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Visible light communication is seen as a crucial technology within optical wireless
communication systems. The technology of vehicular visible light communication holds
significant importance in the context of connected vehicles. This technology can serve as a
supplementary solution to vehicular systems that are based on radio frequency. In this paper,
the authors conduct an analysis of the performance of both line-of-sight and non-line-of-
sight vehicle-to-vehicle visible light communication systems under the effect of artificial
light source and weather conditions, including clear, hazy, and foggy weather. A practical
vehicular laser diode, a street lamp, and an avalanche photodiode are used to design the
proposed system model. Performance enhancement for the proposed system is achieved
using an optical amplifier at the receiving end. An artificial light source of light-emitting
diode Corn-type is used to represent an ambient artificial light source. Different metrics such
as quality factor and bit error rate are used to assess the system performance of the non-line-
of-sight-vehicular communication system. The proposed line-of-sight model achieves a data
rate of 25 Gbps, supporting a distance of 80 m under clear sky and hazy atmospheric
conditions. For foggy weather, an attainable link distance of 70 m is achieved. The achieved
results emphasize the suitability of the suggested models for vehicular applications in real
world environment.

1. Introduction

VLC has been studied intensively in the field of indoor
applications [2, 3]. Its application in outdoor communi-

Lighting technology is one of the major fields in the last
decade that can be used as a complementary solution to
radio frequency (RF) technology. Visible light communi-
cation (VLC) stands as a crucial technology facilitating
data transmission by modulating information onto the
intensity of light emitted from light-emitting diodes (LEDs)
or laser diodes (LDs). VLC possesses numerous advantages,
including high data rates, minimal latency, resilience against
electromagnetic interference, and increased security. Most
research papers focus on the importance of such technology
for indoor and outdoor applications [1].
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cation is relatively new. One of the most encouraging
prospects for outdoor VLC lies in the application of
intelligent transportation system (ITS) technology. This
technology relies on the use of LED or LD modules serving
as a transmitter and using the avalanche photodiode (APD)
as an optical receiver to realise vehicular visible light
communication (VVLC) systems [4, 5].

VVLC technology was applied in the late 1990s for
traffic information systems. Elements of infrastructure,
such as road signs, street lighting, or traffic lights, have the
capability to convey information to the vehicle driver.
This technology is called infrastructure-to-vehicle (I12V)
technology [6].
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VVLC technology has many advantages such as its
directionality, significant bandwidth existing in the visible
light spectrum enabling faster data transfer speeds, very
low induced interference, and a smaller collision domain.
Some of the main drawbacks of this technology are the
short-range communication, inability to propagate through
opaque objects such as metal, plastic, and wood, suffering
from environmental impacts such as weather conditions,
LED non-linearities, and the noise induced in the
receiving end.

Weather conditions like rain, fog, and snow considerably
diminish the performance of such systems. The transmitted
light waves may suffer from absorption and scattering [7].
The performance of such systems is notably influenced by
both natural and artificial lighting. Sunlight is considered
as a natural light source which induces shot noise at the
receiving end [8]. Advertisement boards and roadside
lighting are examples of artificial light sources that can
cause interference [9]. The reflectance of the road surface
is another crucial factor for VVLC, significantly affecting
the performance of these systems. Therefore, the objective
of this article includes:

i) Discussing the working mechanisms and evaluating the
performance of the line-of-sight (LoS) and non-line of
sight (NLoS) LD-based VVLC system considering the
impact of various climatic conditions, including clear,
hazy, and foggy skies. This describes the practical VLC
channel more precisely.

ii) Investigating how the presence of an ambient artificial
LED light source, such as ESL-CORN-GH-36 Watt,
influences the performance of the suggested systems.

iii) Comparing the performance of the LoS and NLoS
models for different atmospheric conditions demonstra-
ting how various system parameters impact both the
system quality and output power.

iv) Enhancing the performance of the system by using an
optical amplifier.

In this paper, the authors focus on exploring the
properties of the LoS and NLoS-VVLC, taking under
consideration the effect of an ambient artificial light source
and different weather conditions.

The remaining sections of the paper are organised in the
following manner. Section 2 shows the previous studies.
Section 3 studies the analysis of the suggested LoS model
with a focus on the influence of different atmospheric
conditions, furthermore, investigating the effect of an
artificial light source.

