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Abstract - Analysis of an optical wireless communication (OWC) 
system based on visible light communication (VLC) applied for 
vehicle-to-vehicle (V2V) communication is presented here. The 
theoretical investigation assumes arrays of light emitting diodes 
(LEDs) and photodiodes (PDs) for full duplex communication 
with spatial diversity between head- and tail-lights of vehicles in 
visible spectrum. The transmission spectrum from both sides i.e. 
400 – 550 nm for headlight, 560 – 700 nm for taillight, falls on 
opposite sides of visible spectrum and no interference from 
source to detector in tandem is assumed. A signal received at 
detector in tandem with headlights suggests communication 
between vehicles moving towards each other. Two lights in front 
as well as back of vehicle develop an opportunity to explore and 
analyze a multiple input and multiple output (MIMO) 
possibility. A 2 × 2 MIMO configuration is assumed along with 
transmit and receive diversity to maintain communication in 
particular instances such as at T-junctions between two vehicles. 
Performance analysis of an OWC system suggests that a high bit 
rate transmission may be achieved depending on distance 
between vehicles. 

Keywords—Optical wireless, visible light communication, 
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I. INTRODUCTION 

Free space optical (FSO) or OWC systems are getting popular 
due to development of economical optical sources and 
detectors [1]. Intelligent transportation systems (ITS) [2] 
involves V2V communication [3] and affordable VLC based 
OWC [4] seems to be need of present times towards road 
safety employing ITS. Developments in such systems are 
meant for intelligent traffic management, congestion control, 
improve safety and lower travel times. Simpler VLC systems 
employ Intensity modulated direct detected (IM/DD) systems 
those commonly exploit fundamental on-off keying (OOK) to 
transport data from source LED to destination PD detector. 
LEDs are robust and exhibit potential for high speed intensity 
variations against rapid changes in drive current. LEDs and 
photodiodes may be fabricated on a single substrate in tandem 
configuration [5] and thus, vehicles with headlights and 
taillights made up of arrays of LEDs and PDs having 
capability of emission and detection of wavelengths together 
at same time are assumed here for duplex communication.  
To confine light for transmission and detection purposes, 
suitable optics including aperture lenses and reflectors while 
typical parameter values for LEDs and PDs are assumed for 
analysis. Large-element arrays of LEDs and PDs together 
provide spatial diversity [1] that helps during bad weather 
condition. Since each vehicle has two headlights in front and 
two taillights in back, a 2 × 2 MIMO configuration based 
communication may be easily established with transmit and 
receive diversity. Till two vehicles are in Line-of-sight (LOS), 
communication is prone to atmospheric turbulences and 
pointing errors due to traffic motion in a clear air scenario. 

Transmit and receive diversity due to two source-detector pair 
may overcome the turbulence and misalignment fading if 
distance between them is in tens of meters. During non-line-
of-sight (NLOS) scenario, possibly during bad weather or 90 
degree turn at T-junction on road, selection transmit and 
combining diversity assumption saves possibility of data 
transfer. 

II. SYSTEM MODEL 

Practically employed IM/DD system with OOK modulation 
is assumed here. A source headlamp transmits 400 – 550 nm 
and is detected by PD detector array in the tail lamp of a 
vehicle ahead. Similarly if tail lamps emit 560 – 700 nm, 
optical power is received by PD detector array in headlamp of 
the following vehicle. If interference from other sources 
emitting visible spectrum is considered to be present in form 
of solar noise or ambient light sources, they can be rejected 
for being a common and constant source. The received signal 
is proportional to responsivity of PDs employed. The signal 
energy changes due to turbulence, misalignment, noise, etc. 
Thus, the signal is integrated at receiver within a bit period 
while background noise is identified as constant bias and is 
eliminated.  

The received signal, R is modeled as, NHrXR �� where, r 

is Responsivity of PDs, 2:1;2:1; ��� jirR ij is received 

signal vector, 2:1;2:1; ��� jihH ij  is channel response 

vector where, ][ MIS
ij

TUR
ij

IRR
ijij hhhh �  where

IRR
ijh denotes 

irradiance losses;
TUR
ijh indicates fading due to atmospheric 

turbulences, and 
MIS
ijh  corresponds to misalignment fading.  

 

Fig. 1. Misalignment Fading and Diversity requirement in V2V applications 
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Noise Vector, 2:1;2:1; ��� jinN ij is additive with 

variance, 
2

N� that is a sum of shot noise variance 
2

shot� and 

thermal noise variance 
2

thermal� [4]. The input vector X is 

signal radiated from LEDs with average power of value, PT. 
The channel response includes deterministic lamp irradiance 
effects with random atmospheric turbulences and 
misalignment fading. Signal to Noise Ratio (SNR), ρ at 
detector for OOK scheme can be expressed as,

� � 22
/ NT IrHP �� ��  where, PT is transmitted optical power 

and I represent interference power. 
Communication between two vehicles is established within 
LOS when field of view (FOV) of receiver PD falls within the 
beam waist projected by angle of irradiance of transmitter 

LEDs. The irradiance path loss [3], 
IRR
ijh is defined as, 

�	

�


� �

�
0

 )cos()(cos
2

)1(
2 ijij

m

ij
IRR
ij D

Am
h

�
�

otherwise

0 if ��� ij�      (1) 

where, A is area of PD detector, θij is angle at transmitter while 
ψij is incidence angle, Ψ is half-width of FOV, m represents 
order of emission[6], Dij is distance between LED and PD. 

