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Abstract: Free-space optical (FSO) communication is a line-of-sight (LOS) communication technology
that uses light, typically lasers, to transmit data through the atmosphere. FSO can provide high
data transfer rates, but factors like weather conditions can affect its performance. Like fog, smog
also degrades the availability and reliability of FSO links, as the particulate matter (PM) present in
smog scatters the light beam, causing perceptible attenuation. In this paper, we have investigated the
attenuation of an optical signal under laboratory-controlled smog conditions, using both theoretical
and experimental approaches. A 6 m long acrylic chamber is used to contain artificial smog and
measure the optical attenuation through it. The experimental result shows that smog attenuation is
approximately 1.705 times more than fog attenuation. The findings of this study offer valuable insights
into the effects of smog on optical links and can contribute to the development and optimization of
these systems in regions with high levels of smog.

Keywords: smog attenuation; visibility; free-space optics

1. Introduction

Free-space optics (FSO) is a communication technology that utilizes optical signals to
transmit data wirelessly through the atmosphere, without the need for physical cables or
wires. It is also known as optical wireless communication (OWC), and it employs infrared
and visible light for transmission. FSO has several advantages over traditional commu-
nication methods, including high data transmission rates, low latency, and immunity to
electromagnetic interference (EMI) [1-3]. It is also a cost-effective solution for transmitting
data over short distances, and it can be used in various applications, such as last-mile
connectivity, building-to-building communication, and disaster recovery. FSO systems
consist of a transmitter and a receiver that use optical lenses to focus the light beam on
the receiver. The signal is modulated onto the beam of light, and the receiver detects the
modulated signal and demodulates it to retrieve the original signal. The beam of light can
travel through the atmosphere, but it is subject to atmospheric attenuation, which can cause
signal loss.

In recent years, FSO has gained popularity in the telecommunications industry, and
it is being considered as a complementary technology to traditional wired and wireless
communication methods. With the increasing demand for high-speed, reliable, and cost-
effective communication solutions, FSO is expected to play a substantial role in the future
of wireless communication in 5G systems. FSO has a few disadvantages, like it requires
precise alignment between the transmitter and the receiver. Small movements or vibrations
can disrupt the alignment and cause signal loss. Atmospheric conditions such as fog, rain,
and snow can affect the performance of FSO systems by causing signal attenuation [4,5].
However, using adaptive optics, tracking systems, and encryption techniques can help
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mitigate the effects of atmospheric attenuation [6,7]. FSO is a rapidly developing technol-
ogy with the potential to revolutionize the way we communicate. Several organizations,
such as the International Telecommunication Union (ITU), have developed standards and
guidelines for FSO technology. As the technology continues to mature, we can expect to
see FSO systems used in even more applications.

Researchers in 2009 achieved a data rate of 1.28 Terabits/s with six hours of stability
and no burst errors. The system utilizes saturated EDFAs to improve signal power stabi-
lization [8]. A team of researchers conducted experiments to evaluate the performance
of FSO links under adverse weather conditions, such as fog, rain, and snow. They found
that the availability of FSO links is significantly affected by atmospheric attenuation and
is wavelength-dependent [9]. In [10], the authors proposed a new model based on the
Monte-Carlo simulation and Kim formula to enhance the link budget analysis and guide
the parameter design in foggy conditions. Researchers, in [11], proposed that FSO commu-
nication can be optimized by using variable transmitted power controlled by a visibility
detector to overcome the impact of different weather conditions, ultimately enhancing
system performance. Attenuation of terrestrial and satellite signals over George, Western
Cape in South Africa was studied in [12]. The researchers collected meteorological data
for visibility over a ten-year period and calculated the total optical attenuation. A new
wavelength-independent method for estimating attenuation in FSO links based on visibility
measurements was proposed in [13]. The study considers four locations with different
climate conditions and shows that the results obtained align with micro-physical models. In
another study [14], adaptive modulation and coding schemes for FSO links were proposed
to improve the performance of the links in variable atmospheric conditions. The proposed
schemes adjust the modulation and coding parameters based on the signal-to-noise ratio
(SNR) of the link and also improve the bit error rate (BER) performance of FSO links.
Many scholars proposed hybrid FSO-RF systems, which combine the advantages of radio
frequency (RF) communication and FSO to provide reliable and high-speed communication
links. The proposed system uses FSO links as the primary communication link and RF
links as the backup link, to provide a seamless communication channel [15].

