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Abstract: A comprehensive study of outdoor visible light communication (VLC) under snow and rain
effects has been conducted in this paper. This paper analyzes the expected rain attenuation of Marshal,
Carbonneau, and Japan models at different precipitation levels. Snow attenuation is measured in wet
and dry situations at various precipitation levels as well. Therefore, a full comparison is carried out
for different attenuation effects on certain outdoor VLC design characteristics such as the maximum
signal-to-noise ratio (SNR), optical power received, bit error rate (BER), and maximum coverage
area. VLC with various modulation techniques is considered. The ON–OFF Keying (OOK), L-Pulse
Position Modulation (L-PPM), Inverse L-Pulse Position Modulation (I-L-PPM), and Subcarrier Binary
Phase-Shift Keying (SC-BPSK) are investigated. The simulation results show a considerable difference
in the information received under different weather conditions depending on the type of modulation
scheme used. The simulation has been done on a two-lane road, and a green traffic light-emitting
diode (LED) with a wavelength of 505 nm is used as a transmitter. A non-imaging concentrator
coupled with a photodetector is considered to be a cost-effective receiver.

Keywords: visible light communication (VLC); LED-based traffic light; non-imaging concentrators;
intelligent transportation systems (ITS); weather conditions; modulation techniques

1. Introduction

The intelligent transport system (ITS) was motivated by the need to reduce traffic overcrowding
and to provide better user experience through mobility and location-specific services. In addition,
data transmission, real-time monitoring, and data-mining technologies can be combined to ensure
effective traffic and software exchange. In ITS, visible light communication (VLC) technology is
preferred over all other optical wireless systems, mainly because it is cost-effective and there is no
need for “licensing” or new infrastructure. It can be used for communication due its wide range,
and is environmentally friendly [1–3]. VLC was introduced for ITS interaction to complement and
commute the present radio frequency (RF) communication by solving the saturation problem in its
band, considering each light source as a free access point [4].

In the meantime, the light-emitting diodes (LEDs) that have been widely deployed in traffic lights
can be used as VLC transmitters because they are a possible energy-saving light source, with long life,
small size, and low power consumption. Therefore, LEDs are used on different occasions, such as for
traffic lights and street lighting that can be used for communication, so that large-scale power can be
employed effectively and that could not be used for radio or infrared contact [4–6].

Most VLC systems depend on the Line of Sight (LoS) transmission. Nevertheless, the spread of
LoS cannot always be guaranteed, particularly in the outdoor environment, which is influenced by
the spread disability due to adverse weather conditions and is considered to be a challenge for the
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VLC network. In general, scattering due to atmospheric aerosols/hydrometers such as snow, rain, fog,
or dust can cause a significant extinction of the optical signal, resulting in system outage [7].

Elamassie et al. analyzed the outage and BER performance of the vehicular VLC under rain and
fog [8]. Hasirlioglu and Riener studied how sensors in automated vehicles work in rain and fog to
identify measurements errors [9]. For snow attenuation, Ali has studied optical wireless link features
such as signal-to-noise ratio (SNR), data rate, and receiver signal power for different snow rates [10].
Maswikaneng investigated a free space optics link at different wavelengths under different weather
conditions to acquire a minimum bit error rate (BER) [11].

Most recent work, as in Refs. [8–11], focused on the visible light region beginning from red
wavelength and higher or near-infrared regions, and then testing it on a free space application. Still, few
works have been done on outdoor visible light applications under different weather conditions
using a different wavelength of LED, especially the green wavelength. In this paper, we present a
simple analytical model to fully study the impact of rain and snow attenuation on the outdoor VLC
communication channel for 505 nm wavelength transmission. The use of a non-imaging concentrator
coupled with a single photodetector is a cost-effective receiver in order to increase the overall
performance of the system. The rain attenuation predicted by three different models (Marshall, France,
and Japan) is studied, while snow attenuation caused by two different forms such as wet and dry is
tested. The performance is studied for a two-lane road. The attenuation effect on system parameters
such as maximum SNR, optical power received, BER, and maximum coverage area is investigated
under different modulation techniques such as ON–OFF Keying (OOK), Subcarrier Binary Phase-Shift
Keying (SC-BPSK), L-Pulse Position Modulation (L-PPM), and Inverse L-Pulse Position Modulation
(I-LPPM). Finally, the amount of received information is investigated for two types of modulation
schemes: 16PPM and I-16PPM.

The remainder of this paper is organized as follows. Section 2 presents the system model and
numerical analysis of the proposed system, including all equations used to evaluate the system
performance. The simulation results are displayed and discussed in Section 3. This is accompanied by
the main conclusions in Section 4.

