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Vehicular visible light communication is an emerging technology that allows wireless
communication between vehicles or between vehicles and infrastructure. In this paper, a
vehicular visible light communication system is designed using a non-return to zero on-off
keying modulation scheme under the effect of different weather conditions such as clear,
haze, and fog. The first model is a light emitting diode-based system and the second is a
laser diode-based system. For both models, the influence of system parameters such as beam
divergence, transceiver aperture diameters, and receiver responsivity is studied. The impact
of the use of the trans-impedance amplifier is also investigated for both models. It was
concluded that in the presence of the amplifier, output power of the light emitting diode and
laser diode model are increased by 98.46 uW and 0.4719 W, respectively. The performance
of the two proposed models is evaluated through bit error rate, quality factor, eye diagram,
and output power to have some insightful results about the quality of service for the two
proposed models. Under a specific weather condition, the performance of the system would
be critical and other techniques should be applied. The maximum achievable link distance
for the laser-based and light-emitting diode-based systems is 190 m at a data rate of 25 Gbps
and 80 m at a data rate of 60 kbps, respectively, under the same system parameters and
weather conditions. The obtained results provide a full idea about the availability of
constructing our proposed model in a practical environment, showing a higher performance
of the laser diode-based model than that of the light emitting diode-based model.

1. Introduction

Optical wireless communication (OWC) is one of the

connectivity, high reliability, and low latency [1, 2]. It is
imperative to design new communication technologies to
overcome the drawbacks of radio frequency (RF)

novel communication technologies that utilize the infrared
(IR) band, visible light (VL) band, or ultraviolet (UV) band.
One of the promising applications for the future
technological world to implement Internet of Things (IoT)
in the future fifth-generation networks is vehicle-to-vehicle
(V2V) communications. The increasing demand for IoT,
mobile internet, and the limited radio frequency spectrum
imposes several challenging requirements for 5G wireless
communications, such as high throughput, massive
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communication systems. Visible light communication
(VLC) technology is considered an alternative technology
that can provide more advantages over RF as light can be
used as the transmission carrier which can provide both
illumination and communication simultaneously, its
license is free, more secure, free from electromagnetic
interference and can provide a huge bandwidth. Moreover,
VLC is a free space optic (FSO) technology where a data
rate of 10 Gbps and beyond can be obtained. RF technology
supports a data rate lower than that obtained with VLC
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communication systems. VLC systems can be used in many
applications in different environments such as hospitals,
underwater, and vehicular systems [3]. Vehicular commu-
nication systems depend mainly on the use of high beam or
low beam headlamps as a light emitting diode (LED) which
can be used as an optical transmitter. It has many
advantages such as low cost, high efficiency, ease of
handling, and low power consumption. At the receiver side,
an avalanche photodiode (APD) or a positive intrinsic
negative (PIN) photodiode can be used [4]. This technology
enables drivers to exchange information, including
congested traffic areas, the distance between vehicles, etc.
The modulation process is performed at the intensity of the
light waves. This type of modulation is called intensity
modulation (IM). At the receiving end, the detection of the
original signal is performed by the photodiode receiver by
a scheme called a direct detection (DD) technique.
Different modulation schemes can be used in VLC systems
such as on-off keying (OOK), pulse code modulation
(PCM), and pulse amplitude modulation (PAM) [5]. The
most widely used modulation scheme in OWC systems is
OOK which is easy and simple to implement.

Recently, numerous advanced research works have
been made on vehicular VLC systems. For example, in
Ref. 6, the authors investigate the performance of the VLC
system under the effect of background noise. A LED has
been used as the optical transmitter and the PIN photodiode
has been used as the optical receiver. A data rate of 20 Kbps
has been obtained using a return-to-zero (RZ-OOK)
modulation scheme. A link distance of 20 m has been
obtained for that work. In Ref. 7, the performance of VLC
system has been studied using the Optisystem simulation
tool. A white LED has been used as a transmitter. Non-
return-to-zero (NRZ-OOK) modulation scheme has been
used. For a data rate of 2G bps and a link distance of 3 m,
the obtained maximum Q-factor was 5.76 which is not
suitable for applying this system in a practical environment.
In Ref. 8, the authors propose an experimental demon-
stration of a V2V OWC system. A data rate of 100 Mbps is
obtained for a link distance of 2 m and a data rate of
14 Mbps is obtained for a link distance of 15 m. In Ref. 9,
the authors investigate the performance of VLC system
with orthogonal frequency division multiplexing (OFDM)-
modulated white LED with the help of an Optisystem
simulation tool. Performance evaluation for the system has
been investigated only for specific weather conditions and
the effect of other environmental conditions has been
neglected. A 10 Gbps data rate can be supported by the
proposed system up to a link distance of 2 with an accepted
bit error rate (BER). In Ref. 10, the authors investigate the
performance of a vehicle-to-everything (V2X) communi-
cation system using a direct sequence optical code division
multiple access (DS-OCDMA) technique.

But, in the previously mentioned works, the authors
neglect the effect of different weather conditions and the
effect of system parameters on the performance of the
system. Ref. 11 investigates the effect of different weather
conditions on the performance of a free space optical
communication system under real-world atmospheric
conditions. But the effects of all system parameters such as
beam divergence, transceiver aperture diameters, receiver
responsivity, and quantum efficiency have not been
investigated. Weather conditions play an important role in

degrading the performance of such systems. Some of the
main sources of atmospheric attenuation are due to fog,
haze, rain, or dust. Regarding the size of the particles, there
are three different ranges that can be taken under
consideration. The main parameter required for the
calculation of atmospheric attenuation is visibility.
According to the visibility of the link, the size of the
particles in the atmosphere, and the type of scattering, the
attenuation can be predicted.

