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Abstract: Free space optics (FSOs) is an emerging technology offering solutions for secure
and high data rate transmission in dense urban areas, back haul link in telecommunication
networks, and last mile access applications. It is important to investigate the performance
of the FSO link as a result of aggregate attenuation caused by different weather conditions
in a region. In the present work, empirical models have been derived in terms of visibility,
considering fog, haze, and cloud conditions of diverse geographical regions of Delhi,
Washington, London, and Cape Town. Mean square error (MSE) and goodness of fit
(R squared) have been employed as measures for estimating model performance. The dual
polarization-quadrature phase shift keying (DP-QPSK) modulation technique has been
employed with hybrid mode and the wave division multiplexing (MDM-WDM) scheme
for analyzing the performance of the FSO link with two Laguerre Gaussian modes (LG00
and LG 01) at 5 different wavelengths from 1550 nm to 1554 nm. The performance of
the system has been analyzed in terms of received power and signal to noise ratio with
respect to the transmission range of the link. Minimum received power and SNR values of
—52 dBm and —33 dB have been obtained over the observed transmission range as a result
of multiple impairments. Random forest (RF), k-nearest neighbors (KNN), multi-layer
perceptron (MLP), gradient boosting (GB), and machine learning (ML) techniques have also
been employed for estimating the SNR of the received signal. The maximum R squared
(0.99) and minimum MSE (0.11), MAE (0.25), and RMSE (0.33) values have been reported in
the case of the GB model, compared to other ML techniques, resulting in the best fit model.

Keywords: attenuation model; clouds; DP-QPSK; free space optics (FSOs); fog; haze; LG
modes; MDM-WDM; wireless communication

1. Introduction

In today’s era, there is an enormous demand for fast data rates, bandwidth, and
capacity for live streaming, social networking, and video conferencing [1]. Radio fre-
quency technology has been widely used for terrestrial communication, but it has limited
bandwidth and suffers from interference that decreases the capacity and security. Radio
frequency links offer lower data rates, need large antennas, and are highly susceptible to
multipath fading. Free space optics (FSOs) is considered a strong candidate to complement
and integrate with next generation technologies and is currently considered as one of the
key technologies for solving the last mile access problem resulting from the backbone of
optical fibers to user terminals. It may offer high-speed broadband access in regions where
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fiber optic cabling may be impractical or costly. There is a challenge of getting high speed,
stable, and secure communication service from core network infrastructure (e.g., central
office, local exchange) to remote sites (e.g., businesses, offices, individual homes, hilly areas,
or other end-user locations) [2]. Unrestricted spectrum access, low latency, the absence of
interference to radio frequency and electromagnetic induction, and the possibility of quick
and easy installation are some of the main features of this technology.

As FSOs use air as a transmission medium to transfer the laser pulses, there is no need
to dig up the ground, as in the case of optical fiber [3,4]. Thus, utilizing this technology for
last mile communication or difficult terrain can significantly contribute to the connectivity
between remote rural areas and cities. It also finds applications in the interconnection of
high-rise buildings in urban areas and office blocks or structures on both sides of highways
or railways as well as banks of rivers that are difficult to bridge.

Technology faces many challenges, like scintillation, turbulence, geometric losses, and
attenuation, due to different weather conditions. Random variations in temperature and
pressure cause the refractive index of air to deviate, causing atmospheric turbulence. Scin-
tillation may result in rapid fluctuations in the phase and intensity of light as it propagates
through the atmosphere [5]. Geometric losses spread the optical beam due to misalignment
of the transmitter and receiver, which causes diffraction of the signal during propagation
through the atmosphere. Performance estimation could be useful for applications, includ-
ing FSO link beam tracking and localization. The losses impact the received signal strength
and may be considered as constant factors for a fixed link configuration [6]. Weather
conditions, like fog, haze, and clouds, may heavily attenuate the signal by absorbing and
scattering the information-carrying photons, affecting link availability [7].

Dual polarization comprises two distinct, orthogonally polarized optical signals at the
same wavelength. The transmission of signals may require half the data rate by splitting
the data across the two polarizations. Channels can be spaced closer together by utilizing
dual polarization quadrature phase shift keying (DP-QPSK) as the modulation technique,
thus reducing the amount of bandwidth needed to transmit the optical signal [8].

