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Abstract: Atmospheric turbulence causes transmitted light to fade randomly, which results in
irradiance scintillation fluctuations in the received signal and significantly affects the quality of
wireless optical communication systems. In this paper, we investigate the propagation characteristics
of a monochromatic light-emitting diode (LED) light beam through weak-to-strong turbulence.
Considering the spatial incoherence of a monochromatic LED light source, the emitted light field of a
monochromatic LED light source is represented by a random field multiplied by a deterministic field
that follows a Gaussian distribution. Then, based on the extended-Rytov theory, a closed expression
for the irradiance scintillation index under weak-to-strong turbulence is derived. In addition, the
expression for the fading probability governed by the Gamma–Gamma model is given. Finally, the
effects of near-earth atmospheric refractive index structural parameters, signal propagation distances,
and working light wavelengths on propagation characteristics of the LED-based VLC system are
simulated and compared with those of the laser-based one. The results theoretically confirm that
laser light sources are more susceptible to atmospheric turbulence along the propagation path than
monochromatic LED light sources. The investigation in this paper can provide theoretical support for
the design of visible light communication systems in practical applications.

Keywords: wireless optical communication; visible light communication (VLC); spatial incoherent
light source; irradiance scintillation index; atmospheric turbulence

1. Introduction

Visible light communication (VLC) systems can be generally classified into laser-based
VLCs and light-emitting diode (LED)-based VLCs. Compared with a laser source, an LED
light source has the advantages of low power consumption, low cost, and combines both
lighting and communication characteristics [1–3]. Moreover, LED light sources emit inco-
herent, random-phase beams. This property results in a more diffused energy distribution
compared to a laser beam, which is highly coherent and focused, so there is no need to
solve the precise tracking and aiming issues in an LED-based VLC system. However,
signal attenuation over the distance of an LED-based VLC system is more serious than
that of a laser-based VLC system due to the characteristics of a large radiation angle, poor
directionality, and insufficient concentration of the LED source. Owing to the relatively
low brightness and high signal attenuation, LED-based VLC systems are more suitable for
short-range communication scenarios [2–4].

Over the recent decade, a series of studies have been conducted on LED-based VLC
systems. In 2004, researchers published a paper in IEEE Transactions on Consumer Electronics,
which theoretically confirmed the feasibility of using LEDs for indoor visible light com-
munication [5]. In 2014, researcher Yamazato T [6] introduced an outdoor VLC system
using LED arrays and image sensors (IS) as optical transceivers. In 2019, Fudan Univer-
sity and Huawei conducted a joint study in which a free-space LED-based VLC system
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achieved a transmission rate of up to 5 Gb/s over a distance of 1.7 m [7]. In 2019, Tsinghua
University carried out a theoretical study on the modeling of the ultraviolet (UV) LED
optical communication channel and performed experimental verifications [8]. In 2021, Eso
E and his colleagues compared the link performance of a camera and a photodiode as
optical receivers in a vehicular LED-based VLC system under atmospheric turbulence con-
ditions [9]. More recently, in 2024, researcher Nguyen QD and his colleagues implemented
a system to decode the data transmitted from LEDs in a VLC system, which supports
indoor positioning applications [10]. In addition, a series of studies have been carried out
in the fields of underwater LED communication, monochrome LED traffic light networking
communication, LED-based visible light positioning, and key components and modulation
methods of LED optical communications [11–15].

However, VLC has the problem of being greatly affected by objective environments.
Absorption and scattering of the transmitted light beam caused by atmospheric aerosols
can lead to signal attenuation. Besides signal attenuation, random fluctuations in the optical
refractive index caused by atmospheric turbulence disturbances can also lead to channel
fading such as beam expansion, beam drift, and irradiance scintillation at the receiver.
Among them, irradiance scintillation has the most serious impact on signal reception.
Although there have been many studies on the propagation characteristics of LED-based
VLC systems affected by atmospheric turbulence, few studies have considered the effects of
the random phase of incoherent light sources, and the channel propagation characteristics
of LED-based VLC affected by atmospheric turbulence are mainly approximated by the
propagation theory of coherent light [16–20]. Since coherent light has a single frequency
and a fixed phase difference, while incoherent light has a random phase, studying the
propagation characteristics of incoherent light in weak-to-strong turbulence in VLC systems
is challenging.