This paper concentrates on designing and evaluating the
performance of a V2V VLC system under the effect of
different weather conditions and system parameters for
different data rates and link distances. Two proposed
models have been applied with different optical
transmitters. The first one depends on the use of a LED that
represents the high-beam headlamp of the system. The
second one uses a laser diode (LD) as the optical
transmitter. A practically measured APD has been used as
the optical receiver for both models. An NRZ-OOK
modulation scheme has been used. The two proposed
models are evaluated by calculating BER, quality factor
(Q-factor), eye diagram, and output power to have some
insightful results about the quality of service (QoS) for the
two proposed models. The analysis showed that vehicular
visible light communication (VVLC) system-based LD is
better than VVLC system-based LED under the effect of
different weather conditions for the same modulation
scheme and system parameters.

This paper is prepared as follows: section 2 describes
the mathematical analysis for the VVLC system model.
Then the first proposed model based on LED has been
studied followed by studying the effect of system para-
meters and the impact of link distance under the effect of
different weather conditions. Section 3 illustrates the second
proposed model of the VVLC system based on LD followed
by studying the effect of system parameters and the impact
of link distance under different weather conditions.
Section 4 demonstrates comparisons between the obtained
simulation results and the mathematical results for different
weather conditions for both proposed models. Finally, the
concluding remarks are provided in section 5 of this paper.

2.  Mathematical analysis for the proposed vehicular
visible light communication models

We consider a LED-based VVLC system in the first
proposed model. In the second model, an LD is used as the
optical transmitter. One of the high-beam or low-beam
headlamps of the source vehicle serves as an optical
transmitter. The destination vehicle is equipped with an
APD as an optical receiver. The APD is mounted at the
same height as the source headlamps and looks backward
as illustrated in Fig. 1.

The basic block diagram for the proposed VVLC
system using the NRZ-OOK modulation scheme is
illustrated in Fig. 2.

The transmitter is used for modulating the message
signal onto the optical carrier for propagation in a free
space channel. It contains three main components:
modulator, optical source such as LED or LD, and
transmitting antenna or telescope. The transmitter consists
of a pseudo-random bit sequence generator (PRBSG), a
pulse generator and an LED or an LD which represents the
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Fig. 1. Scenario for the V2V-VLC system
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Fig. 2. Block diagram for the proposed VVLC system.

high beam headlamp of the vehicle. The PRBSG is used to
generate the bit stream. This type of generators can
generate the stream of bits randomly. An NRZ pulse
generator is then used to convert the stream of bits into an
electrical signal. An NRZ modulation scheme is used in our
proposed model, and in VLC systems generally, because it
has more energy than the RZ modulation scheme, easy to
implement and is suitable for use in VVLC systems. The
electrical signal is then passed through the optical source
which produces an optical power of 1 W in our proposed
models. The field amplitude is projected along the horizon-
tal x and vertical ¥ axes and can be described as [12]

Ey = Ay exp(j(wt — k)X, (1)
E_y = Ay exp(j(wt — kz+<p)}75 @)

where A, and A,, represent the electric field amplitudes on
the X and y directions, w — the angular frequency, k, — wave
vector in z direction and ¢ is the phase difference between
the two electric field components.

Assuming a linearly polarized signal along the X axis
only, the transmitted signal will be given by

Es(t) = \/%expf [wt + ¢ (0)], G)

where Pr is the transmitted power. The transmitted optical
field at the output of the transmitter can be expressed as

E.(t) = \/%exp[wt + . ()] m(t)x, 4
m(t) = by recty(t — kT), %)
Zm e rect;

where by is the transmitted bit and equals 0 or 1, T is the
symbol period and m(t) is the rectangular function.

1; t e (0,m)
0; elsewhere.

rectr(t) = { (6)

After passing through the atmospheric channel, the
received optical signal from the channel is given by

s .
E.(t) = j;eXP[J(Wf + @ ()] m(0), ™

where B. is the received power and ¢, is the phase noise of
the receiver.
The received optical power can be expressed as

Py= Pyt pow ®)

R=7T(dy + 6L)? ’
where dy is the receiver aperture diameter, d; is the
transmitter aperture diameter, 6 is the beam divergence, L
is the link distance, and « is the atmospheric attenuation.
The photodetector detects the optical received signal E,.(t)
and converts it into an electrical signal.

The output of the photodiode can be expressed as

C(@®) = R [E.(®)| m(2) + n(D), (€))

where R is the responsivity of the receiver and n(t)
represents the system noise term which can be considered
as the thermal noise and the background noise.

The output of the photodiode can be expressed as

2
c(t) =R \/g m(t) + n(t). (10)

Assuming an undistorted signal, the output of the
receiver can be given by

Cc(t) = RI;—R m(t) + n(t). (11)

The output of the photodiode is then passed through a
low pass Bessel filter (LPF) with a transfer function given
by [12]

H(s) = Ii (12)
B By(s)’

where I is the insertion loss parameter, N is the parameter
order, d, is the normalizing constant, and By (s) is the n®
order Bessel polynomial

(2N)!
do = Zymarr (13)
N
By(s) = ) dy sk, (14)
(2N — k)!

b = 3Nk T (N = k)1 (13)
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S= (f fcwb)’ (16)

where f_ is the cutoff frequency defined by the parameter
frequency and w, is the normalized 3 dB bandwidth.

The normalized 3 dB bandwidth can be calculated as
shown in Ref. 12. Then, the output of the LPF can be
expressed as [12]

wp (2N —1)-In2 17)

1 T
w® =7 [ €O -h©
0
R +npp; m(t) =0 (1%
=) RP,
T+nLPF5 m(t) =1.

where h(t) is the impulse response of the LPF, T is the
symbol period and n;pp is the white Gaussian noise that
can be given by

o
TlLF =~ 0,7 5 (19)

where ;2 is the noise variance.
The range of the signal v, (t) is A,, and A,f; Where

RPR
Aon =
0, respectively. In this case the threshold level is at zero

level.
The probability density function (PDF) can be given by

and A,rr = _Rzﬁ for the transmission of 1 and

PDF =

f —m)) dv. (20)
J2ma?