This section also explores the influence of the optical
amplifier on enhancing the performance of the proposed
LoS-VVLC model. Section 4 demonstrates the performance
analysis of the suggested NLoS model by incorporating the
influence of ambient artificial light sources and considering
atmospheric conditions. Performance evaluation for the
proposed model shows the achievable link distance for
such proposed models which can achieve the acceptable
quality factor (Q-factor) and the best bit error rate (BER).
In conclusion, section 5 offers the final remarks.

2.  Previous studies

VVLC systems have recently been the subject of much
advanced research. For example, in Ref. 1, the authors
discussed a design and performance evaluation of a VVLC

model under diverse atmospheric conditions and varying
system parameters. Two light sources have been used in the
proposed work. The initial model used LEDs for VVLC,
while the second model used LDs. The optical receiver in
use was a practically measured APD. The LED-based model
has achieved a data rate of 60 kbps over a distance of 80 m,
while the LD-based model has achieved a significantly
higher data rate of 25 Gbps over a distance of 190 m. The
effect of the ambient artificial light source on the perfor-
mance of the system was neglected in this work.

In Ref. 10, the performance of the VVLC system has
been studied with a focus on the impact of NLoS compo-
nents. The authors conducted experiments to measure the
impact of the NLoS component under different conditions.
A model has been proposed to estimate the NLoS
component based on the strength of the received signal and
the distance between the transmitter and receiver.

In Ref. 11, an experimental demonstration of the
vehicle-to-vehicle (V2V)-VLC system has been performed
using a stereo camera and an LED light source. The authors
suggested a novel approach to enhance the perception of a
vehicle surroundings in NLoS scenarios. The stereo
cameras capture images from different angles allowing the
reconstruction of 3D images of the environment.

Dixit et al. [12] focused on the analysis of the NLoS-
VLC system. The key aspects of the performance analysis
included studying channel characteristics such as multipath
propagation, path loss, and interference. A mathematical
expression for the BER was derived. The simulation results
verified the analytical results.

In Ref. 13, the authors studied the optical system design
at the receiving end of a VVLC system which has a great
influence on the reliability of V2V-VLC systems. The
authors also discussed the system performance based on the
relative positions of the cars. The impact of different
system parameters such as receiver diameter and
bandwidth has also been investigated in the proposed work.

Turan et al. [14] investigated the VVLC system
performance with the influence of noise sources. The noise
was identified from the data obtained from the Allan
variance (AVAR) method which provides a time-series
analysis for identifying the noise. The authors provided a
convolution autoencoder (CAE)-based denoising scheme
for the reduction of the noise and enhancing the
performance of the VVLC system.

3.  Line-of-sight propagation model using an ambient
artificial light source

Most research work in VVLC systems focuses on
establishing a direct LoS connection between transmitter
and receiver. In this section, extensive work has been
conducted on a proposed model that relies on establishing
a direct LoS path between two vehicles.

Figure 1 depicts the fundamental block diagram of the
suggested LoS-VVLC model, using an LD as the optical
source, as well as an APD as the optical receiver. The
proposed model uses a non-return-to-zero (NRZ) modula-
tion scheme. An ESL-CORN-GH-36 W-type ambient
artificial light source is added to the proposed model to
represent the artificial light source.

When compared to LED-based VVLC systems, LD-
based systems offer several advantages such as high optical
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Fig. 1. Fundamental block diagram for the suggested LoS model.

power, wide modulation bandwidth, and superior efficiency.
These advantages make LDs a better choice as a front-end
transmitter for VLC and facilitate seamless integration with
solid-state lighting technology [15]. For vehicular appli-
cations, it is better to use a blue LD with a wavelength of
450 nm.

Using a blue LD proves to be a favourable option for
use in VVLC systems. In the authors’ proposed work, a
blue LD of Osram PL 450B-type is used. The LD-based
VVLC systems offer several advantages compared to their
counterparts that use LEDs. These advantages include
faster transmission speeds, longer transmission distances,
and higher modulation bandwidth [1]. A high data rate can
be obtained with a suitable link distance that can be
achieved between the two vehicles under different weather
conditions. This type of laser has a high output optical
power and a high modulation bandwidth [16, 17].

As illustrated in Fig. 1, a stream of bits is generated
using the bit sequence generator. Then, the pulse generator
converts the stream of bits into an electrical signal. The
optical source which represents an Osram PL 450B-type
LD can be used to convert the electrical signal into an
optical signal. The LD in the proposed model represents the
high beam headlamp of the first car.

Table 1 shows the specifications of the LD light source,
wireless channel, and APD receiver used in the suggested
model. The APD of the silicon (Si)-type, specifically the
Hamamatsu model (S8664-1010) is used in the proposed
system model [1].