In WDM, different wavelength signals share the same transmission medium, thus
improving the capacity of the transmission. Information rates and spectral efficiency can be
increased by employing MDM with parallel transmission of information through different
modes within the same frequency band [9]. Further capacity enhancement is achieved by
incorporating MDM along with WDM in a FSO system by utilizing both spatial modes and
multiple wavelengths for free-space channels [10,11]. DP-QPSK combined with WDM and
MDM enables the simultaneous transmission of numerous independent data streams at
different wavelengths, polarizations, and modes. This may enable a very high data rate
throughput and capacity enhancement of optical networks.

In the literature, several techniques have been proposed to improve spectral efficiency,
OSNR, capacity, and the data rate of the FSO link [12-17]. The authors of [12] modeled the
cloud induced attenuation of Tokyo and Sendai regions of Japan by deriving its probability
distribution function using curve-fitting techniques. The experimental evaluation of fog
and haze climate conditions of a FSO link have been carried out under controlled conditions
employing the Kim, Kruse, and Alnaboulsi prediction models in [13]. The simulation results
have been compared with experimental data, exhibiting the same trend of decrease in the
received voltage levels with the increase in the intensity of fog or haze conditions. The
authors of [2] analyzed the attenuation as a result of fog weather conditions in hilly regions
of India. The PSK modulation technique results in better performance of the FSO link at a
data rate and transmission wavelength of 40 Gbps and 1550 nm, respectively.

A bidirectional WDM-FSO link has been investigated employing 16 quadrature ampli-
tude modulation (QAM), orthogonal frequency division multiplexing (OFDM), and on—off
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keying (OOK) modulation formats, considering the gamma-gamma channel model in [14].
A data rate of 320 Gbps has been achieved over a transmission range of 1000 m for possible
data center applications. A 16 x 10 Gbps FSO communication link has been analyzed
for fog-induced attenuation in diverse regions by employing WDM with the OFDM tech-
nique [15]. A digital signal processing (DSP) module has been incorporated to mitigate
channel-induced limitations, achieving a link range up to 10.75 km while maintaining a bit
error rate of 1077.

The authors of [16] estimated the prediction accuracy of received signal strength
indicators (RSSI) on the receiver side of a FSO link by considering real time, non-linear
atmospheric conditions in a maritime environment. Different models proposed in the
literature predict the attenuation of the link based on the specific weather conditions of
a region. Multi-impairments (fog, clouds, and haze) are time varying and depend on
atmospheric and environmental variables.

Regions with diverse meteorological conditions should be considered for analysis
with an aim to evaluate the performance of the FSO link at high data rates under multi-
impairment conditions Delhi, Washington, Cape Town, and London are meteorological
regions and metropolitan cities with higher population densities and serve as hubs of
information technology. The regions need better means of communication with higher
achievable data rates under different impairments. Network planners must calculate
the link length between the transmitter and receiver, link availability, outage probability,
network dependability, and other factors based on the power margin/loss budget. It is
important to investigate the performance of the link as a result of aggregate attenuation
caused by different weather conditions.

In the present work, data on fog, haze, and cloud climate conditions of four distinct
geographical regions have been analyzed to derive a unified empirical model for the
prediction of attenuation at optical wavelengths caused by multi-impairments in any region.
These regions have greater population density and are hubs of information technology.
The DP-QPSK modulation technique with Laguerre Gaussian (LG 00 and LG 01) modes
has been employed to investigate the performance of the WDM-MDM-based FSO link
under fog, haze, and cloud weather conditions. Accurate attenuation predictions may help
determine the required transmitter power, antenna alignment receiver sensitivity, and other
system parameters to achieve reliable communication. Further, performance estimation
of the system has been achieved by employing random forest (RF), k-nearest neighbors
(KNN), multi-layer perceptron (MLP), and gradient boosting (GB) machine learning (ML)
techniques. The rest of the paper is organized as follows: Section 2 defines the different
attenuation prediction models. The empirical model and its performance evaluation have
been described in Section 3. Section 4 details the system design, and the results of analysis
have been included in Section 5.