The PDF can be used for determining the probability of
error in the proposed system.

For logic 1 pulses, all of amplitude v will have a mean
and variance of A4,, and ¢2,. So, the probability of error is
equal to the probability that the noise will exceed the
threshold voltage (vy), which is mistaken for a 0 pulses. It

is given by
- 17)2
dv. (21)

1 f”t ( (Aon
exp| —————
J2mod, J- e 207

For logic 0 pulses with a mean and variance of A, and
Uosz, the probability of error in the presence of 0 bit is given

by
1 (v = Aogs)’
f exp ( 302 ) dv, 22)

/27wgff Vth

where P; (v,) and Py (v;y,) indicate the error probability in
the presence of 1 bit and 0 bit, respectively.
The total error probability can be given by

Py (ve) =

Po(vey) =

1 1
F(V) = EPI (ven) + EPO(VHJ (23)

Assuming that the probability of error in the presence
of 0 and 1 pulses are equally likely, thus, the BER can be
given by

p [e0(Vh)

BER = ,
V27 Q

24)

where Q represents the quality of the signal-to-noise ratio
(SNR) in the eye diagram and is given by

0= Ven — Aofy _ Aon — Vin _ Aon — Aosy 25)
Uoff Oon Oon + O—off

The average BER can be given as

BER = P(Ddvdl. (26)

Vth oo RPy
1 ”exp _(”—T)
,/2710,%0 . oq

After performing some mathematical
transformation, the BER can be calculated as

1 A, —V Ve, — A
BER = — | erfc <M> + erfc (M> ,(27)
2 Oon O-Off

I /RPg
BER = > erfc ( ) (28)
20,

expression

where o, is the standard deviation and erfc(.) denotes the
complementary error function.

The closed form approximation of BER for NRZ-OOK
can be given by

BER = ~ erf (Q> (29)
= —erfc|—],
2 \B
where
_\/zRPR (30)
20,

2.1. Proposed system model setup using light emitting
diode

A high beam headlamp of a Philips Luxeon Rebel white
LED type is used in the first proposed model. Table 1
illustrates the specifications of the high beam headlamp of
the vehicle used in our proposed model.

Table 1.
Specifications of the LED-based high beam headlamp [13].

Parameter Value
Type High beam headlamp white LED
Power 1w
Light wavelength 400-700 nm

The output optical power can be expressed as [9]

L(t)

e

P=n-h-f- 3D
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where 7 is the quantum efficiency, h is Planck’s constant,
f is the emission frequency, i(t) is the input electrical
signal, and g, is the electron charge.

The channel environment in vehicular VLC systems
plays an important role in the system performance [14].
Thus, the effect of the channel parameters should be studied
accurately. In our proposed system, the effect of attenuation
losses and geometrical losses are taken under consid-
eration. The attenuation losses can be called atmo-spheric
losses, which indicate the loss in the transmitted signal
power. This loss is produced mainly due to atmospheric
turbulences [9]. In our proposed work, the effect of three
different weather conditions has been investigated. Table 2
shows different weather conditions and the attenuation loss
due to each weather condition [15]. Table 3 shows the
parameters settings of the FSO channel.[9].

Table 2.
Attenuation loss due to different weather conditions [14].

Weather condition  Attenuation loss (dB/km)

Clear 0.4

Haze 4

Fog 21
Table 3.

Parameters settings for the wireless channel.
Parameter Value
Link distance 80 m
The aperture diameter of the transmitter telescope 7 cm
The aperture diameter of the receiver telescope 1.5cm
Beam divergence angle 68 mrad

On the other hand, the effect of the geometrical loss
appears in the form of beam width spread between the
transmitter and receiver. The beam spreads to a size which
is larger than the receiver aperture diameter. The
geometrical loss (GL) is given by [15]

dr
GL(dB) = —20 lOg [m] (32)

The choice of the optical receiver should satisfy the
requirements of cost, safety, and performance. There are
different types of optical receivers that can be used in VLC
systems such as APD and PIN diode [16-18]. In the
proposed model, a practically measured APD of type (Si)
Hamamatsu [S8664-1010] is used [19]. The effect of
thermal noise and shot noise has been taken into account
according to the parameters of the APD which is illustrated
in Table 4.

Table 4.

Parameters of the APD [S8664-1010] [19].
Parameter Value
Gain 50
Bandwidth 65 MHz
Surface dark current 10 nA
Noise figure 0.2
Responsivity 0.28 A/W
Load resistance 500

To reduce the effect of these noises on the system
performance, an LPF has been used. The total noise
variance is given by [20]

O-tzotal = o-szhot noise + at'zhermal noise- (33)
The shot noise is given by [20]
Gszhot noise — ZQerF(Iinc)Bs (34)

where F is the excess noise, g, is the electron charge, G is
the photodiode gain, B is the photodiode bandwidth. The
photocurrent produced, I;,,., due to the received optical
power is given by

A

Iinc = GAr f Plnc(/l)R(A)To(l)dl,
A

(35)

where A, and A, are the visible light wavelengths, R(4) is
the responsivity of the APD, A, is the effective area of the
receiver, Ty(4) is the transmittance of the bandpass optical
filter. The shot noise distribution in our proposed model is
Gaussian. The thermal noise is given by

kpTy
Utzhermal =4 ( Rl )FnBa

(36)

where kj is the Boltzmann constant, R; is the load resis-
tance, T, is the absolute temperature, B is the photodiode
bandwidth and F, is the noise figure.

An LPF with 4™ order has been used in the proposed
model.