2. System Model

The proposed system, with a generic multilane traffic light system is shown in Figure 1. It is
assumed that there are no large vehicles running ahead of the receiver, and the receiver is placed on the
exterior of the vehicle, at the bottom-center of the windshield. Therefore, there will be a Line-of-Sight
(LoS) link between the receiver and the traffic light LED. The optical signals are intensity modulated
(IM) in all colors. The duration of the ON (1s) cycle followed by the OFF (0s) cycle of transmitting
information is short enough that the LED appearance is always ON to be humanly imperceptible, so,
it will not affect the traffic control. In this paper, the LED half power semi-angle is 15◦, which is the
same as the actual LED light [12]. The receiver vertical inclination angle is θ, and the field-of-view
(FOV) angle is Ψc. The position of the vehicle is expressed by the distance in the direction of the lane, x,
and the distance in the direction of the width, y. A vehicle on the first lane with a LED light is in position
y = 0 m. If the width of the lane is 3.5 m and the width of the vehicle is 1.8 m, a vehicle on the second
lane is positioned in location y ≤4.1 m. Table 1 summarizes the system model design parameters.
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Width of lane  3.5 [m] 
Width of vehicle  1.8 [m] 

Distance between transmitter and receiver d  [m] 
Half power semi-angle φଵ/ଶ  15 [°] 

Vertical inclination Ɵ 0° ≤ Ɵ ≤ 90° 
FOV of receiver  Ψୡ 0° ≤ Ψୡ ≤ 90° 
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Figure 1. Two-lane traffic light system model [12].

Table 1. System parameters [12]. FOV: field of view.

Parameter Symbol Value

Length of traffic arm L 2.0 [m]
Height of traffic light Hl 5.3 [m]

Height of receiver Hr 1.0 [m]
Distance in lane direction X [m]

Distance in width direction Y [m]
Difference between Hl and Hr Z 4.3 [m]

Width of lane 3.5 [m]
Width of vehicle 1.8 [m]

Distance between transmitter and receiver d [m]
Half power semi-angle ϕ1/2 15 [◦]

Vertical inclination θ 0◦ ≤ θ ≤ 90◦

FOV of receiver Ψc 0◦ ≤ Ψc ≤ 90◦

The LoS path, d, between the transmitter and the receiver is given as [13]

d =
√

x2 + y2 + z2. (1)

The angle ϕ in Figure 1 represents the irradiant angle, which is the angle between the irradiance
ray and the line of the transmitter surface normal, while the angle of incidence, ψ, is the angle between
the incident ray and the line of the receiver surface normal. Hl = 5.3 m represents the height of traffic
light, Hr = 1 m represents the height of the receiver itself from the road, and z is the height difference
between Hl and Hr, as used in [12,13].

Both angles ϕ and ψ are calculated, respectively, from Figure 1 as [13]

ϕ = arccos
( x

d

)
(2)

ψ = arccos

sin(θ+ arctan(z/x))
√

x2 + z2

d

. (3)

2.1. LED-Based Traffic Emitter Model

A VLC emitter (also known as a transmitter) is an optoelectronic transducer that transmits data
using visible light waves via a wireless transmission medium. According to Figure 2, the traffic details,
which are either gathered in real time or prerecorded, will be modulated with the goal of changing
LEDs at the required data transmission rate. The selective modulation scheme must provide high
strength to background noise, and at the same time, it should be as bright as possible.
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In practice, to ensure that the transmitter is synchronized, the modulator often receives information
from the traffic information unit so that it can retain information while the light color varies. Then,
the switching of the LED is controlled by the output signal through the output driver. In order to
obtain the foreseeable range of communication, the output driver coupled with the control signal
should provide enough optical power. The VLC data rate is limited by the switching speed of LEDs.
On the other side, long-distance communication is restricted by transmitting power and ambient light
sources [14].
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Figure 2. Light-emitting diode (LED)-based traffic light block diagram.

The traffic light consists of an array of LEDs tightly wired to match into the standard traffic light
with either a 200-mm or 300-mm diameter. Each LED is designed on the basis of a generic Lambertian
pattern of radiation. The emission power from LED transmitters, Ptr, can be calculated as [13]

ptr =
⌊m + 1

2π

⌋
pt cosm(ϕ) (4)

where Pt is the average transmission optical power, and the order of Lambertian emission m is related
to a half power semi-angle ϕ1/2 by [13]

m = −
ln(2)

ln(cos(ϕ1/2))
. (5)

The chosen ϕ1/2 angle has a noticeable impact on the coverage range and pattern shape of the
Lambertian light source, according to Figure 3 [15].
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Thus, by choosing an LED with a narrower ϕ1/2 or by adding an optical focusing stage just after
the LED illumination surfaces to absorb and guide the emitted beams, the illumination intensity can be
explicitly improved, resulting in a long range of communication.