The rapid expansion of urban areas and industrialization has led to an alarming in-
crease in air pollution levels worldwide. One of the critical components of air pollution is
smog, a complex mixture of particulate matter (PM), gases, and aerosols, often exacerbated
by factors, such as vehicle emissions and industrial activities. Smog not only poses signifi-
cant health risks to humans but also exerts adverse effects on various technological systems,
including communication networks. There are different research works conducted for
measuring fog and smoke attenuation, but to the best of our knowledge, smog attenuation
is not exclusively studied for the optical signal. In this research paper, we delve into the
distinctions between fog and smog, exploring their unique characteristics, causes, and
consequences. We aim to comprehensively investigate the impact of smog on FSO commu-
nication in controlled laboratory conditions using artificial smog. The primary objective of
this experiment is to quantify the extent of optical signal attenuation induced by varying
densities of smog. The results endeavor to provide valuable insights for the development
of robust FSO systems, capable of withstanding smog-induced challenges in real-world
applications. Taking outdoor measurements for smog attenuation proved challenging due
to the potential harm posed by lasers to human eyes. The task encompassed navigating the
selection of the deployment site and addressing the limited availability of long-distance
lasers suitable for the purpose. Therefore, we considered an indoor transparent acrylic
chamber of a length of 6 m to take real-time measurements. We investigated smog attenua-
tion for FSO links operating at wavelengths of 780 nm and 1550 nm and its dependency on
meteorological visibility. The results for smog attenuation are compared with smoke and
fog attenuation to develop a better understanding of the scattering of light beams through
different mediums. The values for optical attenuation can be obtained by exploring the
impact of different weather conditions on FSO systems, drawing insights from the existing
studies present in the literature [16-18]. The rest of this paper is divided as follows: the



Photonics 2024, 11,172

30f12

FSO analysis of the smog channel is in Section 2, the experimental setup is outlined in
Section 3, and the results are discussed in Section 4.

2. FSO Analysis in Smog Channel
2.1. Smog

Understanding the difference between fog and smog is essential for several reasons.
Firstly, it allows for the accurate identification and classification of atmospheric conditions,
aiding in meteorological forecasting and public safety measures. Secondly, recognizing the
variation in composition, formation mechanisms, and geographical distribution enables
the development of targeted strategies to mitigate the specific impacts of fog and smog.

Smog formation is primarily attributed to the interaction of pollutants with sunlight
and atmospheric conditions. It involves complex photochemical reactions that result in the
creation of secondary pollutants and the formation of haze-like air pollution. Photochemical
smog, the most common form of smog in urban areas, is formed through a series of chemical
reactions [19]. It starts with the emission of nitrogen oxides (NOy) and volatile organic
compounds (VOCs) from vehicle exhaust, industrial processes, and other human activities.
These pollutants react with sunlight, leading to the production of ground-level ozone
(O3) and other secondary pollutants, such as formaldehyde, acrolein, and peroxyacyl
nitrates (PANs). The presence of temperature inversions, where a layer of warm air traps
pollutants near the surface, exacerbates the formation and accumulation of smog. Classic
smog, prevalent in industrial areas, is primarily a result of coal combustion and industrial
emissions. It involves the release of sulfur dioxide (SO;), particulate matter (PM), and
other pollutants that combine with moisture to form smog. The combustion of fossil fuels
like coal releases sulfur dioxide, which reacts with atmospheric moisture to form sulfuric
acid aerosols, contributing to the characteristic hazy appearance of classic smog. The
formation of smog is influenced by many factors, such as the source of pollutant emissions,
sunlight intensity, temperature inversions, and atmospheric stability. Smog tends to be
more prevalent in densely populated urban areas with high levels of industrial activities
and vehicular emissions [20].