In this work, we investigate the propagation characteristics of monochromatic LED-
based VLC systems in weak-to-strong turbulence and compare the irradiance scintillation
index and fading probability of monochromatic LED-based and laser-based VLC systems.
Considering the spatial incoherence of the monochromatic LED light source, the emitted
light field of a monochromatic LED light source is denoted by a random field multiplied by
a deterministic field which obeys a Gaussian distribution. Based on the Rytov theory, the
irradiance scintillation index of a monochromatic LED-based VLC system under weak tur-
bulence is derived. Then, considering the loss of spatial coherence caused by the increase in
transmission distances, the extended Rytov theory proposed by Andrews is used. Based on
the extended Rytov theory, the expression for the irradiance scintillation index of a spatially
incoherent monochromatic LED light source under weak-to-strong turbulence conditions is
derived. In weak-to-strong turbulence, the intensity statistics of light waves are governed
by the Gamma–Gamma model. Based on the Gamma–Gamma model, the expression for
the fading probability is given. Finally, a series of numerical simulations under various
conditions are carried out and discussed based on these expressions. The results theoreti-
cally confirm that laser light sources are more susceptible to atmospheric turbulence along
the propagation path than monochromatic LED light sources in weak-to-strong turbulence.
The research in this paper is of great significance to optical communications and provides
theoretical support for the design of VLC systems in practical applications.

2. Propagation of Monochromatic LED Beams with Spatially Incoherent Property in
Weak-to-Strong Turbulence

This section describes the behavior of a monochromatic LED-based VLC system in
the horizontal direction under weak-to-strong turbulence. As shown in Figure 1, at the
transmitter, an electrical signal that is encoded and modulated is loaded onto the LED.
The monochromatic LED light source emits a spatially incoherent but monochromatic
light beam into the atmospheric channel. The propagating beam experiences a turbulent
atmosphere before it reaches the receiving end. At the receiver, the photodetector converts
the detected light signal into an electrical signal and then outputs it.
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Figure 1. Monochromatic LED-based VLC system through turbulent atmosphere.

2.1. Irradiance Scintillation Index in Weak Turbulence

Monochromatic LED light sources emit single-frequency but spatially incoherent,
random phase beams. Taking into account the spatial incoherence of monochromatic LED
light sources, the emitted light field u(s) of the LED source is represented by a random field
ur(s) multiplied by a deterministic field ud(s), which can be written as u(s) = ur(s)ud(s),
and s is the transverse source coordinate. Parameter θ(s) presents the random phase of the
random field ur(s) = exp[iθ(s)]. The deterministic field can be expressed in Gaussian form
with unit amplitude ud(s) = exp

(
−|s|2/w2

0

)
[4], where w0 is the Gaussian beam width.

According to the extended Huygens–Fresnel principle, the form of the incident light field
of the propagation beam through atmospheric turbulence at the receiver is as follows [4]:

u(L) =
exp(ikL)

iλL

∫ ∞

−∞

∫ ∞

−∞
u(s) exp

[
ik|s|2

2L
+ ψ(s)

]
d2s, (1)

where L and k = 2π/λ are the propagation link distance and wave number, respec-
tively. λ is the wavelength. ψ(s) = χ(s) + iS(s) denotes the random complex phase, where
χ(s) is the log amplitude and S(s) represents phase fluctuations.

The average light intensity is known as ⟨I(L)⟩ = ⟨u(L)u∗(L)⟩m, where ∗ and ⟨·⟩m
denote the complex conjugate and the ensemble average over the medium statistics, respec-
tively. Using Equation (1), the average light intensity can be written in the following form:

⟨I(L)⟩ = 1

(λL)2

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞ exp

[
ik
2L

(
|s1|2 − |s2|2

)]
Γs

2(s1, s2)

×⟨exp[ψ(s1) + ψ∗(s2)]⟩md2s1d2s2

, (2)

The second-order source mutual coherence function Γs
2(s1, s2) at the receiver can be

expressed as follows [21]:

Γs
2(s1, s2) = ⟨u(s1)u∗(s2)⟩s

=ud(s1)u∗
d(s2)⟨exp[iθ(s1 − s2)]⟩s

=λ2 I[(s1 + s2)/2]δ(s1 − s2)

=λ2 exp
[
−|s1 + s2|2/

(
2w2

0
)]

δ(s1 − s2)

, (3)

where s1 and s2 are two position vectors in the receiving plane. Under atmospheric
turbulence, the second-order statistics of the complex phase perturbation is given by

⟨exp[ψ(s1) + ψ∗(s2)]⟩m = exp
(
−ρ−2

0 |s1 − s2|2
)

[4], and ρ0 is the coherence length of the
transmission beam. Substituting these into Equation (2), the average intensity is reduced to

⟨I(L)⟩ = 1
L2

∫ ∞

−∞

∫ ∞

−∞
d2s2 exp

(
−2|s2|2

w2
0

)
=

πw2
0

2L2 , (4)
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By the same token, the ensemble average of the square of the instantaneous light
intensity

〈
I2(L)

〉
is

〈
I2(L)

〉
=

1

(λL)4

∫ ∞

−∞

∫ ∞

−∞
· · ·

∫ ∞

−∞︸ ︷︷ ︸
8

d2s1d2s2d2s3d2s4

×Γs
2(s1, s2)Γs

2(s3, s4) exp
[

ik
2L

(
|s1|2 − |s2|2 + |s3|2 − |s4|2

)]
×⟨exp[ψ(s1) + ψ∗(s2) + ψ(s3) + ψ∗(s4)]⟩m

, (5)

The Kolmogorov spectrum model Φn(κ) = 0.033C2
nκ−11/3 is used to describe the

power spectrum for homogeneous and isotropic atmospheric turbulence, where C2
n and κ

are the atmospheric refractive index structural parameter and spatial frequency, respectively.
By inserting Γs

2(s3, s4) = λ2 I[(s3 + s4)/2]δ(s3 − s4) and Equation (3) and integrating over
s1 and s3, Equation (5) can be reduced as follows:

〈
I2(L)

〉
=

1
L4

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞

∫ ∞
−∞ d2s2d2s4 exp

(
−2

|s2|2 + |s4|2

w2
0

)
×⟨exp[2χ(s2) + 2χ(s4)]⟩

, (6)

For the log amplitude χ(s) obeying the Gaussian distribution, the approximation

⟨exp[2χ(s2) + 2χ(s4)]⟩ ∼= 4σ2
χ exp

(
−|s2 − s4|2ρ−2

0

)
+ 1 [22] can be employed, where σ2

χ is
the variance of the log amplitude fluctuations for the optical wave. After integrating over
s2 and s4, Equation (6) is reduced to

〈
I2(L)

〉
= ⟨I(L)⟩2 + π2σ2

χ

w4
0

L4

(
1 + w2

0ρ−2
0

)−1
, (7)

The irradiance scintillation index is defined as σ2
I (L) =

〈
I2(L)

〉
/⟨I(L)⟩2 − 1. Substi-

tute Equations (4) and (7) into this definition. The irradiance scintillation index for the
monochromatic LED-based VLC under weak turbulence becomes

σ2
I (L) = 4σ2

χ

(
1 + w2

0ρ−2
0

)−1
, (8)

For such an aggregated beam with a Gaussian distribution, as the beam propagation
distance increases, the beam exhibits the characteristics of a spherical wave due to fluc-
tuation spreading. Therefore, under weak turbulence conditions, the 4σ2

χ = β2
0 equation

is employed, where β2
0 = 0.49C2

nk7/6L11/6 is the Rytov variance for a spherical wave [4].
Therefore, the irradiance scintillation index of a LED source for a spherical wave in weak
turbulence can be expressed as follows:

σ2
I (L) = β2

0

(
1 + w2

0ρ−2
0

)−1
. (9)