2.2. Non-Imaging Receiver Model

The produced light emitted by the transmitter is captured in a photodetector mounted on the
vehicle as shown in Figure 4. This is an optoelectronic transducer that collects light and transforms it
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into a small amount current proportional to the collected light. The advantages of a transimpedance
amplifier (TIA) include its stable gain and low distortion. By applying a narrow band-pass filter at
the input stage, it would be a good solution to remove both low and high-frequency noise from the
generated voltage. At the end, additional signal conditioning is performed, setting the output signal
amplitude and the direct current (DC) level in accordance with the analog to digital converter (ADC)
input specifications. The sampled signal is decoded, and the digital data is extracted [14].
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In this proposed system, a single avalanche photodetector (APD) is considered with its own
vertical inclination angle, θ, as shown in Figure 4. The detector is modeled as an active area collecting
the radiation incident angles, ψ, which are smaller than the detector FOV. The effective collection area
of the detector, Aeff, is given by [13]

Aeff(ψ) =

ATs(ψ)g(ψ) cos(ψ), 0 ≤ ψ ≤ Ψc

0, ψ > Ψc
(6)

where A is the detector physical area, Ts(ψ) is the optical band-pass filter of transmission, g(ψ) is the
non-imaging concentrator gain, and Ψc is the FOV of the receiver.

Although, ideally, a large-area detector would be suitable for an outdoor environment to collect as
much power as possible, this would result in more noise entering the receiver. Therefore, the use of a
non-imaging concentrator is a cost-effective solution in order to increase the overall effective collection
area and to exhibit a trade-off between gain and FOV. The optical gain of an ideal non-imaging
concentrator having an internal refractive index n [13] is

g(ψ) =

 n2

sin2 Ψc
, 0 ≤ ψ ≤ Ψc

0, ψ > Ψc
. (7)

The compound parabolic concentrator (CPC) is used in the proposed system. The CPC is an
angle transforming device that can absorb and focus the light from a large input area down to a
smaller detector area; so, it is called non-imaging receiver, as a single photodetector is coupled with a
concentrator, as shown in Figure 5. A CPC can achieve a high gain at the expense of a narrow FOV,
making it suitable for direct links. CPC-based receivers have a FOV typically Ψc ≤ 90◦ [16].



Appl. Sci. 2019, 9, 5453 6 of 20Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 21 

 

Figure 5. The compound parabolic concentrator (CPC) non-imaging concentrator model. 

To achieve near-ideal performance, a 10 nm band-pass filter can be coupled with a CPC having 
a FOV = 10°, which has been indicated in [16,17]. In order to achieve the maximum area of reception, 
vertical inclination and FOV angles must fulfill the term below [18]. θ + FOV ≤ 90° (8) 

2.3. Channel Modeling in Outdoor VLC Environment and Received Power 

Most wireless communication systems can be modeled as having an output signal Y(t) and an 
input signal X(t). The output signal can be calculated as Y(t) = X(t)⨂h(t) + N(t) (9) 

where ⨂ denotes convolution, h(t) is the channel impulse response, and N(t) is additive noise. In 
optical wireless communication channels, the direct current (DC) gain, 𝐇𝐋𝐨𝐒, [13] is given by: H୐୭ୗ(0) = ቊ(୫ାଵ)୅ଶ஠ୢమ cos୫(φ)Tୱ(ψ)g(ψ) cos(ψ) , 0 ≤ ψ ≤ Ψୡ0, ψ > Ψୡ . (10) 

The outdoor VLC channel is strongly affected by atmospheric turbulence due to the presence of 
molecular and aerosols in the air, as shown in Figure 6. These molecules, such as rain and snow, 
attenuate the light wave as the same way as electromagnetic radiation or RF signals, causing light 
scattering. Moreover, they attenuate the transmitted light signal, which reduces the received power 
in the photodiode. 

 
Figure 6. Simplified outdoor VLC model in an intelligent transport system (ITS). 

The absorption and scattering of light through the atmosphere are figured by the exponential 
Beers–Lambert Law [19]. 

Figure 5. The compound parabolic concentrator (CPC) non-imaging concentrator model.

To achieve near-ideal performance, a 10 nm band-pass filter can be coupled with a CPC having a
FOV = 10◦, which has been indicated in [16,17]. In order to achieve the maximum area of reception,
vertical inclination and FOV angles must fulfill the term below [18].