Fading due to atmospheric turbulences 
TUR
ijh is modeled by a 

gamma-gamma distribution [7],  
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where, Γ(.) and K(.) are Euler's gamma function and modified 
Bessel function of second kind. The fading parameters α and 
β denote effective number of large and small scale turbulent 
cells respectively [8] and are related to each other with 
following relation, α > β and are individually expressed as 
follows: 
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where, 6/116/722 23.1 ijnr DkC�� is Rytov variance [9], d is 

detector aperture diameter, k is wave number and 
2

nC is 

refractive index parameter. Refractive index parameter 
depends on various other factors like location coordinates, 
time of day, weather, etc. 

Factor 
MIS
ijh  corresponds to misalignment fading within the 

channel response and factor 
IRR
ijh take cares of irradiance 

effects in link. If a Gaussian beam with a waist radius, ωd falls 
on back of vehicle ahead with tail light detection aperture 
radius, γ at a distance Dij and the distance between two 
vehicles, D is assumed enough so that the both detectors with 
taillights of the vehicle are illuminated by any one of the 
headlamps of the following vehicle, then the probability 
density function (PDF) including fading due to irradiance and 
misalignment together is given by [10], 
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where, peqd ��� 2/� is ratio between equivalent beam 

radius and standard deviation in pointing  error at detector, 
and from [11], 
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where, erf (.) is error function.  
Considering gamma-gamma fading as a consequence of 
atmospheric turbulence with misalignment fading, the 
distribution of hij is expressed as, 
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nm
qpG is Meijer-G function[12]. 

III. BER PERFORMANCE 

System performance is observed by evaluating probability 
that the SNR, ρ falls below a threshold SNR, ρth. Here, a 2 × 
2 MIMO system with selective transmit and receive diversity 
is used to ensure signal transfer even in turbulent and 
misalignment fading. A signal SNR if is greater than ρth, it is 
quite likely that signal is detected by PDs at taillight of 
vehicle. Selective transmission through LEDS is possible 
through identification of receiving PDs in a duplex 
communication. 
The bit error rate (BER) of an OOK based IM-DD system is 
given by expressions as follows;  
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where, Q(.) is Gaussian Q-function. The average BER, Pb(e) 
is obtained when Pb(e|hij) is averaged over pdf of hij i.e., 
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Substituting )( ijh hf
ij

in equation of Pb(e), solution of BER is 

derived. The integral can be evaluated using Meijer's G-
Functions to express integrands of modified Bessel and error 
functions [13]. Single input and single output (SISO) 
performs poorly in turbulent channels with pointing errors 
[14]. A closed form solution for for BER of SISO is expressed 
as follows,  
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where, μ is j-th order moment expressed by 
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of that can define scintillation index (SI) [14].  Spatial 
Diversity may be implemented either as MISO or SIMO or 
MIMO. Since 2 × 2 MIMO is quite suitable for V2V 
communication, the received SNR with equal gain combining 
(EGC) and the average BER for a MIMO FSO 
communication may be expressed as follows,  
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Fig. 2. Average BER vs. Average SNR for a OOK based V2V FSO 
communication system. 
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where, interference and noise variances are represented 
together through noise power, N. EGC is quite effective than 
other forms of combining in spatial diversity based FSO 
schemes [15]. 
 
Expression for average BER of multiple inputs and multiple 
outputs (MIMO) [16] is presented here in (10) and numerical 
results are plotted for comparison purpose.  
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For numerical example, typical values for LEDs and PDs are 
used here and distance between two vehicles is restricted to a 
value of positive SNR. Values for numerical analysis such as 
C2

n = 20 × 10-14 m-2/3, SI = 1, α = 4, ωd/γ = 5, and σp/ γ =1 are 
assumed here.  

IV. CONCLUSION 

An OWC system based on VLC is studied and analyzed for a 
possible V2V communication in this work. The analysis 
assumes LED and PD arrays for full duplex communication 
with spatial diversity between head- and tail-lights of vehicles 
in visible spectrum. Two lights in front as well as back of 
vehicle develop an opportunity to explore and analyze a 
multiple input and multiple output (MIMO) possibility. A 2 × 
2 MIMO configuration is assumed along with transmit and 
receive diversity to maintain communication in particular 
instances such as at T-junctions between two vehicles. 
Performance analysis of an OWC system suggests that 
communication is possible but a SNR ≥ 20 dB is to achieved 
in a MIMO configuration to stay connected. Spatial diversity 
at transmitter as well as receiver improves the system 
performance compared to SISO configuration. 
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