2.2. Effect of the transimpedance amplifier in the light
emitting diode-based model.

Figures 3 and 4 illustrate the Q-factor and the eye
diagram obtained for the proposed model. In digital
communication systems, the eye diagram indicates the
quality of the signal. The Q-factor can be used for
representing the quality of the SNR in the eye of a digital
signal. The ‘eye’ being the human eye-shaped pattern on
an oscilloscope that shows the transmission system
performance.

" - |0 =
B Quality Factor for LED based vehicular model Signal ndes =
Dbl Click On Objects to open properties. Move Objects with Mouse Drag o5
0.1 03 0.5 0.7 0.9 [ Show Eye Diagiam
Analysis ]
- w Max. Q Factor 6.24826
Min. BER 2.01816e-010
Eye Height 0.000153817
Threshold 0.000122546
Decision Inst.| 0.6675
W "y
[ Invert Colors
\ ™ Color Girade
N \
£ | =
] ' | ColubePatens |
o { | -
. \
e / | Pattems |
Pattern 1 ;
Pattern 2
- Ld Pattern 3
Pattern 4
Pattern 5
~ ~
0.1 03 0.5 0.7 0.9
Time (bit period)
QFactor j/, Min BER Threshold Height BER Pattern

Fig. 3. Q-factor for the LOS model using LED with a link
distance of 80 m and a data rate of 60 kbps.
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Fig. 4. Eye diagram for the LOS model using LED with a link
distance of 80 m and a data rate of 60 kbps.

For better performance of the system and for enhancing
the output electrical power at the receiving end, a trans-
impedance amplifier (TIA) can be used for increasing the
output electrical power. The TIA is used to convert the
output current of the APD into an electrical voltage and also
for increasing the output electrical power at the receiving
end. Tables 5 and 6 show the power calculations for the line
of sight (LOS) model without and with TIA, respectively.

Table 5.
Power calculations of the proposed model without using TIA.

Signal power Noise power

Watt dBm Watt dBm
The output power of _
high beam headlamp 1.393 31.44 0 100
The outputpowerof 145 106 198 o —100
the channel
The output power of 10 _ 10 _
APD 64.7-10 41.8 16-10 47.7
The output power of - 39 4 109 44 3436.10712 —64
LPF
Table 6.

Power calculations of the proposed model using TIA.

Signal power Noise power

Watt dBm Watt dBm
The output power of _
high beam headlamp 1.393 31.44 0 100
The outputpowerof 145 156 198 o -100
the channel

The output power of 100 _ 10

APD 64.7-10 41.8 16-10 47.7
The output power of 106 _ 106 _

TIA 161-10 7.9 4110 13.79
The output power of - g¢ 5156 _j9 85910 ~30.66

LPF

From the obtained results, it is clear that the TIA has a
significant effect on the output electrical power as there is
an increase in the output power by 98.46 uW when compared

with the model which includes no TIA. The presence of the
TIA has no effect in the values of both the Q-factor and
BER. The obtained values for the maximum Q-factor and
the minimum BER are acceptable, as for a good signal
reception, the maximum Q-factor should be higher than 6
and the minimum BER should be lower than 107°. The
maximum quality factor obtained for our model is 6.248
and the minimum BER is 2.018-1071°,

2.3. Impact of link distance under different weather
conditions for the light emitting diode-based model.

Now, the system performance is evaluated according to
different affecting parameters that have a significant effect
on the maximum Q-factor, minimum BER, and output
electrical power. Weather conditions have a significant
impact on the performance of the vehicular VLC system
[21, 22]. The response of the system to different weather
conditions is investigated. The effect of different parameters
such as link distance, data rate, receiver aperture diameter,
receiver responsivity, beam divergence, and quantum
efficiency on the performance of the system is discussed.
Figure 5 displays the effect of link distance on the
maximum Q-factor for a data rate of 60 kbps. As illustrated
in Fig. 5, for distances up to ~30 m, the link distance has no
effect on the value of the maximum Q-factor. The change
of the weather condition does not affect the performance of
the system, also. After that, as the link distance is increased,
the maximum Q-factor decreases until reaching an accepta-
ble value of 7.24 for fog weather condition at a link distance
of 60 m. For clear sky and haze weather conditions, it
reaches the values of 8.1 and 7.96, respectively. This
system can support up to 60 m link distance with an
acceptable value of the maximum Q-factor (7.24) for
the worst case of the weather conditions (fog weather
condition) with an attenuation loss oo = 21 dB/km.

T T
—=— Clear weather
—=— Haze weather |-

Fog weather

%)

T T T T T

T

%
T

o
T

Maximum quality factor
-
T
.

8

\ . ) I L I
30 40 50 60 70 80 90 100
Link distance (m)

)

Fig. 5. Maximum Q-factor vs. link distance under different
weather conditions.

The weather conditions have a great influence on the
quality of the OWC system [23]. The received signal power
is affected by different weather conditions such as rain,
snow, and fog. Regarding the size of the particles, there are
three different ranges that can be taken under consideration.
In case of fog, tiny particles are considered. In this case,
Mie-scattering is used to calculate the effect of fog [11].
This approach is sophisticated and detailed parameters are
required for estimating the effect of fog. Another method
[24] which is simpler and depends on the value of the
visibility can be used. An empirical model for Mie-
scattering is used to calculate the attenuation coefficient.
The attenuation loss, o, in dB/km, is given by [11]

a = 10log,[y(1)] (37)
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with

y =2

550 nm

where V is the visibility range, A4 is the operating wave-
length, and T is the coefficient that describes the fog
thickness. This coefficient can be calculated according to
the Kruse model in terms of the visibility factor as [25]

1.6, V > 50
T={1.3, 6 <V <50 (39)
0585V13, V<6,

Figures 6-8 show the effect of link distance on the
value of BER for different weather conditions. It is noted
that as the distance is increased, the BER is increased until
it reaches 9.93-107!° for fog with a link distance of 70 m.
For clear and haze weather conditions, the BER reaches its
minimum acceptable value at a link distance of 80 m. At
this distance, the BER for clear sky is 2.02-107'° and for
haze, it reaches a value 0of 9.62-1071°.