Table 1.
Characteristics of the LD optical source, wireless channel, and
receiver [1].

Parameter Value
Transmitted power, P 1w
Wavelength, A 450 nm
Receiver bandwidth, B 65 MHz
Detector responsivity, R 0.28 A/W
Load resistance, R; 50Q
Surface dark current, I 10 nA
Transmitter aperture diameter, dr 1 cm
Receiver aperture diameter, dg 1.5m
Beam divergence, 6 2 mrad
Link distance, d 80 m

An ESL-CORN-GH-36 W-type ambient artificial light
source was added to the proposed model to represent the
artificial noise source. Table 2 represents the numerical
parameters of the external artificial light source. The output
powers of two light sources are added together using a
power combiner and pass through the turbulence optical
wireless communication channel.

Table 2.
Numerical parameters of the external artificial light source.
Parameter Value
Type ESL-CORN-GH-36 W
Transmitted Power 36 Watt
Input voltage AC 85-265V
Range of frequency 50-60 Hz
Light source High-power LED chips 36 pcs
Light output (Lumens) 2800 Im
Power factor >0.9
Material Aluminium

The performance of the VVLC system can be signifi-
cantly influenced by the instability of the atmospheric
channel caused by varying meteorological conditions like
haze, fog, rain, dust, and snow. This results in a consid-
erable degradation in the absorption and scattering
mechanisms. In the proposed model, the effect of clear,
hazy, and foggy weather on the performance of the system
will be discussed.

Fog has a substantial influence on the performance of
the vehicular system. An attenuation for the propagated
light will occur because of foggy weather and there will be
a limitation in the obtained distance and the output received
signal power [18]. For studying the effect of fog, the Mie
scattering model is used, where the dominant factor in a
thick foggy environment is the scattering resulting from fog
drops. Detailed parameters are required in this sophisti-
cated method for assessing the impact of fog. Alternatively,
a simpler approach that relies on visibility can be employed
[19]. Table 3 illustrates the attenuation loss attributed to
various atmospheric conditions.

Table 3.
Attenuation loss in diverse atmospheric conditions [1].

Atmospheric condition Attenuation loss (dB/km)

Clear sky 0.4
Haze 4
Fog 21

In the proposed study, the authors consider the impact
of both attenuation loss and geometrical loss. The
attenuation loss primarily occurs because of atmospheric
turbulence. The presence of geometrical loss becomes
evident as the beam width between the transmitting and
receiving ends expands. The geometrical loss can be
formulated as [1]

GL(dB) = —20log [d d (1)
T

arodl
+6-dl’
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where dg refers to the diameter of the receiver, dy is the
diameter of the transmitter, 6 is the beam divergence and d
is the distance separating the transmitter and the receiver.
The distance at which the optical power is decreased to
2% can be considered as the definition of visibility. In
terms of visibility, the attenuation loss is given by [20]:

a = 10In[y(2)] 2
with
391/, 2 T
V(’DZT(SSOnm) ’ ©)

where V represents the range of visibility, A represents the
operational wavelength, and T is the coefficient character-
ising the fog thickness. This factor can be computed using
the Kruse model based on the visibility factor, as explained
in Ref. 21.

1.6, V> 50
T:{L3, 6<V <50 | 4)
0.585V13 V<6

The signal that has been received y,.(t) is expressed as
¥r(t) =R x(t) * h(t) + n(t). ©)

Here, R represents the responsivity of the photodiode (PD),
x(t) denotes the transmitted signal, h(t) represents the
channel impulse response (CIR), and n(t) corresponds to
the noise.

At the receiver, the optical signal is passed through an
optical amplifier to improve the effectiveness of the
suggested model. Subsequently, the optical signal undergoes
processing through the APD receiver transforming it from
an optical signal to an electrical one. At the receiving end,
two different types of noise are produced: thermal noise
and shot noise.

In the proposed work, the effect of the two different
noise sources is taken under consideration. To mitigate the
impact of thermal and shot noise, a low-pass filter is
incorporated [22]. The cumulative noise variance is the
combination of shot noise and thermal noise, and it can be
expressed as [23]

2 — 2 2
Ototal = Oshot noise + Othermal noise s (6)

where 02t noise 18 the variance attributed to shot noise
and 03¢ mai noise 1S the variance attributed to thermal
noise. The thermal noise is given by [1]:

kpTi
Ry

O-tzhermal =4 ( ) FnBa (7)

where kg is the Boltzmann constant, T}, is the absolute
temperature, F, is the noise figure, B is the PD bandwidth,
and R; is the load resistance.