2. Attenuation Prediction Models

Fog, clouds, and haze are the main challenges in the implementation of a FSO link.
Atmospheric attenuation caused by different environmental factors are mainly dominated
by fog as the particle size in this case is comparable to the wavelengths of interest. The
fog (1-20 um) and clouds (3-6 um) consist of very fine droplets of water, which may cause
absorption and scattering of transmitted optical signals. Due to their small refractive index
and particle size, ice crystals do not contribute much to attenuation due to absorption [18].
Thus, absorption can generally be neglected at the wavelength of interest for free space
communication [19].

Haze (0.01-1 um) consists of small aerosol particles suspended in the air, dust, pollu-
tants, etc. As the size of particles is comparable to the wavelengths in visible and IR bands,
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it may cause attenuation at FSO wavelengths. In order to estimate the attenuation, visibility
statistics and the relationship between visibility and propagation loss has to be known. For
characterization of fog and haze attenuation, the term “specific attenuation” is used, which
represents attenuation in dB/km and is expressed as [20]:

By = Ris( 3y ) = Rlsle ") W

where P, and P, represent the transmitted and received optical power at distance R, respec-
tively. R and (A) represent the link length and attenuation coefficient of the atmosphere,
respectively. A represents the wavelength. Mie scattering theory can be applied to predict
attenuation, which involves complex computations requiring details of fog parameters.
Using empirical models and taking 550 nm as the visibility reference wavelength, specific
attenuation due to fog and haze may be expressed as:

_ 391(A/550) "
v

Br(A) 2)

where v and A define the visibility range in km and operating wavelength in nm, respec-
tively. m is defined as the scattering distribution coefficient and its value can be specified by
the Kim and Kruse model. The Kruse model was originally proposed for haze particles and
is one of the widely used models for defining the scattering distribution coefficient [21]:

1.6 v > 50
m=1213 6 < v <50 3)
0.58503 v <6

The model has uncertainty about visibility less than 1 km and estimates less attenuation
for longer wavelengths. Kim suggested a modified model based on theoretical assumptions
and indicates wavelength independent of attenuation for v < 0.5 km. m values as per the
Kim model are defined as:

1.6 v > 50
1.3 6 <v <50
m=1<{01604+034 1<v<6 (4)
v—05 0S5<ov«l1
0 v <05

Clouds are formed when water condenses or deposits above the surface of the earth
and are characterized by their properties, like cloud height, thickness, water content, phase,
droplet sizes, horizontal extent, and variability. Attenuation due to clouds can be as high
as several tens of decibels with water droplets ranging from 1 to 30 pm. The visibility in
this case may be expressed as [22]:

1.002
V=—-—— (5)
(L % NC)O.6473

where L (g/m?) and Nc (cm~3) represent the average cloud liquid water content (CLWC)
and cloud droplet number concentration, respectively. Nc may be further expressed as:
L

Ne= ———— 6
2rr3p x 106 (©)
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where r (um) and p (1 g/ cm?) represent the mean of the cloud droplet radius and density
of liquid water, respectively. r is 3.33, 4.7, and 6.0 (um) in the case of stratus, nimbostratus,
and cumulus clouds, respectively [22]. Cloud attenuation from observed visibility values
may be predicted by an empirical model estimating the optical extinction coefficient due to
scattering, as given in Equation (2).

3. Proposed Model and Its Performance Evaluation

To develop a unified empirical model for the prediction of global attenuation, real
weather data from meteorological sites [23] have been collected for the metropolitan areas
of New Delhi (India), Washington DC (USA), London (England), and Cape Town (South
Africa) for the months of December 2022 to February 2023. The data set of 450 values
comprised of daily meteorological records of visibility calculated for different weather
conditions has been utilized for analysis. First, visibility data for each day has been collected
for fog, haze, and cloud weather conditions, and the average value of visibility for three
months has been calculated.

Next, the average attenuation of each region has been analyzed as a result of differ-
ent climatic conditions. The average visibility for three months and the corresponding
attenuation calculated by employing Kim’s model for New Delhi region is tabulated in
Table 1.

Table 1. Visibility and attenuation: New Delhi region.