θ+ FOV ≤ 90◦ (8)

2.3. Channel Modeling in Outdoor VLC Environment and Received Power

Most wireless communication systems can be modeled as having an output signal Y(t) and an
input signal X(t). The output signal can be calculated as

Y(t) = X(t) ⊗ h(t) + N(t) (9)

where
⊗

denotes convolution, h(t) is the channel impulse response, and N(t) is additive noise. In
optical wireless communication channels, the direct current (DC) gain, HLoS, [13] is given by:

HLoS(0) =


(m+1)A

2πd2 cosm(ϕ)Ts(ψ)g(ψ) cos(ψ), 0 ≤ ψ ≤ Ψc

0, ψ > Ψc
. (10)

The outdoor VLC channel is strongly affected by atmospheric turbulence due to the presence
of molecular and aerosols in the air, as shown in Figure 6. These molecules, such as rain and snow,
attenuate the light wave as the same way as electromagnetic radiation or RF signals, causing light
scattering. Moreover, they attenuate the transmitted light signal, which reduces the received power in
the photodiode.
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The absorption and scattering of light through the atmosphere are figured by the exponential
Beers–Lambert Law [19].

τ(d) = e−γ(λ)d (11)

where τ(d) is the transmittance at the distance d from the transmitter, and γ(λ) is the extinction
coefficient per unit of length.

Therefore, Equation (19) can be written as

Hlos(0) =


(m+1)A

2πd2 cosm(ϕ)Ts(ψ)g(ψ)τ(d) cos(ψ), 0 ≤ ψ ≤ Ψc

0, ψ > Ψc
. (12)

Thus, the desired power in the APD receiver can be obtained as [13]

Prx−los(t) = Ptr(ϕ)·Hlos(0). (13)

The received signal is given by [13]

Rxs = Prx−los(t) + Noise(t). (14)

Outdoor VLC applications are subject to multiple external noise sources that influence the
communication channel. The major noise source in VLC is represented by the background light.
The background light can be either from artificial sources or from natural sources. The bright skylight
and the direct sunlight are the natural light sources that can saturate the photo-element and make it
blind. Additionally, there are other background noise sources at the receiver side, such as thermal
noise (generated in the receiver electronic circuit components such as resistors and capacitors).

Following the analysis of [13] in estimating the receiver noise, the total noise variance is
approximately given by

σ2
tot ≈ 2qr(Prx−los + Pa)B +

8πkBT
G

ηAI2B2 +
16π2kBT Γ

gm
η2A2I3B3. (15)

The first term is the shot noise, which is considered to be the predominant noise source in wireless
optical communications [13], Pa is the ambient light power, r is the detector responsivity, q is the
electronic charge, and I2 and I3 are constants referring to the noise bandwidth factor, while B is the
desired bandwidth, relying on the modulation technique used and the bit rate.

The thermal noise of the feedback resistor is represented in the second term, kB the is Boltzmann
constant, η is the capacitance per unit area, T is the absolute temperature, and G is the open-loop
voltage gain. Both the shot and the thermal noise are modeled as additive white Gaussian noise
(AWGN).

The third term describes the thermal noise from the field-effect transistor (FET) channel resistance,
Г is the FET channel noise factor, and gm is the FET conductance.

The ambient light power detected by receiver can be calculated as [13]

Pa = Pbg∆λ AI2 (16)

where Pbg is the background irradiance per unit bandwidth and ∆λ is the filter bandwidth.

2.4. Atmospheric Turbulence Analysis

This section discusses specific attenuation caused by different weather conditions as follows.
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2.4.1. Very Clear Weather Attenuation

Attenuation under clear-air conditions is mainly the attenuation due to the absorption by gaseous
molecules. Atmospheric absorption at specific optical wavelengths results from the interaction between
photons and atoms or molecules of N2, O2, H2, H2O, CO2, etc., which leads to the absorption of the
incident photon.

In this paper, the operating wavelength is 505 nm, of the green LED, and the extinction coefficient
γ(λ) is γvery−clear(λ) � 0.911 dB/km [20].

2.4.2. Rain Attenuation

The attenuation, γrain (dB/km), due to rain is a function of precipitation intensity, R (mm/h), and
is independent of wavelength, since the raindrops are large compared with the wavelength. Thus, the
geometric optics limit can be applied to get the attenuation as [21–23].

γrain = a·Rb (17)

The power law parameters a and b depend on the raindrop size distribution and values determined
from measurements at a specific location. Some of the models that estimated rain distribution according
to their location are listed in Table 2 [23].

Table 2. Attenuation parameters due to rain.

Location/Model a b

Marshall and Palmer 0.365 0.63
Carbonneau–France 1.076 0.67

Japan 1.58 0.63

2.4.3. Snow Attenuation

The attenuation due to snow is larger than that due to rain for the same precipitation rate since
the cross-sectional area of snowflakes is larger than raindrops. The attenuation, γsnow (dB/km), as a
function of snow precipitation intensity, S (mm/h), is given by [21].

γsnow = a·Sb (18)

The parameters a and b are functions of the operating wavelength, λ (nm), and the estimated
values for wet and dry snow are listed in Table 3 [21].

Table 3. Attenuation parameters due to snow.