6

25210 : r ; :
—=e— Clear weather
2 7 i
g
Sst .
=]
-
el
5 _
=
Rost .
B ! i ! i
10 20 30 40 50 60 70 80 90 100

Link distance (m)

Fig. 6. BER vs. link distance for clear sky weather.

)
1 . : : -
—e— Haze weather

Bit error rate
£ 3 =
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Fig. 7. BER vs. link distance for haze weather.
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Fig. 8. BER vs. link distance for fog weather.

The link distance also has a strong influence on the
received output power. At the receiving end, the received
power intensity decreases with the square root of the link
distance. Thus, the output power decreases with the link
distance. Figure 9 shows the effect of link distance on the
received electrical power at a data rate of 60 kbps. The
output electrical power decreases exponentially with the
link distance until reaching a value of —4.068 dBm at a link
distance of 50 m for fog weather, where a =21 dB/km.
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Fig. 9. Output electrical power vs. link distance under different
weather conditions.

2.4. Performance evaluation of the first proposed model
under different system parameters.

In this section, the effect of different system parameters
is investigated, including receiver aperture diameter, beam
divergence, receiver responsivity, and quantum efficiency.
The effect of the data rate on the maximum Q-factor is also
discussed. The relation between maximum Q-factor and the
receiver aperture diameter, at a link distance of 80 m and a
data rate of 60 kbps, is illustrated in Fig. 10. An increase in
the maximum Q-factor is noticed with the increase of the
receiver aperture diameter until it reaches ~7 cm. For
values higher than 7 cm of the receiver aperture diameter,
the value of the maximum Q-factor remains approximately
constant with the increase of the receiver aperture diameter.
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Fig. 10. Maximum Q-factor vs. the receiver aperture diameter
under different weather conditions at a link distance of
80 m and a data rate of 60 kbps.

The ability of transmitting a very narrow optical beam is
one of the main advantages of OWC systems. Diffraction
occurs to the light beam while travelling from the
transmitter to the receiver. This reduces the amount of light
which is collected by the receiver aperture. The loss in the
uncollected beam is called “beam divergence loss". The
beam divergence is a measure of how fast a light beam
expands far from its focus. As the beam divergence is
decreased, the obtained scattering is decreased leading to a
good system performance. Figure 11 shows the beam
divergence between the transmitter and receiver. Figure 12
shows the relation between beam divergence and maximum
Q-factor for a link distance of 80 m and a data rate of
60 kbps. This parameter describes the attenuation between
the transmitter and the receiver. This loss depends on the
light beam width and the diameter of the telescope at the
receiving end. For the LED-based model, the small values
of the beam divergence do not affect the value of the
maximum Q-factor. For a beam divergence ranging from 1
to 12 mrad, the maximum Q-factor is approximately still
constant and does not change with the change of the beam
divergence. After a beam divergence of 12 mrad, the
maximum Q-factor decreases with the increase of the beam
divergence until it reaches an acceptable value of 6 at a
beam divergence of 58 mrad for fog weather condition.
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Fig. 12. Maximum Q-factor vs. beam divergence under different
weather conditions.

The key parameter in the APD is its responsivity, which
is a measure of the PD sensitivity to the input light. The
responsivity of the APD is given by [22]

R=2L (40)

where I, is the output current of the PD and P is the
incident light power. The physical structure of the APD
affects the value of the responsivity. The effective area of
the APD should be large enough to have the ability of
collecting enough optical power. Figure 13 displays the
maximum Q-factor vs. receiver responsivity under different
weather conditions. Clearly, as the responsivity is increased,
the maximum Q-factor increases significantly for small
values of the receiver responsivity. For good system perfor-
mance, it is better to choose a receiver responsivity higher
than 0.4 A/W.
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Fig. 13. Maximum Q-factor vs. receiver responsivity under
different weather conditions.

The quantum efficiency also has strong effect on the
performance of the wireless systems which depends on the
use of LED as a light source. Figure 14 displays the effect
of quantum efficiency on the system performance, where
the Q-factor increases with the quantum efficiency. It is
better to have a quantum efficiency higher than 0.8 for
better performance of the system under different weather
conditions. Figure 15 shows the effect of data rate on the
value of the maximum Q-factor for a link distance of 80 m.
The figure depicts that the best suitable values for the
maximum Q-factor can be obtained at a data rate of
60 kbps. At this data rate, the corresponding maximum
Q-factor is 6.24, 6, and 4.81 for clear sky, haze, and fog
conditions, respectively.
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Fig. 14. Maximum Q-factor vs. quantum efficiency under
different weather conditions.
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Fig. 15. Maximum Q-factor vs. data rate under different weather
conditions.

3. Laser diode-based vehicular visible light
communication (VVLC) system setup.

More attention has been paid towards the use of LD
instead of the traditional LED due to its higher modulation
bandwidth, higher beam convergence, and higher
efficiency. The proposed system model depends on the use
of LD as the optical transmitter and an APD as the optical
receiver. Indium-gallium-nitride diode lasers with an
output power of 1 W are used in our proposed model. The
proposed system can support up to a data rate of 25 Gbps
and a link distance of 190 m. This shows that this system is
better than the first proposed system (the LED-based one)
as it can support a higher data rate and higher link distance.

Table 7 shows the simulation parameters for the LD.
This model uses the same optical receiver which was used
in the first model which is a practically measured APD of
type (Si) Hamamatsu [S8664-1010]. Table 8 shows the
simulation parameters of the wireless channel.