Smog is known to have a detrimental effect on visibility, making it difficult to see over
long distances. The pollutants in smog, such as particulate matter, can scatter and absorb
sunlight, causing a reduction in visibility. The meteorological definition of visibility is “the
distance that a beam of light travels until its luminous flux decreases to 5% of its initial
value” [21].

2.2. Characterization of Smog Attenuation

Smog typically contains (PM;5) particles depending upon the source of pollution.
For such a particle size, Mie scattering is considered with the aerosol refractive index
given as € = € — je;, where the real part shows scattering and the imaginary part shows
absorption. Moreover, the absorption coefficient is given by x = 27ta/A, i.e., the ratio of
the circumference of the particle to the operating wavelength A. Assuming that the smog
particles are symmetrical and spherical in shape, we can apply the exact Mie theory to
calculate the normalized scattering and absorption efficiencies. But for FSO, we normally
use typical wavelengths like 780 nm, 950 nm, and 1550 nm for which molecular absorption
is minimal. So, we will only consider normalized scattering efficiency, which is given
by [22]:
GCs
Q=5 )
where Qs is a unit less quantity with a maximum value reaching 3.8 for the maximum
scattering of the optical beam. C; is the scattering cross section of particles of radius r.
The optical signal strength deteriorates as it travels through a distance ! by ¢~ 7/, where
7s is given by 5 = Na?Qs. If N(a)da particles have radii between a to a + d(a) per unit
volume, then

%= " QuN(a)atda @)
0
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The particle distribution is generally represented by some analytical model, such as
gamma-gamma distribution. Empirical models are used to predict the attenuation of the
optical signal, which utilizes visibility data for its estimation. The modified Koschmieder
relation is used to calculate the extinction coefficient using visibility data, which is given
by Bext—vis = 1.9/ Visibility. Moreover, to study the effect of PM, 5 on aerosol extinction, a
modified IMPROVE model can be used to calculate the atmospheric extinction coefficient
as [23]:

Bext = 3f (RH)[SULPHATE] + 3 f(RH) [NITRATE]
-+ 4[ORGANIC CARBON] + [SOIL] + 0.6]COARSE MASS] 3)

where f(RH) are the growth factors of relative humidity and the brackets show the mass
concentration of each component in ug m~3. The visibility (V) in km can be expressed
as V. = —10log,,(Ty,)/va, where Ty, is supposed to be 5% and 1, is given by the Beer-
Lambert Law as [22]:

101og,,(T)

=Ty Eil??L (4)

where T is the transmittance of the optical signal. Researchers, in [22], claim that the Kim

model does not account for the wavelength to calculate the attenuation for V' < 0.5 km. So,
using the empirical curve-fitting method, they have calculated the value of g as:

(A) = 0.1428A —0.0947 Fog 5)
] 0.8467A —0.5212  Smoke/Smog
and suggested a modified version of the Kim model as:
17 A\ 1)
Br(dB/km) = V() (?\o) (6)

where A, = 550 nm is the maximum sensitive wavelength for the human eye. This model is
valid for 0.015 km< V < 1 km and 500 nm< A <1600 nm. For the scope of our research,
smog can be considered the closest match to the smoke in terms of its composition. So, the
modified Kim model and its value of g can be used for modeling the smog optical channel.