Weather Condition Month Visibility Attenuation
Fog December 2022 4.580 km 1.252 dB/km

Fog January 2023 5.258 km 0.863 dB/km

Fog February 2023 5.142 km 1.982 dB/km

Haze January 2023 2 km 8.574 dB/km

Haze February 2023 3.71 km 3.481 dB/km
Clouds December 2022 1.77 km 10.065 dB/km
Clouds January 2023 2.45 km 6.496 dB/km
Clouds February 2023 2.625 km 5.890 dB/km

Figure 1 shows the plot of the average visibility for different months considering three
weather conditions in the New Delhi region. The region has maximum and minimum
visibilities of 5.25 km and 1.77 km in the months of January 2023 and December 2022
attributed to fog and cloud weather conditions, respectively.
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Figure 1. Visibility: New Delhi region.
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Table 2 depicts the average visibility and resultant attenuation for three months in the
case of the Washington region. It records a minimum visibility and maximum attenuation
of 13 km and 0.680 dB/km, respectively, in the month of February 2023 as a result of the fog
weather condition. Figure 2 illustrates that an acceptable visibility and reduced attenuation
is observed in the region in the case of cloud weather conditions.

Table 2. Visibility and attenuation: Washington region.

Weather Condition Month Visibility Attenuation
Fog December 2022 88.25 km 0.073 db/km
Fog January 2023 242 km 0.365 db/km
Fog February 2023 13 km 0.680 db/km
Clouds December 2022 243.38 km 0.027 db/km
Clouds January 2023 105.80 km 0.061 db/km
Clouds February 2023 20.56 km 0.430 db/km
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Figure 2. Visibility: Washington region.

Table 3 and Figure 3 depict the observed visibility and average attenuation of the
London region for the three months. It has been observed from Table 3 that the London
region witnesses a minimum and maximum attenuation of 0.334 dB/km and 4.843 dB/km
due to clouds and haze in the months of January 2023 and February 2023, respectively.

Figure 4 and Table 4 present the values of visibility and attenuation for the three
months in the case of the Cape Town region. The maximum and minimum visibility
has been observed in the case of cloud and fog weather conditions with corresponding
attenuations of 0.643 and 3.077 dB/km, respectively.
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Table 3. Visibility and attenuation: London region.

Weather Condition Month Visibility Attenuation
Fog December 2022 9.88 km 0.894 dB/km
Fog January 2023 13.5 km 0.655 dB/km
Fog February 2023 10.09 km 0.876 dB/km
Haze December 2022 8.4 km 1.052 dB/km
Haze February 2023 3 km 4.843 dB/km
Clouds December 2022 23.29 km 0.379 dB/km
Clouds January 2023 26.45 km 0.334 dB/km
Clouds February 2023 21.96 km 0.402 dB/km
30
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£ 154
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Figure 3. Visibility: London region.
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Figure 4. Visibility: Cape Town region.
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Table 4. Attenuation and visibility: Cape Town region.

Weather Condition Month Visibility Attenuation
Fog February 2023 4 km 3.077 dB/km

Clouds December 2022 13.74 km 0.643 dB/km
Clouds January 2023 11.2 km 0.789 dB/km
Clouds February 2023 12.26 km 0.721 dB/km

4. Proposed System Design

A schematic of the 10-channel (Ch) DP-QPSK-based FSO link with hybrid MDM-WDM
multiplexing is shown in Figure 5. Ten spatial lasers (SL) have been employed, generating
LGOO0 or LG 01 mode with an input power of 0 dBm at wavelengths of 1550, 1551, 1552,
1553, and 1554 nm. The transverse spatial profile of LG mode in the source plane, z =0, is

described as [24]:
2

Ym,n(r, 0,0) = (;)mL,T (;2>exp(jm9) (7)

where 7 = (¥ + yz))l/ 2 is the radius of the curvature, w is the beamwidth of fundamental
Gaussian mode, 6 = tan — 1(y/x), L} is the associated Laguerre polynomial, and n and m
represent azimuthal and radial mode numbers.