2.2. Irradiance Scintillation Index in Weak-to-Strong Turbulence

The conventional Rytov theory is used to solve the Helmholtz equation in order to
obtain the expression for the light field under weak turbulence. It is limited to weak fluctu-
ation conditions because it does not consider the effects of the decrease in the transverse
spatial coherence radius of the propagating wave. The conventional Rytov theory is not
suitable for studying the propagation characteristics of light beams under strong turbulence.
Considering the loss of spatial coherence of the optical wave in strong fluctuations caused
by the increase in transmission distance, a modification of the Rytov method called the
extended Rytov theory was proposed [4]. The extended Rytov theory is a relatively simple
model for scintillation fluctuations, which is suitable for moderate to strong fluctuation
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states. The extended Rytov theory assumes that the received light irradiance is an indicator
of the modulation process in which the small-scale field fluctuations are multiplicatively
modulated by the large-scale field fluctuations.

Assuming that atmospheric turbulence is homogeneous and isotropic, where inner-
and outer-scale effects can be neglected, large-scale and small-scale log-irradiance scintilla-
tions are defined by [4]

σ2
ln X = 8π2k2

∫ L
0

∫ ∞
0 κΦn(κ)GX(κ)

{
1 − cos

[
κ2z(1 − z/L)

k

]}
dκdz, κ < κX

σ2
ln Y = 8π2k2

∫ L
0

∫ ∞
0 κΦn(κ)GY(κ)

{
1 − cos

[
κ2z(1 − z/L)

k

]}
dκdz, κ > κY ≫

√
k/L

,

(10)
where GX(κ) = exp

(
−κ2/κ2

X
)

and GY(κ) = κ11/3(κ2 + κ2
Y
)−11/6 are the large-scale and

small-scale filter functions, respectively [4]. Cutoff spatial frequencies κX and κY are used to
filter out turbulent eddies with scales between ρ0 and L/kρ0. For calculating large-scale and
small-scale log-irradiance scintillations, the following geometrical optics approximation
can be used:

1 − cos
[

κ2z(1 − z/L)
k

]
∼=

 1
2

[
κ2z(1−z/L)

k

]2
, κ ≪ κX

1 , κ > κY ≫
√

k/L
, (11)

By substituting filter functions, the Kolmogorov spectrum, and Equation (11), Equation (10)
becomes [4] 

σ2
ln X

∼= 0.16σ2
Rη7/6

X =
0.20σ2

R

(1+0.19σ12/5
R )

7/6

σ2
ln Y

∼= 1.27σ2
Rη−5/6

Y =
0.20σ2

R

(1+0.23σ12/5
R )

5/6

, (12)

where σ2
R = 1.23C2

nk7/6L11/6 is the Rytov variance in weak turbulence. ηX and ηY are
the dimensionless large-scale and dimensionless small-scale cutoff spatial frequencies,
respectively [4]: 

ηX =
Lκ2

X
k = 8.56

1+0.19σ12/5
R

ηY =
Lκ2

Y
k = 9 + 1.7 L

kρ2
0
= 9(1 + 0.23σ12/5

R )
, (13)

Inserting Rytov variance for spherical wave β2
0= 0.4σ2

R, Equation (12) becomes
σ2

ln X =
0.49β2

0

(1+0.56β12/5
0 )

7/6

σ2
ln Y =

0.51β2
0

(1+0.69β12/5
0 )

5/6

, (14)

According to Equation (14), the total scintillation index of a laser light for a spherical
wave in weak-to-strong turbulence takes the following form [4]:

σ2
I,sp(L) = exp

[
σ2

ln X + σ2
ln Y
]
− 1

= exp
[

0.49β2
0

(1+0.56β12/5
0 )

7/6 +
0.51β2

0

(1+0.69β12/5
0 )

5/6

]
− 1

, (15)
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For the case in which inner-scale and outer-scale effects can be ignored, by substituting
Equation (9), the irradiance scintillation index of a LED source for a spherical wave in
weak-to-strong turbulence can be expressed as follows:

σ2
I,sp(L) = exp

[
σ2

ln X + σ2
ln Y
]
− 1

= exp

 0.49β2
0(1+w2

0ρ−2
0 )

−1[
1+0.56(β2

0)
6/5(1+w2

0ρ−2
0 )

−6/5]7/6

+
0.51β2

0(1+w2
0ρ−2

0 )
−1[

1+0.69(β2
0)