3. Experimental Setup

A block diagram of the experimental setup for the FSO link through artificially gen-
erated smog is shown in Figure 1. The laboratory setup consists of a laser, photo-diode,
smog machine, and custom-designed 6 m sealed acrylic chamber with precise control
mechanisms for introducing smog constituents. Fans are used to achieve homogeneity
of the artificially generated smog throughout the chamber. A mixture of nitrogen oxides
and volatile organic compounds is injected into the chamber using a smog machine to
emulate smog conditions. UV lights are used for a limited time to produce small amounts of
secondary pollutants, like formaldehyde. All precautionary measurements are considered
while conducting the experiments. The aerosols are slowly moving fine particles suspended
inside the chamber. It is observed that increasing the observation length can reduce the
effect of any non-homogeneous smog patches inside the chamber. A small change in the
density of aerosols can cause a significant change in the value of B, as given by Equation (6).
Two different approaches are used to characterize the smog attenuation, (i) based on dif-
ferent levels of visibility and (ii) different values of operating wavelengths, i.e., 780 nm
and 1550 nm. At T = 0, we measure the link attenuation before the smog injection and
mark its value as a reference for further reading. Artificial smog is then injected inside
the chamber through a vent hole and allowed a time of 5 min to spread homogeneously
before acquiring data points again. The smog density is controlled using air outlets to
create dense to very light smog inside the chamber. The received optical power is measured
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using THORLABS PM320E (Thorlabs Inc., Newton, NJ, USA) constantly until the chamber
is free from smog. The geometric and reflection losses from the walls of the chamber are
not considered as the received power is measured for both with and without smog. The
normalized transmittance T is determined by the ratio of the received power without smog
to the received power with smog. This experimental procedure is followed to acquire
datasets for both 780 nm and 1550 nm using THORLABS CLD-1015 (Thorlabs Inc., Newton,
NJ, USA) and Santec WSL-100 lasers (Santec, Komaki-City, Japan), respectively. Figure 2
shows the experimental setup to measure the smog attenuation.

LASER v-Light LASER beam Lens Photodetector
\ ir outlef \
¥
rtifical Smo
- - =
Length 5m T
Fans Smog
Machine

Figure 1. Block diagram.

Figure 2. Experimental setup for measuring smog attenuation.

Before conducting the experiments, the optical components are carefully calibrated
to ensure accurate and reliable measurements. This includes aligning the laser beam path
and optimizing the receiver sensitivity. Calibration procedures are performed iteratively to
account for any drift or variations in the system parameters. The data collection involves
systematically varying the density of the artificial smog within the chamber and recording
the corresponding optical signal power levels at the receiver. The visibility increases
with time as the smog in the chamber settles. The visibility inside the chamber can be
measured using any of the two methods discussed in [24]. We use a broad-spectrum halogen
light to measure the transmittance over the length of the chamber and then calculate the
visibility index using V' = —10log;,(Ty,)/vx. Standard visibility levels for different
weather conditions can be found in [25]. Measurements are taken at regular intervals
(after every 0.1 s) to ensure a comprehensive dataset. Additionally, control experiments are
conducted without the presence of smog to establish a baseline reference. The experiment
is repeated three times with the same controlled atmospheric conditions, and then the
average of the datasets is used to analyze the system. Figure 3 shows the chamber with
and without smog. The data points are categorized based on the smog density levels for
the subsequent analysis. Table 1 shows the considered characteristics of the FSO system.
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__Without Smog

e

Figure 3. The 5 m chamber with and without smog.

Table 1. Properties of FSO.

Parameters Laser 1 Laser 2
Wavelength 780 nm 1550 nm
Transmitted power —3dBm 10 dBm
Transmitter peak voltage 50 mV 30 mV
Power stability +0.2dB (typ.) +0.01 dB (typ.)
Photodetector’s spectral range 400-640 nm 800-1700 nm
Operating temperature 0-40°C 15-35°C
Photodetector’s diameter 9.7 mm 9.7 mm
Response time <1 us <1 us

4. Result and Discussions

Figure 4 shows the measured smog attenuation (dB) against the observation time
(approx. 50 min) for 780 nm and 1550 nm. Comparing the settling time of the smog with
fog, it is observed that smog particles take more time to settle as compared to the fog [26,27].
This is because smog contains high concentrations of PM, 5 particles, which are lighter as
compared to water droplets in fog. The measured attenuation is higher at 780 nm than
at 1550 nm for the given period. The result demonstrates a clear correlation between the
wavelength and the extent of the signal degradation. We can also quantitatively describe the
relationship between the smog density and optical signal attenuation. As the smog density
decreases with time, a proportional decrease in the signal attenuation can be observed.
There is an attenuation difference of 12 dB, 8 dB, and 3 dB for the two lasers at dense,
moderate, and light smog, respectively, inside the chamber of a length of 6 m.