SL1550nm LGOO\—»{DPQPSK Tx MSO —» Rx
|
SL1550nm LGO1|_| DPQPSK Tx M E MSI |—» Rx
SL1550nm LGOO| | DPQPSK T U M MsO | —»| Rx
|
SL1550nm LGO1—»{DPQPSK Tx T L MS1 |—» Rx
SL1550nm LGOO|—» DPQPSK Tx I . MS0 —» Rx
SL1530nm LGOI|—»|DPQPSK Tx L P MSI [—{ R
E L
SL1550nm LGOO—»{DPQPSK Tx MSO —» Rx
SL1550nm LGO1{—» DPQPSK Tx E X MS1 (—»{ Rx
R E
SL1550nm LGOO|—»|{DPQPSK Tx MSO —» Rx
i
SL1550nm LGO1|—» DPQPSK Tx MS! —» Rx

Figure 5. Schematic diagram of the DP-QPSK-based FSO link with hybrid MDM-WDM multiplexing.

The SL outputs are fed to DP-QPSK transmitters, and power combiners (PCs) combine
the output of two different modes at the same wavelength. Power combiner outputs
representing 10 transmission channels have been multiplexed, and the resultant signal
propagates through the FSO link impaired with fog, haze, or cloud weather conditions.
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A1 x 5 demultiplexer at the receiving end splits the different channels, and power splitters
(PSs) direct the corresponding channels to the mode selector (MS) switches to select LG0O

or LG01 mode at the receiver.

The detailed schematics of the DP-QPSK transmitter and receiver are shown in
Figures 6 and 7, respectively. The light emitted by the laser splits into two components for
horizontal polarization and two components for vertical polarization. Each light beam is
modulated by Mach-Zehnder modulator (MZM), which converts the data into a sequence
of light pulses. Within each polarization, the I1/2 phase shifter is used to generate the
quadrature component. The polarization rotator (PR) rotates the incoming signal with
respect to another, and the resultant signals are combined by the beam combiner (BC) to

generate the 100 Gbps DP-QPSK signal, as shown in Figure 6.

QD
MZM > 2

—DAC D )

4 DAC

h 4

!

Beam splitter

MZM > 12 _/

— 4/ DAC > !

Figure 6. Schematic diagram of DPQPSK transmitter.
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Figure 7. Schematic diagram of DP-QPSK receiver.
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The DP-QPSK signal may be described by using Jacobi-Anger expansion as [25]:

Eq(t) = %{Zﬁf_"w lexpjVax + (—1)" ], (mx)expjnwn,t+

e o [exPjVay +(=1)"] I (my)expjnwmt + expj(Vox + Vex)+ (8)
expj(Vex) + expj (Viy + Vey ) + expj (Vey) }

where E(t) = Ecexp(jwct) represents the continuous wave laser output signal with Ec and
wm representing the amplitude of light beam and the angular frequency, respectively.
my = TVyux/2Vy and my = mVmy/2V, represent the modulation indexes of MZMy and
MZMy/ respectively. Viax = TVpigsx1/V7T, Vbx = mVpigsx2/ Vi, Vex= TVhiasx3/ Vr, Vay:
T™Viasy1/ Vi, Viy = TWVpiasy2 /Vr, and Vey = mtVyipsy3 /V iz represent the rf amplitudes of
MZMy and MZMy, respectively.
The power received at the receiver side is given as [21]:
dx aR

10

Precieved = Ptmnsmittedmlo_ o (9)
T

where d7 and dg are aperture diameters of transmitting and receiving antenna, respectively.
6, R, and a represent the beam divergence, propagation range, and attenuation coefficient,
respectively.

Local oscillator (LO) and polarization beam splitter (PBS) are deployed for coherent
detection that improves the signal to noise ratio. PBS splits the received signal into two
orthogonally polarized beams for coherent detection. Both I and Q signals have been
passed through a 90° optical hybrid (OH) followed by an array of photo diodes to detect
the information signal. The DSP module has been employed to overcome the channel
distortion and compensation of carrier phase noise. Parallel to the serial converter (PSC)
gives the resultant demodulated signal. After the detection and decoding of the signal, the
BER test set has been employed for direct-error counting.