The shot noise is given by [1]:

O—szhot noise — quGZF(Iinc)Ba (®

where g, is the charge of the electron, G is the gain of the
PD, F is the excess noise, [;;,. is the photocurrent generated
as a result of the received optical power, represented as

Az
Iine = GA, f R Pe () Ty () dA, ©)
Aq

where A, is the receiver effective area, A; and A, are the
wavelengths within the visible light spectrum, and Ty (1) is
the optical filter transmittance.

3.1. Performance enhancement of the suggested line-of-
sight vehicular visible light communication model.

In this section, an analysis of the LoS model has been
obtained for different weather conditions to obtain the
maximum acceptable link distance, Q-factor, BER, and the
signal power of the channel. Optical system simulation
tools and Matlab programs are used in the analysis of the
proposed systems.

The Q-factor of an optical wireless communication
(OWC) system is a measure of the overall performance and
reliability of the system. It takes into account various
factors such as signal-to-noise ratio (SNR), BER,
link distance, and other parameters that affect the system
ability to deliver high-quality and error-free optical
communication.

A higher Q-factor indicates better performance and
higher reliability of the optical wireless system. The
minimum acceptable values for the Q-factor of a free space
optical (FSO) channel depend on a specific application
and desired level of performance. For most FSO systems,
a Q-factor of around 5 or higher is often considered
acceptable [1].

The BER is a dimensionless metric that calculates the
ratio of the number of bit errors to the total number of
transferred bits over a given period. For example, if a
pattern generator sends 1000 bits to the receiver and the
receiver detects one error, the resulting BER would be
0.001.

The closed form approximation of BER for on-off
keying (OOK)-NRZ is given by [1]

BER = %erfc (%), (10)

where erfc(.) is the complementary error function and Q
is the quality factor of the system, which is represented as

_V2RPg
20,

) (11)

where o, is the standard deviation and Py is the received
power.

The optical amplifier can be used at the receiving end
to enhance the performance of the vehicular LoS model.
Table 4 illustrates the performance enhancement of the
proposed model with the presence of an optical amplifier.

As can be seen from the obtained results, it can be
concluded that the system performance is improved by the
optical amplifier by increasing the maximum obtained link
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Table 4.
Comparison between the obtained results for the LoS model without and with the use of the optical amplifier.
Link distance (m) Q-factor BER Output power (dBm)

Without amplifier 45 6.12 43-10710 26.07
Clear weather (o = 0.4 dB/km)

With amplifier 80 6.67 1.2-1071 3.18

Without amplifier 44 6.15 3.7-10710 26.09
Hazy weather (¢ = 4 dB/km)

With amplifier 80 6.25 1.9-10710 2.81

Without amplifier 40 6.26 1.9-1071° 26.17
Foggy weather (@ =21 dB/km) ) )

With amplifier 70 6.16 3.4-10710 2.8

distance and Q-factor and reducing the BER of the system.
Therefore, incorporating an optical amplifier at the
receiving end is advantageous for the VVLC system.

3.2. Maximum attainable link distance under various
weather conditions

In this section, the influence of the link distance on the
performance of the LoS-VVLC system is examined under
diverse weather conditions and in the presence of an
external light source. Figure 2 illustrates the relation
between the link distance and the Q-factor for different
weather conditions and under the effect of the external
noise source with a data rate of 25 Gbps.

As shown in Fig. 2, it can be inferred that with an
increase in the link distance, the Q-factor of the system
experiences a notable decrease. For clear and hazy weather
conditions, the maximum attainable link distance is 80 m
which produces a Q-factor of 6.67 and 6.25, respectively.
For foggy weather, the maximum attainable link distance is
70 m which produces a Q-factor of 6.16.

Figure 3 illustrates the impact of the link distance on the
BER for clear, hazy, and foggy weather conditions,
respectively. As the link distance is increased, the BER is

140 T
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120 -\
\ —+ Fog weather

100
80
60 -

Q-factor

40 -

20

10 20 30 40 50 60 70 80 90 100
Link distance (m)

Fig. 2. Q-factor vs. link distance for different weather conditions.
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Fig. 3. BER vs. link distance for the LoS-VVLC under various
atmospheric conditions.

increased. To optimize the system performance, the
maximum achievable link distances are 80, 80, and 70 m
for clear, hazy, and foggy weather, respectively. With these
link distances, the best BER is obtained with values of
1.21-107",1.98-1071°, and-3.49-10"'° for clear, hazy, and
foggy weather conditions, respectively.