40 T T !
¢ 780nm
35 + 1550nm [
s :
. 30b- ]
2] o
2 :
‘E 25k o 6.dB. 4
o]
= * : E .
@ 20| a5 | : : R
= E @ i :
= ¥ S 3.dB
£ 15 i 3 ]
E . o
o B
10 , : #
5, 4
0 i | I i I |

0 10 20 30 40 50
Minutes

Figure 4. Attenuation (dB) versus observation time (minutes) for 780 nm and 1550 nm inside 6 m
chamber.
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Figure 5 shows the change in the specific attenuation for both wavelengths. It can
be observed that the 1550 nm channel is more stable as compared to the 780 nm channel
and has low magnitudes of a specific change in attenuation. There can be two reasons
behind this behavior. (i) The 780 nm laser used has low power stability as compared to the
1550 nm laser as shown in Table 1. These fluctuations in the transmitted power can induce
a profound effect on attenuation. (ii) The wavelength 780 nm is more vulnerable to smog
channels and establishes an unstable optical link as compared to 1550 nm.

5
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Figure 5. Change in attenuation over observation time (minutes).

The attenuation of an optical signal due to absorption and scattering is very much
dependent on the size of the particulate matter (PM), recalling Equations (1) and (2). How-
ever, the modified Kim model has defined the value of g for fog and smoke in Equation (6),
which shows the wavelength dependency of attenuation. Figure 6 shows that empirical
exponential curve fitting is in good correlation with the measured received power. The
goodness of fitting, quantified through metrics like the root mean square error (RMSE),
serves as a crucial measure of how well any model aligns with the observed data. In our
context, the close adherence of the data to the exponential law signifies the robustness of
our analysis and implies that the signal attenuation follows an expected decay pattern. This
adherence enhances the predictive capabilities, allowing for an accurate estimation of the
received power. The slope of the 780 nm curve is smaller initially and then increases slightly
with an increase in visibility. However, for 1550 nm, the slope of the curve is initially greater
and reduces with time as the visibility increases.

-4

4><1o5 . L .

« Data
Exponential fit

Data
Exponential fit

Power Received (W)
Power Received (W)

0 20 30 40 50 0 10 20 30 40 50

Minutes Minutes
(@ (b)

Figure 6. Power received and its co-relation with exponential curve fitting for (a) 780 nm and
(b) 1550 nm.

Figures 7 and 8 show a log-log plot for the smog attenuation against the visibility for
the 780 nm and 1550 nm wavelengths. The log—log plot of the attenuation curve obtained
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from the measured dataset shows good coherence with the proposed modified model
defined by Equation (6). This indicates the wavelength dependency of smog attenuation
as predicted by the modified Kim model. The plot also shows that the smog attenuation
for the 780 nm wavelength is almost 125 dB/km, 105 dB/km, and 45 dB/km for dense,
moderate, and light smog, respectively. The smog attenuation for the 1550 nm wavelength
is almost 112 dB/km, 70 dB/km, and 35 dB/km for dense, moderate, and light smog,
respectively. These measurements were carefully taken under artificial smog conditions
wherein the visibility decreases linearly with time and is quite homogeneous in nature.
Whereas, for outdoor measurements, the attenuation values can reach up to 120 dB/km
for continental fog and up to 480 dB/km for maritime fog [28]. This is because of the fact
that naturally occurring fog is not homogeneous and has different particle density patches
throughout the length. The temperature, humidity, and wind vary randomly in outdoor
environments and can cause significant attenuation.

3

10 :
—— Data 780nm
Modified Kim Modell]
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=X 2
510
c
B, E 1
T
=
c
i
<
10'
2 3 0
10 10 10

Visibility (Km)

Figure 7. Measured smog attenuation versus the visibility for 780 nm.

10°F

—— Data 1550nm ]
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Figure 8. Measured smog attenuation versus the visibility for 1550 nm.