6/5(1+w2
0ρ−2

0 )
−6/5]5/6

− 1

, (16)

The coherence length of the transmission beam for a spherical wave is
ρ0 =

(
0.55C2

nk2L
)−3/5 [4], where C2

n is the atmospheric refractive index structural pa-
rameter. The Hufnagel–Valley model [23–25] is often used to describe the trends in the
atmospheric refractive index:

C2
n(h) = 5.94 × 10−53( w

27
)2h10 exp

(
− h

1000

)
+2.7 × 10−16 exp

(
− h

1500

)
+ C2

n0 exp
(
− h

100

) . (17)

where w is velocity and C2
n0 is the near-ground atmospheric refractive index structural

parameter.
Figure 2 shows the trends of atmospheric refractive index structural parameters

with altitude at different C2
n0. The values of the atmospheric refractive index structure

parameters reflect the intensity of the atmospheric turbulence disturbance to a certain
extent. We notice that the atmospheric refractive index structural parameter decreases with
increasing altitude. This is because as the altitude increases, the air becomes thinner. As a
result, the values of atmospheric refractive index structural parameter show a decreasing
trend and gradually stabilize with the increasing altitude.
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2.3. Fading Probability

In weak turbulence, the normalized irradiance is governed by a log-normal distribu-
tion [4]. However, under strong turbulence conditions, a K-distribution [26] is used instead.
In order to characterize the irradiance distribution from weak-to-strong turbulence in terms
of a probability distribution function, a Gamma–Gamma distribution is applied [27,28]:

ph(h) =
2(αβ)(α+β)/2

Γ(α)Γ(β)
h(α+β)/2−1Kα−β

(
2
√

αβh
)

, h > 0, (18)
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where Kv(·) and Γ(·) are the modified Bessel function of the second kind and the gamma
function, respectively. Gamma–Gamma distribution parameters α and β are related to
large-scale and small-scale log-irradiance scintillations:

α = 1
exp(σ2

ln X)−1

β = 1
exp(σ2

ln Y)−1

, (19)

Define the probability of falling below the fading threshold IT as the signal fading
probability Pr(I ≤ IT). The probability of fade obeying the Gamma–Gamma distribution
can be written in a closed form, as follows:

Pr(I ≤ IT) =
∫ IT

0 ph(h)dh

=
2(αβ)(α+β)/2

Γ(α)Γ(β)

∫ 10−FT /10

0 h(α+β)/2−1Kα−β

(
2
√

αβh
)
dh

. (20)

where FT is the fading threshold in dB IT = 10−FT/10.

3. Numerical Results and Discussions

In this section, the irradiance scintillation index and the signal fading probability of
the monochromatic LED light beam propagation through weak-to-strong turbulence are
numerically simulated and analyzed. The effects of near-earth atmospheric refractive index
structural parameters, signal propagation distances, and working light wavelengths on the
irradiance scintillation index and fading probability of the monochromatic LED-based VLC
system are compared with those of the laser-based one. Table 1 summarizes the parameters
used in the following analysis. The black circles in the figures bellow distinguish the curves
between monochromatic LED-based VLC systems and laser-based VLC systems.

Table 1. System parameters.

Parameter Value

Height 1 m
Beam radius of the Gaussian source w0 1 cm
Wind speed 21 m/s
Working light wavelength 380/580/780 nm
Near-earth atmosphere refractive index structural parameters 1.7 × 10−14/10−13/10−12 m−2/3

Signal propagation distances 200/300/500 m

Figure 3 illustrates the trends of the irradiance scintillation index with respect to
the near-ground atmospheric refractive index structural parameters for different wave-
lengths and propagation distances. Figure 3a shows the irradiance scintillation index of the
monochromatic LED-based VLC system with the propagation distance L = 500 m, while the
black, blue, and red colors indicate the wavelengths of 380, 580, and 780 nm, respectively.
Figure 3b shows the irradiance scintillation index for the monochromatic LED-based VLC
system with the wavelength λ = 380 nm, while the black, blue, and red colors depict the
propagation distances of 500, 300, and 200 m, respectively.