The effect of distance on signal and noise power is
illustrated in Figs. 4 and 5. Noise power refers to the power
of unwanted or random signals present in the proposed
system. Noise power typically arises from various sources
such as background radiation, electrical noise, or inter-
ference from other devices. In the proposed vehicular
model, the noise power arises from the presence of the
artificial light source and both shot noise and thermal noise
from the optical receiver. The relationship between noise
power and link distance in OWC systems can be described
by the inverse square law.

According to this law, with an increase in the link
distance, there is a reduction in the received signal power,
while the noise power remains relatively constant. This
means that the SNR decreases with increasing link
distance. This relationship implies that as the link distance
increases, the noise power becomes relatively more domi-
nant compared to the signal power leading to a decrease in

4
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——Haze weather
—+Fog weather []

~
)

Noise power (dBm)
= =~
= ES

8 I i i T
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Link distance (m)

Fig. 4. Signal power vs. link distance for various atmospheric
conditions.
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Fig. 5. Noise power vs. link distance for various atmospheric
conditions under the effect of an ambient artificial light
source.
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the quality of the received signal. This is verified in our
proposed model, where the signal power experiences an
exponential decrease as the distance increases. For a
distance of 80 m, the obtained signal powers are 11.22,
10.64, and 7.92dBm for clear, hazy, and foggy
atmospheric conditions. Referring to (6)—(8), the authors
obtained the following results shown in Fig. 5.

3.3. Influence of the optical amplifier on the overall
performance of the system

In this section, the impact of the amplifier gain of the
optical amplifier on the Q-factor, signal power, and BER is
discussed. In a VVLC system, an optical amplifier plays an
important role on the receiving side to enhance the received
optical signal strength and quality. The optical signal
captured by the VVLC receiver may suffer from attenuation
due to various factors such as distance, obstacles, and
ambient artificial light sources. An optical amplifier helps
in enhancing the signal power to compensate for the losses
encountered during transmission.

By amplifying the weak received signal, the optical
amplifier improves the SNR and enhances the overall
system performance. Also, the optical amplifier can be
used for extending the link distance enabling the vehicular
system to cover large distances without degradation in the
quality of the system.

Figure 6 illustrates the correlation between the Q-factor
and amplifier gain under various atmospheric conditions,
considering a link distance of 80 m and a data rate of
25 Gbps. As shown, as the amplifier gain is increased, the
Q-factor is increased. For a good performance for the
proposed system under different weather conditions, it is
better to choose an optical amplifier with an amplifier gain
higher than 6 dB. With an amplifier gain of 6 dB, the
obtained Q-factor is 8.38, 7.85, and 5.76 for clear, hazy,
and foggy weather, respectively.

25 T
—+—Clear weather
——Haze weather

20 1|+ Fog weather

Q-factor

Amplifier gain (dB)

Fig. 6. Q-factor vs. amplifier gain for various weather conditions.

Figure 7 shows the relation between BER and amplifier
gain at various atmospheric conditions with a distance of
80 m. The amplifier gain indirectly affects the BER
performance of the system. A higher amplifier gain
improves the SNR, which leads to a lower BER. However,
excessively high gain levels can introduce non-linear
effects and distortions, which may increase the BER.
Therefore, optimizing the amplifier gain is essential to
achieve the desired BER performance.

From Fig. 7, it is observed that as the amplifier gain is
increased, the BER is decreased. For an amplifier gain of
6 dB, the obtained BER is 2.5-107"7,2-107"%, and 4- 107 for
clear, hazy, and foggy weather, respectively. The obtained

e
—_—

=20+

40t

-60 -

Log, ,(BER)

-80 [~*—Clear weather
——Haze weather
——Fog weather

1 2 3 4 5 6 7 8 9 10
Amplifier gain (dB)

-100

Fig. 7. BER vs. amplifier gain for the proposed model under various
atmospheric conditions.

results for the BER are acceptable with this value of the
amplifier gain as for enhancing the system perfor-mance,
the BER should not exceed 107°.

The influence of the amplifier gain on the signal power
is shown in Fig. 8. As the gain of the amplifier is increased,
the signal power is increased. For an amplifier gain of 6 dB,
the obtained signal power was 13.22 dBm, 12.64 dBm,
and 9.92 dBm for clear sky, hazy, and foggy weather,
respectively.

25
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Fig. 8. Signal power vs. amplifier gain under various atmospheric
conditions.