Snow Type a b

Wet 0.000102 * λ + 3.79 0.72
Dry 0.0000542 * λ + 5.50 1.38

2.5. Modulation Schemes Analysis

In the proposed system, intensity modulations with the direct detection (IM/DD) of different
modulation schemes have been studied. The IM/DD is a cost-effective strategy, where LED intensity is
modulated by the input signal and then demodulation is achieved through direct detection, which
produces a current proportional to the received light using a photodetctor. Various modulation
techniques are considered: OOK, SC-BPSK, L-PPM, and L-I-PPM (where L is equal to 2n and n is an
integer = 1, 2, 3, . . . ). In order to accomplish reliable data communication, BER must be less than or
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equal to 10−6 [24]. Therefore, calculating the necessary SNR to achieve the target BER is important.
The SNR is obtained as [13]

SNR =
r2P2

rx−los(t)

σ2
tot

. (19)

The BER for the OOK scheme is actually obtained by the same equation as in the 2-PPM case [24],
which is given by

BERook = Q
(√

SNR
)

(20)

where

Q(x) =
1

2π

∫
∞

x
e−

y2

2 dy. (21)

The BER performance for SC-BPSK, L-I-PPM, and L-PPM can be obtained as [24]

BERSC−BPSK = Q


√

SNR
2

 (22)

BERL−PPM = Q
(√

SNR
√

log2L
)

(23)

BERI−L−PPM = Q

√SNR

√
log2L
L− 1

. (24)

Using the Q-function table, the minimum SNR values for each modulation scheme can be evaluated
as shown in Table 4. These values will be considered as threshold values for each modulation technique.

Table 4. Necessary signal-to-noise ratio (SNR) corresponding to target bit error rate (BER) = 10−6.
OOK: ON–OFF Keying, SC-BPSK: Subcarrier Binary Phase-Shift Keying, L-PPM: L-Pulse Position
Modulation, I-LPPM: Inverse L-Pulse Position Modulation.

Modulation Scheme Minimum SNR (dB)

OOK 13.53

SC-BPSK 16.54

L-PPM
4PPM 10.52
8PPM 8.76
16PPM 7.5

I-LPPM
I-4PPM 15.29
I-8PPM 17.21

I-16PPM 19.27

2.6. Received Information

One of the most important parameters to evaluate the efficiency of the system used is the received
information. The amount of information that can be received within a specific service area (range), SA,
is expressed as [18]

RI [bit] =
Td[bit/s]·SA[m]

vs [km/h]
(25)

where Td is the transmission rate, while vs is the vehicle speed.

3. Simulation Results and Discussion

3.1. Rain and Snow Attenuation

Using Equation (17) and Table 2, the rain effect on the outdoor VLC system can be predicted by
calculating the attenuation corresponding to the rainfall precipitation intensity, as shown in Table 5.
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Figure 7 shows the relationship between the extinction coefficient and rainfall rates using prediction
models as provided by the International Telecommunication Union (ITU) [21] and the physical model
as provided in [23].
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Figure 7. Extinction coefficient vs. rainfall precipitation rate for different models.

It is obvious from Figure 7 that the Marshall model underestimates rain attenuation at high rates
and low rates. On the other hand, the model proposed in France shows that attenuation increases
approximately by 10 dB/km more than the Marshall model in higher intensities. Japan’s model predicts
the attenuation at higher rates with approximately 5 dB/km more than the French model.

The explanation for this disparity is that the Marshall model underestimates light rain intensities
and (drizzles) on the one hand and high rain intensities on the other hand. The Marshall model is only
an average distribution, which made it not accurate and almost gives an attenuation behavior in light
rain intensities as very clear weather or less, as shown in Table 5. France models were tested at low
rates, while Japan was calculated at higher rates of up to 50 mm/h, as mentioned in [23]. The rate up to
25 mm/h is considered as an acceptable range of precipitation rates in this paper to make a reliable
comparison. Rainfall rates are taken from Ref. [25].

Using Equation (18) and Table 3, the effect of snow attenuation can be predicted. Snowfall rates
are taken from Ref. [10]. Figure 8a,b shows the relationship between the extinction coefficient and
snowfall rates estimated for two forms of snow. It is clear that the attenuation induced by wet snow is
too small compared with the attenuation caused by dry snow at higher rates.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 21 

 

Figure 7. Extinction coefficient vs. rainfall precipitation rate for different models. 

The explanation for this disparity is that the Marshall model underestimates light rain intensities 
and (drizzles) on the one hand and high rain intensities on the other hand. The Marshall model is 
only an average distribution, which made it not accurate and almost gives an attenuation behavior 
in light rain intensities as very clear weather or less, as shown in Table 5. France models were tested 
at low rates, while Japan was calculated at higher rates of up to 50 mm/h, as mentioned in [23]. The 
rate up to 25 mm/h is considered as an acceptable range of precipitation rates in this paper to make a 
reliable comparison. Rainfall rates are taken from Ref. [25]. 