As can be seen from Figure 3a,b, with the increase in the intensity of atmospheric
turbulent disturbances, the scintillations index of monochromatic LED light beam in-
creases rapidly, reaches the peak, and then decreases gradually. Figure 3a shows that at
a propagation distance of 500 m, as the atmospheric turbulence intensity increases, the
scintillation index of a monochromatic LED light source operating at 380 nm is the first to
reach the peak, followed by 580 nm, with 780 nm being the slowest. Under weak turbu-
lence (C2

n0 ≤ 1.7 × 10−14m−2/3), the scintillation index of the monochromatic LED signal
with a working wavelength of 380 nm is the largest among three working wavelengths
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of 380, 580, and 780 nm. Although increasing wavelength still helps to reduce irradiance
scintillation fluctuations, the effect of turbulence on the transmitted beam becomes more
significant as the intensity of turbulence increases. Therefore, when atmospheric turbulence
intensity increases to moderate-to-strong turbulence, the scintillation fluctuations of the
light source at 780 nm are more intense. As shown in Figure 3b, the scintillation index with
a propagation distance of 500 m reaches the peak first at a wavelength of 380 nm, and at
the same atmospheric turbulence intensity, the farther the signal travels, the greater the
scintillation index.
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Figure 3c,d compares the scintillation index of laser-based VLC and monochromatic
LED-based VLC systems under the same conditions as Figure 3a,b, respectively. As shown
in Figure 3c, for a laser-based VLC system, the scintillation index of the optical signal
with the shortest operating wavelength λ = 380 nm reaches the peak first, the same as
the monochromatic LED-based VLC. Figure 3d indicates that, for different propagation
distances (200 m, 300 m, 500 m), the scintillation index of a laser source peaks first at a
propagation distance of 500 m. In addition, at the same atmospheric turbulence intensity,
the scintillation index of the monochromatic LED light source is lower than that of the
laser light source. This suggests that monochromatic LED light beams are less affected
by atmospheric turbulence than laser light beams under the same conditions. When the
turbulence fluctuations change from weak turbulence to strong turbulence, the scintillation
index of the laser-based VLC is significantly higher than that of the monochromatic LED-
based VLC. This is because laser light sources have a higher degree of coherence and emit
light in a narrower beam with a smaller divergence angle, making them more susceptible
to atmospheric turbulence. A turbulent atmosphere makes the scattering and refractive
effects of the transmitted laser beam stronger, resulting in significant distortions and



Photonics 2024, 11, 567 9 of 12

spreading of the beam, which in turn leads to a loss in signal quality or intensity. In contrast,
monochromatic LED light sources are less coherent and generally have a wider divergence
angle than lasers, which means that their light is less concentrated and spread over a larger
area. This makes monochromatic LED less susceptible to atmospheric turbulence, resulting
in smaller fluctuations in the light signal intensity and a lower irradiance scintillation index.
Therefore, in some specific real-time short-range communication scenarios, LED-based
VLC systems can provide high-quality communications at a low cost, such as V2V and
V2I communications. LED-based VLC systems have the potential to revolutionize the
way that vehicles communicate with each other and with infrastructures. LED-based VLC
systems can be integrated into vehicle headlights and taillights to transmit information
about traffic conditions, road hazards, and other relevant information to nearby vehicles
and infrastructure. This information can be used to improve safety and prevent accidents
by providing drivers with real-time alerts about potential hazards on the road.

As shown in Figure 3, in weak to moderate turbulence, the scintillation index rises with
increasing turbulence intensity. Next, as it increases to strong turbulence, the scintillation
index continues to rise and then a peak appears. This is because in this region, the random
focusing effect caused by large-scale eddies reaches its maximum. With the increase in the
atmospheric turbulence intensity, the focusing effect is weakened by multiple scattering,
and thus the scintillation index decreases.