4. Non-line of sight propagation model setup
including an ambient artificial light source

Figure 9 shows a scenario for the suggested NLoS-
VVLC model with adding the effect of the artificial light
source. As shown, the reflector functions as a receiver upon
receiving a signal from the transmitting vehicle and
subsequently operates as a transmitter when sending the
signal to the receiving vehicle.

Table 5 illustrates the obtained results for the NLoS-
VVLC proposed model by adding the effect of the artificial
light source and the weather conditions.

Fig. 9. Geometry for the proposed NLoS-VVLC model with
adding the effect of the artificial light source.
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Table S.
Performance evaluation for the proposed NLoS model.
Clear Hazy Foggy
weather weather weather
LoS link
distance (m) 40 3 32
Q-factor 6.058 6.58 6.18
BER 6.83-1071° 2.34-1071 3.16 10710
Signal power
(dBm) 10.36 11.09 10.54
Noise power _ _ _
(dBm) 7.96 7.96 7.96
Total power
(dBm) 10.428 11.14 10.602

The total received optical power for the whole system
can be written as

Pgotal — P7L,OS + PiVLOS,

(12)
where Pt is the overall received optical power, P%S is
the received LoS optical power, and P95 is the received
NLoS optical power.

The received LoS optical power is given by [22]

LoS
P

(13)
= %COS((P) cos(8;); if0<6;, < l/)’

0; ifo,>y¢

where I (@, B;) is the luminous intensity of the source and
measured in candela (cd), a; is the vertical angle of the
headlight, B, is the horizontal angle of the headlight, A, is
the receiver effective area, LER is the luminous efficacy of
radiation of the source, d is the distance between the trans-
mitter and the receiver, ¢ is the emitting angle between
source and receiver, 8; is the incident angle between source
and receiver, and 1 is the receiver field of view (FOV).

The optical power received in the NLoS scenario can be
represented as [22]

(14)

PTNLOS
Ii(as, B) ArAg cos(Bg,)
=1 WER) &, (2, + h2)
0;

Preos(prp) cosOrg 5 if 0 < O < ¢
if Oy >

where Ay is the reflector effective area, By, is the incident
angle between reflector R and receiver r, dg, is the distance
between the transmitter and the reflector, d,; is the
distance between the reflector and the receiver, h, is the
height of the receiver, py is the reflection factor of the
reflector R, ¢, is the emission angle between the reflector
and the receiver, and 6,5 is the incident angle between the
reflector and the receiver.

More analysis on obtaining the CIR can be found in
Appendix A. Understanding the CIR helps in designing and
optimizing the VVLC system for better performance.
System performance can be studied using the derived CIR
response to evaluate metrics such as BER, SNR, and data
rate. This information is crucial for selecting appropriate

modulation schemes, equalization techniques, and error
correction coding techniques.

3.1. Performance evaluation for the proposed non-line
of sight model

The influence of the LoS distance on the quality of the
system, BER, signal power, and noise power is discussed
in this section. Under various weather conditions and the
impact of an ambient artificial light source, the maximum
achievable LoS link distance is achieved. Figure 10
illustrates the relation between the LoS link distance and
the Q-factor for the NLoS-VVLC system. As illustrated,
for clear weather, the maximum achievable LoS link
distance is 40 m which produces a Q-factor of 6.058.

For LoS link distances higher than 40 m, the Q-factor
degrades significantly with distance which degrades the
performance of the proposed system. For hazy and foggy
weather, the maximum attainable LoS link distance is 30 m
which produces Q-factors of 7.61 and 6.61 for hazy and
foggy weather, respectively.

Figure 11 demonstrates the impact of the LoS link
distance on the BER.

T
—*—Clear weather
——Haze weather
—Fog weather []

—
D G S—————,—

0 | | I | I
10 20 30 40 50 60 70 80 90 100
LoS link distance (m)

Fig. 10. Q-factor vs. LoS link distance for various atmospheric
conditions.

Log, ,(BER)
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——Haze weather
|+ Fog weather

140 I I | | I I
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LoS link distance (m)

Fig. 11. BER vs. LoS link distance for various weather conditions.

Clearly, the minimum acceptable BER for clear weather
is6.83-107ata 40 m LoS link distance. For hazy weather,
the minimum acceptable BER is 2.84-107 at a 40 m LoS
link distance. For foggy weather, the minimum BER is
1.91-107"" ata 30 m LoS link distance. Figure 12 illustrates
the impact of the LoS link distance on the signal power for
different atmospheric conditions under the effect of an
ambient artificial light source.