Using Equation (18) and Table 3, the effect of snow attenuation can be predicted. Snowfall rates 
are taken from Ref. [10]. Figure 8a,b shows the relationship between the extinction coefficient and 
snowfall rates estimated for two forms of snow. It is clear that the attenuation induced by wet snow 
is too small compared with the attenuation caused by dry snow at higher rates. 

 
(a) 

 
(b) 

Figure 8. Extinction coefficient vs. snowfall precipitation rate for λ = 505 nm (a) wet snow (b) dry 
snow. 

The attenuation caused by wet and dry snow at 505 nm is calculated, and the obtained results 
are listed in Table 5. 
  

Figure 8. Extinction coefficient vs. snowfall precipitation rate for λ = 505 nm (a) wet snow (b) dry snow.



Appl. Sci. 2019, 9, 5453 11 of 20

The attenuation caused by wet and dry snow at 505 nm is calculated, and the obtained results are
listed in Table 5.

Table 5. Attenuation for various weather conditions.

Weather Condition Attenuation [dB/km] for Different Precipitation Rates

Snow
Light Moderate Heavy

2 mm/h 4 mm/h 8 mm/h
Wet 6 10 17
Dry 14 37 97

Rain
Light Moderate Heavy

2 mm/h 10 mm/h 25 mm/h
Marshall model 0.7 1.5 3
France model by

Carbonneau 2 5 9

Japan model 2.5 7 12
Very clear 0.911

3.2. Optical Power Received (Prx−los)

Assuming that the distance between two traffic lights on the same lane is 300 m, as mentioned
in [13] and based on the tables given in this paper, simulation results are obtained and displayed in the
figures. The minimum distance between the transmitter and receiver for the first lane is 18 m, and for
the second lane this distance is 25 m, under which there is no LoS between the traffic light and receiver.
All numerical parameters are listed in Table 6.

Table 6. Numerical analysis parameters [13]. FET: field-effect transistor.

Parameter Symbol Value

Transmission optical power Pt 314 [mW]
Detector physical area A 0.79 [cm2]
Gain of optical filter Ts(ψ) 1.0

Refractive index of concentrator n 1.7
Electron charge q 1.602e-19 [C]

Photodetector responsivity r 0.35 [A/W]
Boltzmann’s constant kB 1.3811e-23 [J/K]
Absolute temperature T 298 [◦K]

Open-loop voltage gain G 10
FET transconductance gm 30 [mS]

FET channel noise factor Γ 1.5
Bandwidth of band-pass optical filter ∆λ 10 [nm]

Background irradiance per unit bandwidth Pbg 5.8 [µW/cm2
·nm]

Capacitance per unit area η 112 [pF/cm2]

Noise bandwidth factors
I2 0.562
I3 0.868

Wavelength of LED λ 505 [nm]
Vehicle velocity vs 60 [km/h]

Transmission data rate Td 10 M [bit/s]

Figure 9 depicts prx for clear and snowy weather as a function of coverage area. As it appears,
prx has a different behavior for clear and snowy weather in large distances (max = 300 m) and has a
similar behavior reaching the minimum distance for two lanes (18 m, 25 m).
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the first lane (b) very clear weather and 2 mm/h wet, dry snow in the second lane (c) 4, 8 mm/h wet,
dry snow in the first lane (d) 4, 8 mm/h wet, dry snow in the second lane.

From the values listed in Table 5 and Figure 9, it is obvious that the dry snow has a significant
effect on prx comparing with wet snow due to the high attenuation. The prx value decreases with the
increase in the snow perception rate.

The maximum power received is −15.98 dBm at 18 m, while the minimum power received is
approximately −35 dBm at 300 m in very clear weather for the first lane. For wet and dry snow at
different precipitation rates, the range is, respectively, from −16.4 dBm to −17.9 dBm and −17.08 dBm
to −23.08 dBm at 18 m ranging from lower rates to higher rates. The difference in prx from the second
lane to the first lane is approximately −3 dBm lower.

There are two important factors affecting the system performance: θ and FOV. The performance is
tested at different values of θ and FOV and the obtained results suggest setting θ ≥ 40◦ and FOV ≤ 40◦

to enhance the system outage. According to the non-imaging receiver part that was discussed before,
to reach the best performance set, FOV = ∆λ then θwill be calculated according to Equation (8).

When setting θ = 40◦ and FOV = 20◦ as mentioned in [26], the maximum prx for very clear weather
will be −22.85 dBm, which is almost −7 dBm lower than the result when θ = 80◦ and FOV = 10◦.
This is also obtained at all other attenuation cases. The reason behind this difference is that higher θ
means more received power, and at the same time lower FOV means a higher gain, which increases the
received power.