Figure 4 denotes the trends of the irradiance scintillation index with propagation dis-
tances for different wavelengths and near-ground atmospheric refractive index structural
parameters C2

n0. Figure 4a,b show the irradiance scintillation index of a monochromatic
LED-based VLC system under strong turbulence (C2

n0 = 10−12m−2/3) and weak turbu-
lence (C2

n0 = 1.7 × 10−14m−2/3), respectively. The black, blue, and red colors represent
wavelengths of 380, 580, and 780 nm, respectively.
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As shown in Figure 4a,b, the scintillation index of the monochromatic LED light
increases gradually as the propagation distance increases. Figure 4a reveals that for a
certain signal propagation distance in strong turbulence, the shorter the working light
wavelength is, the smaller the scintillation fluctuations of the monochromatic LED-based
VLC are. However, under weak turbulence, the situation is totally reversed. It can be seen
in Figure 4b that the shorter the working light wavelength, the greater the scintillation
index of monochromatic LED-based VLC systems.

Figure 4c,d compares the scintillation index of laser-based VLC and monochromatic
LED-based VLC systems under the same conditions as Figure 4a,b, respectively. As can
be seen from Figure 4c, the scintillation index of the laser-based VLC system is much
higher than that of the monochromatic LED-based one under strong turbulence conditions
(C2

n0 = 10−12m−2/3). When the beam experiences weak turbulence (C2
n0 = 1.7× 10−14m−2/3),

as shown in Figure 4d, the differences between the two VLC systems are not that large. It
is worth noting from Figures 3c and 4c that, compared with the monochromatic LED-based
VLC system, there is a sharp increase in the scintillation index of the laser-based one in strong
turbulence. This indicates that the increase in the atmospheric turbulence intensity has a
greater effect on the laser source than the monochromatic LED light source.

Figure 5 denotes the changing trends of fading probability with a fade threshold of
FT = 10 log10[1/IT], while the black, blue, and red colors represent wavelengths of 380, 580, and
780 nm, respectively, and the propagation distance is 500 m. Figure 5a,b present strong turbu-
lence (C2

n0 = 10−12m−2/3) and moderate turbulence (C2
n0 = 10−13m−2/3), respectively. Since

the larger the scintillation fluctuations, the greater the signal fading probability caused by
scintillation, for a certain fade threshold in moderate and strong turbulence, the signal fading
probability of the laser-based VLC is greater than that of the monochromatic LED-based VLC,
as shown in Figure 5.
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The results shown in Figure 3c indicate that the peaks of the scintillation index of
the monochromatic LED light source are smaller than that of a laser light source, the
monochromatic LED light source peaks under moderate turbulence conditions, and the
laser light source peaks in strong turbulence, which means that the monochromatic LED-
based VLC system experiences a weaker turbulence intensity at the scintillation peak than
the laser-type VLC.

Consequentially, as shown in Figure 5a, under strong turbulence conditions
(C2

n0 = 10−12m−2/3), the fading probability of the monochromatic LED light source is
much lower than that of the laser light source. However, when it experiences moderate
turbulence (C2

n0 = 10−13m−2/3), as shown in Figure 5b, there is a slight increase in fad-
ing probability of the monochromatic LED-based VLC, while that of the laser-based one
decreases significantly.
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4. Conclusions

In this paper, the expressions of the irradiance scintillation index and fading probability
of the monochromatic LED-based VLC system through weak-to-strong turbulence are
derived. Then, the effects of near-earth atmospheric refractive index structural parameters,
signal propagation distances, and working light wavelengths on irradiance scintillation
characteristics of the monochromatic LED source are simulated and compared with those
of the laser source. The results show that in contrast to the monochromatic LED light
beam, the increase in the intensity of turbulence fluctuations has a greater impact on the
laser beam. In particular, the differences of both irradiance scintillation and the probability
of fading between the LED and laser beam are especially obvious when the turbulence
fluctuations rise from weak turbulence to strong turbulence. This is because the laser beam
is more focused and concentrated than the LED light beam, which makes the scattering
and refracting effects caused by atmospheric turbulence on the laser beam much stronger.
In contrast, monochromatic LED light sources are less coherent and generally have a wider
divergence angle than lasers, which means that their light is not as concentrated, resulting
in smaller fluctuations in the light signal intensity and a lower irradiance scintillation index.
The research in this paper is of great significance to optical communications and provides
theoretical support for the design of LED-based VLC systems in practical applications,
such as the integration of LED-based VLC systems into vehicle headlights and taillights
for V2V and V2I communications or the engineering of smart lighting and communication
networks on the Internet of Things.
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