Comparing these results for smog attenuation with smoke and fog yields a better
understanding of the FSO system in different environments. Table 2 shows a very inter-
esting comparison between smog, smoke, and fog attenuation. For the 780 nm laser, the
measured attenuation at V = 0.185 km for smog, smoke, and fog is 74 dB, 88 dB, and 102 dB,
respectively. The attenuation decreases as the selected wavelength increases from 780 nm to
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1550 nm. This is because a shorter wavelength scatters more in the atmosphere as compared
to longer wavelengths. In all cases, the signal attenuates the most in fog as compared to
smoke or smog. If the particle size is very small as compared to the wavelength, then the
scattering of light is called Rayleigh scattering, whereas light scattered by larger particles
undergoes Mie scattering [29]. Fog particles range from a few micrometers to tens of
micrometers. In comparison with the operating lasers (0.78 and 1.55 micrometers), the
size of the fog particles is generally larger than the wavelength and hence experiences
Mie scattering.

Table 2. Comparison between smog, smoke, and fog. Data drawn for smoke and fog from [30,31],
respectively.

Attenuation (dB/km)

Wavelength (nm) Visibility (km)

Smog Smoke Fog
0.185 80 88 68
780 0.245 65 69 40
0.185 58 48 30
1550 0.245 48 39 23

Another interesting observation is that for 780 nm, the optical signal attenuates more in
smoke as compared to smog, whereas, for 1550 nm, the smog attenuation is greater than the
smoke attenuation. This is because of the difference in the composition and particle sizes of
smoke and smog compared to the operating wavelength. Smoke particles are solid or liquid
particles produced via the incomplete combustion of materials. The size of smoke particles
can vary widely, from very small particles (nanoscale) to larger particles (microns) [32].
So, a lesser number of smoke particles experience Rayleigh scattering, and more particles
experience Mie scattering for 780 nm, whereas for 1550 nm more particles follow Rayleigh
scattering and lesser particles follow Mie scattering. However, smog particles vary widely
in size, ranging from a few nanometers to several micrometers. Ultrafine particles, which are
smaller than 0.1 micrometers, and fine particles (PM 2.5) with a diameter of 2.5 micrometers
or smaller are both common in smog. So, a lesser number of smog particles experience
Mie scattering and more particles experience Rayleigh scattering for 780 nm, whereas for
1550 nm almost all the particles follow Rayleigh scattering. Therefore, before selecting any
wavelength for a particular environment, the composition and particle size distribution of
air needs to be studied thoroughly to understand the behavior and strength of the scattering.

5. Conclusions

This paper demonstrates the impact of smog on FSO channels operating at 780 nm
and 1550 nm. The wavelength-dependent model is tested for smog and optical attenuation
and is compared with smoke and fog for the same laboratory-controlled conditions. The
details to design an indoor chamber and methods to mimic a real outdoor environment as
closely as possible are discussed. The experimental results of smog attenuation show that
for 780 nm, the optical signal degradation is approximately 122 dB/km to 45 dB/km, and
for 1550 nm, it ranges from 118 dB/km to 35 dB/km as the visibility increases. Comparing
the measurements for three different environmental conditions, it is evident that smog
experiences more attenuation as compared to smoke and fog. The result shows close
validation with the modified Kim model, but a more accurate smog model can be derived
using a real outdoor campaign.

Although FSO has been researched for decades now, still it faces challenges for its
large-scale deployment around the globe. These challenges include designing compact-size
FSO devices that can be integrated with all currently available IoT devices, the realiza-
tion of a communication network, maximizing the energy efficiency while ensuring high
performance, and developing suitable attenuation models for all atmospheric effects.
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OWC  Optical Wireless Communication
EMI Electromagnetic Interference
ITU International Telecommunication Union
SNR Signal-to-Noise Ratio

BER Bit Error Rate

RF Radio Frequency

VOC  Volatile Organic Compound

RH Relative Humidity

uv Ultraviolet

RMSE Root Mean Square Error
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