To ensure reliable communication, the received signal
power should be above the receiver sensitivity threshold.
The receiver sensitivity is the minimum power level
required for the receiver to accurately detect and decode the
transmitted signal. For the proposed model, it is noted that
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Fig. 12. Signal power vs. LoS link distance for different weather
conditions at 25 Gbps.

for clear weather conditions with a LoS link distance of
40 m, the obtained receiver sensitivity is 10.36 dBm. For
hazy and foggy weather conditions with a LoS link distance
of 30 m, the obtained receiver sensitivity is 12.37 and
11.13 dBm, respectively.

Figure 13 displays the relation between noise power
and LoS link distance. This relation can vary depending on
the system design, environmental conditions, ambient light
source, presence of a reflector, and the characteristics of the
optical receiver. All these factors degrade the received
signal power and increase the noise power. In the proposed
system, as the LoS link distance increases, the noise power
level generally remains almost constant, with a slight
decrease.

-7.88 T T
—*—Clear weather

—_ \\ ——Haze weather
E 7.9 ) ——Fog weather ||
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Fig. 13. Noise power vs. LoS link distance for various weather
conditions.

3.2. Impact of optical signal power on
performance

system

The average optical signal power is typically deter-
mined based on different factors in the proposed system
such as modulation scheme, link distance, and sensitivity
of the receiver. For achieving reliable communication
between the transmitter and the receiver, it is essential to
have an average optical signal power higher than the
receiver sensitivity.

Environmental factors such as weather conditions,
scattering, and interference from the ambient artificial light
source can affect the average optical signal power. Also, as
the link distance is increased, the average optical signal
power is decreased.

For clear weather, the minimum acceptable average
optical signal power is 7.22 dBm with a Q-factor of 6.05.
For hazy and foggy weather conditions, the minimum
acceptable average optical signal power is 8.23 and 7.6 dBm
with Q-factors of 7.61 and 6.61, respectively.

3.3. Effect of optical amplifier and optical reflector on
the system performance

The amplifier gain represents the amplification achieved
by the optical amplifier, indicating how much the input
optical power is increased by the amplifier. The optical gain
can be expressed as

P
Gain(dB) = 1010g10;—ut, (15)

m
where P, is the input optical power of the amplifier and
P,,.; is the output optical power of the amplifier.

In the proposed model, it is concluded that it is better to
choose an optical amplifier with a minimum amplifier gain
of 5dB for better system performance. At this value,
the obtained Q-factor is 7.377, 7.12, and 6.18 for clear
sky, hazy, and foggy weather conditions, respectively.
At this value, the obtained BER is 8.01 - 1074, 5.2 - 10713,
and 3.16-107'° for clear, hazy, and foggy weather,
respectively.

The gain of the amplifier exerts a noteworthy influence
on the signal power. As the amplifier gain is increased, the
signal power is increased. At an amplifier gain of 5 dB, the
obtained signal power is 12.09 dBm, 11.78 dBm, and
10.54 dBm for clear, hazy, and foggy weather conditions,
respectively.

The reflector also has a great impact on the performance
of the suggested system. The impact of the optical reflector
on the Q-factor, BER, and signal power is explored. It is
observed that the Q-factor is reduced with the increase of
the attenuation of the optical reflector coefficient. The
maximum acceptable attenuation coefficient which
achieves an appropriate Q-factor for the various weather
conditions is 5 dB. At this value, the Q-factor is 7.37, 7.12,
and 6.18 for clear, hazy, and foggy weather, respectively.

The BER increases with the increase of the attenuation
coefficient of the optical reflector. With an attenuation
coefficient of 5dB, the obtained BER is 8-107'4
52-1073, and 3.16-107'° for clear, hazy, and foggy
weather, respectively. Also, as expected, the output signal
power diminishes as the attenuation coefficient increases.
With an attenuation coefficient of 5 dB, the output signal
poweris 12, 11.7, and 10.54 dBm for clear, hazy and foggy
weather, respectively. Table 6 illustrates the obtained
results for the NLoS proposed model with an amplifier gain
of 5 dB and an attenuation coefficient of 5 dB.

Table 6.
Performance evaluation for the NLoS model with an amplifier
gain of 5 dB and an attenuation coefficient of 5 dB.