Table 7.
Simulation parameters for LD [10].
Parameter Value
Wavelength 450 nm
Power 1w
Extinction ratio 10dB
Linewidth 10 MHz
Initial phase 0°

Table 8.
Parameters settings for wireless channel [9].

Parameter Value
Range 190 m
Attenuation 0.4,4 and 21 dB/km
Transmitter aperture diameter 1 cm
Receiver aperture diameter 1.5cm

Beam divergence 2 mrad
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For systems with higher data rates, a beam divergence
with a value of 2 mrad should be selected. Figure 16
displays the Q-factor for the proposed model. The obtained
maximum Q-factor for the proposed model is 6.419 and the
corresponding BER is 6.81 -107'!, When compared with
the first model (the LED-based one), the new model (the
LD-based one) is seen to outperform the first model as it
has a higher Q-factor and lower BER as shown in Table 9.
Figure 17 demonstrates the eye diagram for the LOS model
using LD with a link distance of 190 m and a data rate of
25 Gbps.
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Fig. 16. Q-factor for the proposed model using LD with a 190 m
link distance at 25 Gbps.

Table 9.
Comparison between the two proposed models concerning both
Q-factor and BER.

Max Link
Q-fact-o . BER distance Data rate
(m)

LED-based model 6.248 2.018-1071° 80 60 kbps
LD-based model 6.419  6.81-107! 190 25 Gbps
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Fig. 17. Eye diagram of the LOS model using LD for a 190 m
link distance at 25 Gbps.

The power calculations for the LOS model using LD
and without the use of TIA for a 190 m link distance and a
25 Gbps data rate are shown in Table 10. Table 11 shows
the obtained power when using TIA in the proposed model.

Table 10.
Obtained power for the proposed LD-based model without
the use of TIA.

Signal power Noise power
Watt dBm Watt dBm

The output power of B
high beam headlamp 1.393 3144 0 100
The output power of 787.5-10°5 —1.03 0 ~100
channel

The output power of -6 103
APD 205.4-10 6.87 6.69-10- 8.257

Eg;"“tpmp"wer"f 188.8-10 —7.23 159.2-10° —7.98

Table 11.
Power calculations for LOS model using LD and APD.

Signal power Noise power

Watt dBm Watt dBm

The output power of LD _
high beam headlamp 1.4 30 0 100
The output power of the 787106 —1 0 ~100
channel

The output power of 106 103
APD 205.4-10 6.8 6.69-107° 8.257

Ez"“tputp"we“’f 5135-10° 27 7.16-103 8.552

Ilg‘;"“tputp"we“’f 4721103 26 7.08:10° 85

3.1. Effect of link distance for the second proposed
system model.

In this part, the effect of link distance on the maximum
Q-factor, BER, and output electrical power is investigated
and the results are displayed in Fig. 18 under different
weather conditions at a 25 Gbps data rate.
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Fig. 18. Maximum Q-factor vs. link distance for the LD-based
system at 25 Gbps under different weather conditions.

Here, the maximum Q-factor decreases with the link
distance. For clear sky, where a = 0.4 dB/km, this system
can support a link up to 190 m with an acceptable value of
the maximum Q-factor of 6.419. For haze weather, where
o =4 dB/km, this system can support a link up to 180 m,
while for fog weather, where o = 21 dB/km, the system can
support a link up to 140 m. Thus, the LD-based VVLC
system provides a longer link distance and a higher data
rate, resulting in a better performance as compared to the
LED-based VVLC system.
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A comparison between the maximum achievable link
distance and the corresponding maximum quality factor for
both the LED-based and LD-based models for different
weather conditions is shown in Table 12.

Table 12.
Maximum achievable link distance and the corresponding
maximum Q-factor for LED-based and LD-based models.

Max. achievable
link distance (m)

Corresponding
max. Q-factor

have a great impact on the values of the output power.
Compared to the output power obtained from the first
proposed model, it is clear that this model is better than the
first one (the LED-based one) as there is a great enhance-
ment in the values of the output power even in the worst
case of weather conditions.

Table 13.
Maximum achievable link distance and the minimum BER
for LED-based and LD-based models.

Clear Haze Fog |Clear Haze Fog
LED-based model | 80 70 60 | 624 698 7.24
LD-based model 190 180 140 | 6.41 6.15 6.01

The effect of link distance on the BER is shown in
Figs. 19-21. The BER increases as the link distance is
increased. For a better system performance, the link
distance should not exceed 200 m for clear sky weather. At
this link distance, the BER is 3 -107°. For haze weather, the
link distance should not be higher than 180 m, where the
BER is 3.7-107'. For the worst case of fog weather, the
maximum acceptable link distance is 140 m and the BER
at this distance is 9.13-1071°,

9
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Fig. 19. BER vs. link distance for LD-based system at 25 Gbps

for clear sky weather.
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Fig. 20. BER vs. link distance for the LD-based system at
25 Gbps, for haze weather.
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Fig. 21. BER vs. link distance for the LD-based system at
25 Gbps, for fog weather.

Table 13 illustrates a comparison between the maximum
achievable link distance and the minimum obtained BER
for the two proposed models.

Figure 22 illustrates the relation between the output
electrical power and the link distance at a data rate of
25 Gbps. Here, the link distance has a strong effect on the
output electrical power and also the weather conditions

Max. achievable link|

distance (m) Minimum BER

Clear Haze Fog
LED-based model | 80 80 70
LD-based model 190 180 140

Clear Haze Fog
2:107199-107199-10710
6:107113-107199-10710

g 70 T T T T
—e— Clear weather
—e— Haze weather ||
Fog weather

40 -

10 1 I 1 I 1 I I
20 40 60 80 100 120 140 160 180 200
Link distance (m)

Fig. 22. Output electrical signal power vs. link distance for the
LD-based system at 25 Gbps.