5. Results and Discussion

In this section, the results of the proposed MDM-WDM FSO link have been investi-
gated by employing DP-QPSK modulation under real weather conditions. The signal to
noise ratio (SNR) of the received signal has been analyzed and compared as a function of
transmission range considering diverse geographical regions for different channels. Next,
the received power has been obtained as a function of the propagation range for the four
regions, and ML techniques have been employed for SNR estimation of the received signal.
Figure 8 depicts the comparative analysis of attenuation due to different weather conditions
in the four regions. It can be observed that clouds and haze cause a maximum attenuation
of 10.06 and 4.84 dB/km in the case of New Delhi and London regions, respectively. Fog
is the main contributing factor affecting visibility in Washington and Cape Town regions.
Maximum attenuation has been reported in the New Delhi region due to cloud and haze
weather conditions in December, February, and January months, respectively.



Telecom 2025, 6, 29

11 of 17

12

NEW DELHI
~_~ /| WASHINGTON
<] LONDON
10 - - CAPETOWN
£ s-
o
©
(o
O
©
=5
o N
[ .
= X
<C s B
N
g
B
B
g =
Feb 23 Dec 22 Jan 23 Feb 23

Fog Haze | Clouds
Month,Year

Figure 8. Comparative analysis of attenuation of four regions in different months.

Next, a unified empirical model has been developed for the prediction of overall
attenuation of a region due to different weather conditions at 1550 nm. To describe the
relationship between a set of visibility values and average attenuation, a least squares
method has been utilized. The performance of the model has been measured using R
squared and mean square error (MSE) as performance metrics.

R squared measures the percentage of variance of the dependent variable that can
be predicted based on the independent variable. It indicates the goodness of fit of the
regression model and is defined as [18]:

Y (yactual — y predicted)2

21—
RE=1 Y (yactual — y mean)2

(10)

Mean square error is the ratio of the square of difference between the predicted and
mean values compared to the number of observations. MSE measures the variance of the
fitted curve and is given as [18]:

Y (yactual — y predicted)2

MSE =
No. of observations

(11)

Table 5 depicts the regression models for predicting attenuation (dB/km) as a function
of visibility for different regions along with corresponding R squared and MSE values
as performance metrics. Values of R squared fall between 0 and 1. The higher the value
better fit the model. MSE is best suited for regression problems, as with large deviations,
they are penalized severely by squaring errors, which raises the penalty for large errors.
The maximum and minimum attenuation have been predicted for Delhi and Washington
regions, respectively. In the case of the Delhi region, there is a better correlation between
visibility values for the data set with different weather conditions. A moderate value of
R squared prevents over-fitting of the model so that it performs better on unseen values
of visibility. MSE is a measure of the quality of the estimation. Performance metrics and
generalization of empirical models may be further improved by increasing the values in
the data set and by incorporating more regions. The minimum mean square error and
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maximum coefficient of determination have been reported in the case of models developed
for the Washington and Delhi regions, respectively. Tables 6 and 7 depict the simulation
parameters using the OptiSystem 20.0 software and transmission wavelengths of different
channels, respectively.

Table 5. Regression models of attenuation of different regions.

Parameters Delhi Washington London Cape Town
Regression Model 12.449-1.705 v 0.633-0.002235 v 5.380-0.1773 v 5.479-0.3042 v
R squared 58.23% 11.35% 35.12% 38.22%

MSE 1091 0.64894 8.736 5.796

Table 6. Simulation parameters.

Parameter Value
Spatial CW laser power 0dB
Bit rate 100 Gbps
Tx aperture diameter 10 cm
Rx aperture diameter 20 cm
Laser wavelength 1550—1554 nm
Beam divergence 2 mrad
Reference wavelength 1550 nm
Dark current 10nA
Filter Bessel Filter
MZM extinction ratio 30dB
Sequence length 131,072
Line width 0.1 Mhz
PIN photodiode responsivity 1A/W
Dark current 10 nA

Table 7. Wavelength and mode values of different channels.