Output signal
-fact BER
Q-factor power (dBm)
Clear weather 1.371 8.01-107" 12.09
Hazy weather 7.12 52-1071 11.78
Foggy weather 618 3.16-10710 10.54

5. Conclusions

In this work, the performance of LoS and NLoS- VVLC
systems with an ambient artificial light source and a reflector
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is investigated. The obtained results outline that LD-based
VVLC system can provide higher data rates and longer link
distances compared to LED-based ones. For the suggested
LoS-VVLC system, the performance is improved with the
use of the optical amplifier. Without optical amplifiers, the
maximum attainable link distance is 45 m, 44 m, and 40 m,
for clear sky, hazy, and foggy weather, respectively.

With the use of the optical amplifier, the corresponding
maximum achievable link distance is 80 m, 80 m, and 70 m
for clear, hazy, and foggy weather, respectively. It is better
to use an optical amplifier with an optical gain of 5 dB for
better performance of the proposed model. The impact of
the link distance on the system metrics such as Q-factor,
BER, and output signal power is studied for various
weather conditions and under the impact of the artificial
light source. For the proposed NLoS-VVLC model, a
performance investigation has been performed by taking
into account only the first-order reflection.

A practical channel environment is considered, taking
under consideration the effect of the practically used
ambient artificial light source as a noise source and
reflector. The obtained results reveal that the CIR of the
NLoS model has an exponential decay behaviour. The
maximum achievable LoS link distance for the proposed
NLoS system is 40 m, 35 m, and 32 m for clear, hazy, and
foggy weather, respectively. The achieved Q-factor for
these link distances is 6.058, 6.58, and 6.18, respectively.
This result shows a good performance for the proposed
model with the presence of an ambient artificial light
source.

The results of the simulation showed that the output
received signal power decreases with the increase in link
distance and it varies between 22.37 dBm and 4.54 dBm
for clear weather with a variation of the link distance from
10 m to 100 m. For hazy weather, the output received
power varies from 22.2 dBm to 4.05 dBm for the same
variations in the link distance and for foggy weather, it
varies from 21.58 dBm to 1.98 dBm.
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Appendix A

The total CIR of the VVLC model is the sum of the LoS
impulse response and the NLoS impulse response. It is
given by

h(t) = hpos(t) + hnpos(O). (A.1)

In the same way, the total transfer function of the whole

system is given by
HWw) = Hyos(W) + Hypos(W). (A.2)

The transfer function of any system can be obtained by
performing the fast Fourier transform (FFT) on the impulse
response expressed in (A.1).

The expression for the LoS component impulse
response is

hios(t) = G; 8(t — 1), (A3)
where G; represents the gain factor between the

transmitter and the receiver, §(.) is the impulse function,
and 7 is the time delay, given by

d
T=—, (A4)
c
where c is the velocity of light in a vacuum.
The gain factor, G;, is given as
G — COS(¢) COS(B)AT' TS(B) g(e)' (AS)

¢ m d?

where g(0) is the concentrator gain and Tg(0) is the
signal transmission coefficient of the optical filter.
The transfer function of the LoS component is given by

Hy,s(W) = G e Ve, (A.6)

The NLoS impulse response (hyp,os(t)) is defined by [22]

hnios(8) = pr hrr(€) * hge(D), (A7)

where * is the convolution sign and h,z(t) is the
impulse response between the receiver and the reflec-tor
and is given by

hrR (t) = G S(t - TrR)' (A.8)

The gain factor, G,g, between the receiver and the
reflector is given by [22]

— COS((er) COS(HT‘R) Ar Ts(grR)g(grR)

A.
ey (A.9)

TR

The corresponding transfer function between the
receiver and the reflector is

Hr(W) = G,re /TR, (A.10)

The impulse response between the transmitter and the
reflector, hg.(t) is given by

hge(t) = Gre 6(t — Tgy) (A.11)

The gain factor, Gz, between the transmitter and the
reflector is

_ cos(@g) cos(Oge) Ag
T di,

: (A.12)

Rt

where @pg; is the emitting angle between the transmitter
and the reflector, 8, is the incident angle between the
transmitter and the reflector, dg; is the distance between

the transmitter and the reflector.
The corresponding transfer function between the
transmitter and the reflector is expressed as
Hp (W) = Ggre /WRE, (A.13)

After some mathematical manipulations, the total
NLoS channel impulse response is given by

1 -t
hnios(t,T) = ;GT (A.14)

with

T = 2Truys (A.15)
where, Tzys is the root mean square (RMS) delay
spread.
The total channel transfer function of the NLoS
component is

Hypos(W) = pg Hrp(W) X Hpe(W). (A.16)
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