Figure 10 displays the power received under different rain attenuation models. Clearly, prx
decreases with rising precipitation levels for all models. All models have a near prx for low distances
but vary over a range of 40 m. The maximum prx for the Marshall model varies from −16.26 dBm to
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−15.7 dBm from higher to lower rates. The France design varies from −16.66 dBm to −16.06 dBm,
while Japan ranges from −16.8 dBm to −16 dBm. The maximum prx is measured at 18 m for all models.
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Figure 10. Optical power received vs. distance for (a) very clear weather and different rain models at
25 mm/h in the first lane, (b) very clear weather and different rain models at 25 mm/h in the second
lane, (c) different rain models at 10 mm/h in the first lane, (d) different rain models at 10 mm/h in the
second lane, (e) different rain models at 2 mm/h in the first lane, and (f) different rain models at 2 mm/h
in the second lane.
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3.3. Signal-to-Noise Ratio (SNR)

Figure 11 shows the SNR against the coverage area under very clear and snowy weather at
different snow rates, estimating the minimum SNR corresponding to minimum BER = 10−6 for different
modulation schemes. It is clear that OOK has a moderate SNR value between L-PPM and I-LPPM,
while SC-BPSK can cover less distance but a vehicle can receive the data with a higher SNR value than
OOK. The I-LPPM achieves the best SNR, while L-PPM achieves the best coverage area.
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Figure 11. Signal-to-noise ratio vs. distance for (a) very clear weather and 2 mm/h wet, dry snow in the
first lane, (b) very clear weather and 2 mm/h wet, dry snow in the second lane, (c) 4, 8 mm/h wet, dry
snow in the first lane, and (d) 4, 8 mm/h wet, dry snow in the second lane.

The highest SNR that a vehicle will receive on the first lane under very clear weather conditions is
44.21 dB at 18 m, when the data rate is 10 Mbps. After 18 m and 25 m, the SNR drops in the first lane
and the second lane, respectively. The second lane can be covered by a traffic light, but the vehicle can
receive data with 6 dB SNR lower than the first lane.

The SNR decreases with the increase of perception rate. In addition, dry snow yields less SNR
than wet snow because of the high attenuation, which affects the system. The wet snow varies from
43.41 dB to 41.64 dB, while dry snow varies from 42.12 dB to 30.11 dB, ranging from lower rates to
higher rates. In the case of using θ = 40◦ and FOV = 20◦, the SNR values is decreased by almost
13.64 dB. This is also obtained at all other attenuation cases.

Figure 12 shows the SNR against the coverage area with various rain attenuation models. As it
appears, the SNR is diminishing at higher prescription rates. In addition, for different rain attenuation
models, the SNR has very close behavioral curves at small distances. The maximum SNR that a vehicle
can receive in the case of the Marshall model varies from 43.89 dB to 44.25 dB at 18 m ranging from
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higher to lower rates. In the case of the France model, the maximum SNR varies from 42.92 dB to
44.05 dB, while the Japan model varies from 42.44 dB to 43.97 dB.
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Figure 12. Signal-to-noise ratio vs. distance for (a) very clear weather and different rain models at
25 mm/h in the first lane, (b) very clear weather and different rain models at 25 mm/h in the second
lane, (c) different rain models at 10 mm/h in the first lane, (d) different rain models at 10 mm/h in the
second lane, (e) different rain models at 2 mm/h in the first lane, and (f) different rain models at 2 mm/h
in the second lane.
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3.4. Bit Error Rate (BER)

The BER performance versus the coverage area is displayed in Figure 13 for different weather
turbulences under different modulation schemes for the first lane. Table 7 shows the maximum
achievable distance for the different modulation schemes at a BER of 10−6 and a data rate of 10 Mbps. It
is observed that OOK achieves higher distances than SC-BPSK under different attenuation conditions
but at the price of SNR, as shown in Figure 11. The L-PPM can cover distances greater than I-LPPM, but
the choice in SNR performance is for I-LPPM, as shown in Figure 11. It is also observed in Table 7 that
the Marshall model at light rain intensity can cover distances almost at very clear weather or higher.
The reason behind this is that the Marshall model underestimates light rain intensities and (drizzles);
so, it exhibits an attenuation behavior that is similar to very clear weather or less. The Marshall model
is only an average distribution, which made it not accurate.

Table 7 summarizes the maximum achievable distance for different modulation schemes in
different weather conditions.

Table 7. Maximum distance for different modulation schemes under various weather conditions.