Table 14 illustrates the comparison between the two
proposed models according to the maximum achievable
link distance and the output electrical power.

Table 14.
Maximum achievable link distance and the corresponding output
electrical power for LED-based and LD-based models.

Max. achievable link
distance (m)

Corresponding
output power (dBm)

Clear Haze Fog |Clear Haze Fog
LED-based model | 80 70 60 | -10 —8.26 -7.59

LD-based model 190 180 140 |26.73 2636 26.15

3.2. Effect of beam divergence on the performance of the
laser diode-based model.

The beam divergence has a strong effect on the
performance of the VVLC system. Figure 23 illustrates the
relation between beam divergence and maximum Q-factor
for a 140 m link distance and a data rate of 25 Gbps.
Clearly, the system provides a good performance at small
values of beam divergence. For beam divergence higher
than 2 mrad, the value of the maximum Q-factor decreases

b
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Fig. 23. Maximum Q-factor vs. beam divergence for a 140 m
link distance at 25 Gbps.
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obviously until reaching zero at 5 mrad under fog weather
condition.

The relation between beam divergence and the output
electrical power is displayed in Fig.24. The output
electrical power decreases with the beam divergence. Also,
the output power, in case of fog, has higher deviation than
that obtained in the case of both clear and haze weather
conditions. At a beam divergence of 2 mrad, the obtained
output power for clear, haze, and fog is 31.92, 30.9, and
26.15 dBm, respectively.
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Fig. 24. Output electrical power vs. beam divergence for a 140 m
link distance at 25 Gbps.

Table 15 shows the maximum suitable beam divergence
and the corresponding maximum Q-factor for both
proposed models.

Table 15.
Maximum acceptable Q-actor vs. beam divergence for both
LED and LD based models.

Max. beam Corresponding max.
divergence (mrad) |achievable Q-factor

Clear Haze Fog |Clear Haze Fog
LED-based model | 70 68 58 | 6.03 6 6
LD-based model 2 2 2 11.5 10.27 6.01

3.3. Effect of transmitter aperture diameter on the
performance of the laser-diode-based model.

The effect of the transmitter aperture diameter on the
maximum Q-factor and the output power is being
investigated in Fig. 25, showing a significant effect of the
transmitter aperture diameter on the maximum Q-factor for
clear, hazy, and foggy weather conditions. For good system
performance, the transmitter aperture diameter should not
exceed 1 cm under the foggy weather condition. Figure 26
shows the effect of the transmitter aperture diameter on the
output electrical power, where the output power decreases
with the increase in the transmitter aperture diameter. The
amount of transmitted power in the case of fog is the lowest
compared with that in both clear and hazy weather
conditions.

3.4. Effect of receiver parameters on the performance of
the laser-diode-based model.

In this section, two parameters of the receiver are
discussed: responsivity and aperture diameter. Figure 27
displays the effect of the receiver responsivity on the
maximum Q-factor. As seen, it is better to choose a suitable
type of APD with a receiver responsivity higher than
0.2 A/W. At values smaller than 0.2 A/W, the quality of the
system reduces significantly, especially in the case of a
foggy weather condition.
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Fig. 25. Maximum Q-factor vs. transmitter aperture diameter
for a 140 m link distance at 25 Gbps.
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Fig. 26. Output power vs. transmitter aperture diameter for a
140 m link distance at 25 Gbps.
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Fig. 27. Maximum Q-factor vs. receiver responsivity for a
140 m link distance at 25 Gbps

Table 16 displays the minimum value of the receiver
responsivity for achieving the minimum acceptable Q-
factor for the LED-based and the LD-based models.
Figure 28 illustrates the relation between the maximum Q-
factor and receiver aperture diameter for a 140 m link
distance at 25 Gbps. It proves that the maximum Q-factor
increases significantly as the receiver aperture diameter is
increased. Thus, it is better to choose a receiver aperture
diameter with a value higher than 1 cm for better system
performance.

Table 16.
Minimum Q-factor vs. the minimum receiver responsivity for
both LED and LD based models.

Min. receiver Corresponding min.
responsivity (A/W) |acceptable Q-factor

Clear Haze Fog |Clear Haze Fog

LED-based model | 0.3 0.3 04 6.5 6.25 6.16
LD-based model 0.2 0.2 0.3 | 828 739 6.43
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Fig. 28. Maximum Q-factor vs. receiver aperture diameter for
al40 m link distance at25 Gbps
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Table 17 illustrates the minimum value for the receiver
aperture diameter for achieving the minimum acceptable
Q-factor for both proposed models.

Table 17.
Minimum acceptable Q-actor vs. minimum receiver aperture
diameter for both LED and LD based models.

Min. receiver
aperture diameter
(cm)

Corresponding min.
acceptable Q-factor

Clear Haze Fog
LED-based model 2 2 2 8.12 793 6.95
LD-based model 2 2 2 120.06 17.94 10.55

Clear Haze Fog

When comparing the previous research work with the
two proposed models, it was obvious that the proposed
model can achieve higher data rate with a larger link
distance when using the LD-based model. The LED-based
model provides a longer link distance compared with the
previous work. Although the previous research work
achieved higher data rates than the proposed LED-based
model but these works have neglected the effect of weather
conditions and different system parameters on the perfor-
mance of the system. Table 18 shows a table of comparison
between the published previous work and the proposed work.

4. Comparison between mathematical results and
simulation results for the two proposed models

Comparisons between the obtained simulation results
and the mathematical results for the BER (which was
derived in section 2) are illustrated in Tables 19 and 20 for
the LED-based model and LD-based model, respectively.
For example, for the LED-based model, in the clear
weather with a link distance of 80 m and a Q-factor
of 6.24, the obtained BER from the simulation result
and the eye diagram was 2 -1071% as illustrated in Fig. 4.
When calculating the BER using the mathematical
equation derived (29), the following result is obtained

BER = 0.5 erfc (%) = 0.5 erfc (4.412) ~2.18 - 10710

which is approximately the same as that obtained from the
simulation, showing an excellent agreement.

