nodes D; and D, remain robust for
dense traffic scenarios. The hybrid V-VLC/V-RF network
provides an enhanced achievable rate over the conventional
V-RF link for dense traffic scenario. Also, on analysing
Fig. 11(c), we conclude that the performance of a hybrid
transmission system with MRC is comparatively better than
the hybrid transmission system without MRC.

S. CONCLUSION

In this paper, we explored the potential benefit of coop-
erative NOMA assisted hybrid V-VLC and V-RF solution
to the V2X communication at road intersections. It has been
shown through simulation results that the performance of the
hybrid V-VLC/V-RF network is better than a conventional
V-RF system in terms of outage probability and average
achievable rate. The effectiveness of the proposed frame-
work for the K destination vehicles scenario has been also

validated through results. We compared the performance
of a hybrid transmission system with MRC over a hybrid
transmission system without MRC and show that the MRC
offers considerable improvement in terms of outage prob-
ability and average achievable rate. We also compared the
performance of the Lambertian model with the empirical
model and observed that the empirical model offers a higher
outage and lower average achievable rate compared to the
Lambertian model. We believe that this performance anal-
ysis of NOMA enabled hybrid V-VLC/V-RF network pro-
vides significant analytical contributions, while simulating
new research direction as a future cooperative intelligent
transportation system (C-ITS) alternative to meet diverse
application needs for BSG V2X networks.
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