Weather Condition
Maximum Distance [m]

OOK SC-BPSK 4PPM I-4PPM 8PPM I-8PPM 16PPM I-16PPM

Very-Clear 173 123 202 156 222 140 237 125

Wet snow Precipitation level mm/h
2 128 97 144 117 155 107 162 98
4 108 84 120 100 128 92 134 84
8 88 69 96 81 101 75 105 69

Dry Snow Precipitation level mm/h
2 95 75 105 89 111 82 116 75
4 60 47 63 54 66 51 69 47
8 32 20 32 27 34 24 35 19

Marshall Precipitation level mm/h
2 177 125 207 159 228 143 244 127

10 166 119 192 150 211 136 224 121
25 150 110 172 137 186 125 197 112

France Precipitation level mm/h
2 160 116 185 145 201 131 214 117

10 134 100 151 123 163 112 172 102
25 113 87 125 104 134 96 140 88

Japan Precipitation level mm/h
2 154 113 178 141 193 127 205 114

10 112 93 137 112 147 103 154 94
25 102 79 112 94 119 87 124 80

It is also observed that as the modulation size increases, the maximum distances for reliable
transmission decrease in I-LPPM, while in L-PPM, the maximum distances increase. The curves are
broken almost at small distances (<18 m). This is because the receiver cannot capture the transmitted
signal being almost under the traffic light.
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Figure 13. Bit error rate vs. distance under 16PPM scheme for (a) very clear weather and 2 mm/h wet,
dry snow, (b) 4, 8 mm/h wet, dry snow, (c) very clear weather and different rain models at 25 mm/h,
(d) different rain models at 10 mm/h, and (e) different rain models at 2 mm/h.

In case of using θ < 40◦ and FOV > 40◦, the maximum achievable distance for some modulation
schemes such as I-LPPM and SC-BPSK may be so small or near zero. The incident angle ψ depends on
θ; at the same time, ψmust be less than or equal to the FOV angle to be captured.

3.5. Received Information (RI)

Assuming that 16PPM is the maximum scheme of achievable distance whereas I-16PPM is the
lowest, the amount of received information (RI) obtained at different data levels is determined using
Equation (25), as shown in Figure 14. The amount of RI can be estimated for vehicles moving at a
speed of 60 km/h from point x (at 300 m) to point y (at 18 m), which is the length of coverage area.
This length is changeable according to the type of attenuation condition and the type of modulation
used, as shown in Table 7.
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Figure 14. Received information (RI) vs. data rate under 16PPM and I-16 PPM schemes for (a) very
clear weather and 2 mm/h wet, dry snow, (b) 4, 8 mm/h wet, dry snow, (c) different rain models at
25 mm/h, (d) different rain models at 10 mm/h, and (e) different rain models at 2 mm/h.

It is found that when the vehicle speed decreases, the amount of RI increases according to
Equation (25). In addition, as the perception rate increases, attenuation thereby increases and the
amount of RI decreases. According to Equation (25), the maximum achievable distance (LSA) is
inversely proportional to the amount of RI. As a result, the LPPM scheme can receive more information
than I-LPPM, whatever the type of attenuation. A vehicle on a road can receive data everywhere, even
on the second lane, using the 16PPM scheme.

4. Conclusions

This work implements a mathematical model to analyze the impact of very clear weather, rain,
and snow attenuation on a VLC system. The effect of this attenuation has been observed through
simulation of an Infrastructure-to-Vehicle (I2V) outdoor application system. The two kinds of snow
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used are wet and dry, which are measured at different perception rates. Rain attenuation is measured
for three different models: Marshall, France and Japan.

This kind of attenuation influences light communication via light absorption or scattering and
increases with the increase of communication distance. The proposed system performance is measured
by its Prx, SNR, BER, coverage area, and the amount of received information. In the case of snow, it is
found that the system is more attenuated by dry snow than by wet snow. Under heavy dry snow
weather, a vehicle can receive −23.08 dBm power with 30.11 dB SNR at 18 m. For rain attenuation, the
Japan model is found to be more accurate on high rainfall rates and shows a large impact on system
compared with other models. At 18 m, a vehicle can receive –16.8 dBm power with 42.44 dB SNR in
heavy rain weather regarding the Japan model.

Setting θ to 80◦ and the FOV to 10◦ is more appropriate for a communication distance up to 300 m
from the traffic light. The SNR for OOK, SC-BPSK, L-PPM, and I-LPPM has been determined to obtain
a BER of 10−6. The L-PPM can cover larger distances with lower SNR values as long as L increases
under different weather conditions. On the other hand, I-LPPM can cover less distance with higher
SNR values as long as L increases under different weather conditions. Comparing OOK with SC-BPSK,
the last is found to cover a shorter distance with higher SNR values. The maximum achievable distance
and the amount of received information depend on the type of modulation scheme used, which has
been calculated. Since the amount of received information depends on the type of modulation scheme
used that supports higher coverage distances, L-PPM is found to be the best scheme.
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