Figures 29, 30, and 31 show a comparison between the
simulation results and the mathematical results for different
weather conditions for the LED-based model, showing a
fair agreement.
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Fig. 29. BER vs. Q-factor for clear weather for LED-based model
for both simulation results and mathematical results.
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Fig. 30. BER vs. Q-actor for haze weather for LED-based model
for both simulation results and mathematical results.
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Fig. 31. BER vs. Q-factor for fog weather for LED-based model
for both simulation results and mathematical results.

Table 18.
Comparison between previous work and proposed work.

Ref. Optical Tx Optical Rx Modulation Data rate (bps) Link distance (m)
[6] LED PIN RZ-O0K 20K 20
(71 White LED PIN NRZ-OOK 2G 3
[8] LED APD - 100 M and 14 M 2 and 15
91 White LED PIN OFDM 10G 2
[10] LD PIN DS-OCDMA - 100
Proposed work using LED ~ White LED APD NRZ-OOK 60 K 80
Proposed work using LD LD APD NRZ-OOK 25G 190
Table 19. Table 20.

Comparison between simulation results and mathematical results
for the LED-based model.

Comparison between simulation results and mathematical results
for the LD-based model.

Max. Obtained Obtained BER
achievable link Q-factor Simulation Mathematical

Max. Obtained Obtained BER
achievable link Q-factor Simulation Mathematical

distance (m) Q) results results distance (m) Q results results
Clear 80 6.24 2-10710  2.18-10710 Clear 190 6.41 6-1071 7-1071
Haze 70 6.9 1.34-10712 1.5-107"2 Haze 180 6.15 3-10710 3.8-10710
Fog 60 7.24 2-10713 24107183 Fog 140 6.01 9-10710 9.27-10710
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Comparisons between the simulation results and
mathematical results for LD-based model for clear, haze,
and fog weather conditions are illustrated in Figs. 32, 33,
and 34, showing also a fair agreement.
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Fig. 32. BER vs. Q-factor for clear weather for LD-based model
for both simulation results and mathematical results.

—&— Simulation results
- - - Mathematical results ||

w

Bit error rate
o

0 >
49 55 6.1 69 7.8 8.9 10.2 11.9 13.9 16.5
Quality factor

Fig. 33. BER vs. Q-factor for haze weather for LD-based model
for both simulation results and mathematical results.
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Fig. 34. BER vs. Q-factor for fog weather for LD-based model
for both simulation results and mathematical results.

5. Conclusions

Two VVLC system models have been proposed. The
first model is a LED-based VVLC system, and the second
model is a LD-based VVLC system. Performance
evaluation for both systems is performed through the Q-
factor, BER, and output power. A TIA can be used to
enhance the output power at the receiving end for both
models. The obtained results show that in the presence of
the TIA, the output power of the LED-based and LD-based
VVLC systems increased by 98.46 uW and 0.4719 W,
respectively. On the other hand, the maximum achievable
link distance for the LD-based and LED-based VVLC
systems is 190 m with a data rate of 25 Gbps and 80 m with
a data rate of 60 kbps, respectively, with the same system
parameters and weather conditions. In comparison to the
LED-based VVLC system, which can support links up to
80m, 70 m, and 60 m with an acceptable BER of
2.02-1071°9.62.107'°, and 9.93-10'° for a data rate of
60 kbps for clear, haze, and fog weather conditions,
respectively, the LD-based VVLC system can support links
up to 190 m, 180 m, and 140 m with a minimum acceptable
BER of 3:107°, 3.7-107'°, and 9.13-107'° for a data rate of
25 Gbps for the three different weather conditions. In
addition, the LD-based VVLC system produces higher
values for the maximum Q-factor than the LED-based

VVLC-LED system. With regards to the output power, in
the foggy weather, the lowest output power for the LD-
based VVLC system is 17.623 dBm at a link distance of
200 m, as opposed to —4.06 dBm for the LED-based VVLC
system at a link distance of 50 m. Therefore, the LD-based
VVLC system has an additional benefit over the LED-
based VVLC system having higher output power.

On the other hand, different system parameters also
affect the system performance significantly, such as beam
divergence, receiver aperture diameter, receiver
responsivity, and quantum efficiency. The beam
divergence affects the performance of both models
significantly. The beam divergence affects the performance
of both models significantly, as well. The minimum
acceptable value of the maximum Q-factor obtained was 6
at 58 mrad and 6.01 at 2 mrad, for LED-based and LD-
based VVLC systems, respectively. This value was
considered for fog weather. From the point of view of the
receiver aperture diameter, the LD-based VVLC system
shows better performance than that of the LED-based one,
where the LD-based VVLC achieves a Q-factor of 2.7 to
144.54 for a receiver aperture diameter of 1 to 10 cm, while
the corresponding values of the LED-based VVLC system
are 2.3 to 10.68. The APD receiver responsivity also shows
better performance in the LD-based VVLC with 0.3 A/W,
compared to 0.4 A/W for the LED-based one. Therefore,
with the proper selection of the system parameters, the
performance of the system can be enhanced. The obtained
results reveal that the performance of the LD-based VVLC
system outperforms the LED-based one. The results also
ensure the relevance of the proposed system for automotive
applications under different weather conditions, such as
clear, hazy, and foggy weather. It is also concluded that the
obtained simulation results for the BER are approximately
the same as that obtained from the mathematical analysis,
showing an excellent agreement.

In the future, the performance of LD-based VVLC
system could be investigated in the case of the NLOS
model by adding the effect of external light sources and
finding new approaches for enhancing the system
performance by limiting the effect of external light sources.
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