Channel Number Wavelength (nm) Mode
Channel 1 1550 nm LG 00
Channel 2 1550 nm LG 01
Channel 3 1551 nm LG 00
Channel 4 1551 nm LGO01
Channel 5 1552 nm LG 00
Channel 6 1552 nm LG 01
Channel 7 1553 nm LG 00
Channel 8 1553 nm LG 01
Channel 9 1554 nm LG 00
Channel 10 1554 nm LGO01

Figure 9a displays the SNR versus range for the New Delhi region with the constella-
tion diagram obtained at a transmission range of 2 km considering channel 9 and channel
10. It can be observed from the graphs that SNR varies from 54.7 dB to 34.73 dB and 52.52
dB to 34.62 dB for Ch 10 and Ch 9, respectively. Figure 9b displays the SNR values for the
Cape Town region depicting channel 1 and channel 2 along with the constellation diagrams
observed at a transmission range of 2 km. A 3 dB higher value for SNR has been achieved
in the case of the LG 01 mode at a wavelength of 1550 nm.
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Figure 9. SNR as a function of transmission range: (a) New Delhi region; (b) Cape Town region.

Figure 10a displays the SNR range for the Washington region with the constellation
diagram obtained at a transmission range of 2 km considering channel 9 and channel 10.
It can be observed from the graphs that SNR varies from 52.84 dBm to 42.26 dBm and
54.86 dBm to 42.94 dBm for Ch 9 and Ch 10, respectively. Figure 10b displays the SNR
values for the London region depicting channel 1 and channel 2 along with the constellation

diagrams observed at a transmission range of 2 km. A 3 dB higher value for SNR has been

achieved in the case of the LG 01 mode at a wavelength of 1550 nm. As the range increases,

the signal to noise ratio decreases due to geometric absorption and scattering losses.
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Figure 10. SNR as a function of the transmission range: (a) Washington region; (b) London region.

Figure 11a shows the scatter plot of the SNR range for different geographical regions.
It may be observed from the figure that the SNR value of the New Delhi region falls off
linearly by —18 dB with an increase in the propagation range from 200 to 2000 m. SNR
values above 38 dB have been reported for the other three regions over the observed
propagation range. Minimum and maximum SNRs have been obtained in the case of the
Delhi and Washington regions, respectively.

Figure 11b depicts the received power as a function of the transmission range for the
four regions. It may be observed from the figure that received power decreases linearly
by 20.79 dBm in the case of the Delhi region with an increase in the propagation range
from 200 to 2000 m. A minimum received power of about —45 dB has been obtained for
the observed transmission range in the case of the other three regions due to the effect of
multi-impairments.

Further, different ML techniques (RF, KNN, MLP, GB) have been employed to assess
the performance of the DP-QPSK-based FSO link using the Jupiter notebook in Python
3.0. The transmission range, wavelength, average attenuation, LG modes, and SNR are the
input features and modeling target of the ML models, respectively. Initially, the entire sets
of observations have been split into two subsets. Different models have been trained using
the first subset and tested using the second data subset. Training and testing data sets are
divided into fractions of 80% and 20%, respectively. The models develop relationships by



Telecom 2025, 6, 29

15 of 17

learning from the features and target values of the training data and predict the SNR value
for unseen data. Scaling has been performed to pre-optimize the features of the data set to
similar ranges.
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Figure 11. Quality of the received signal for different geographic regions: (a) SNR; (b) Received power.

In RF, multiple decision trees have been developed and further averaged for predic-
tions of the final outputs. It may reduce bias due to ensemble of learning and averaging
errors of individual trees. The number of random variables chosen at each stage of splits
for a single decision tree is set to 42. A total of 100 trees have been considered as one
of the other hyper parameter of the RF algorithm. In the KNN algorithm, an optimal K
value of 5 has been chosen to predict the class of new data points by selecting the K closest
neighbors based on the distance between points in the training set and the new point. To
assign the predicted class based on the majority class, the majority class of K neighbors
has been identified. MLP incorporates input, hidden, and output neurons to improve
the input—-output mapping capabilities. Two hidden layers with 100 and 50 neurons each
have been used in our work. The MLP algorithm updates the model’s weights using an
optimization and back propagation technique. Stochastic gradient descent (SGD) has been
used to minimize the loss function in the MLP model. An ensemble of weak learners is
trained successively in the GB method, with each weak learner attempting to fix the failings
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of the preceding learners. Fewer repetitions enable GB to converge rapidly and the model
performs well on both training and test data to give low bias.

The objective is to estimate the performance of the ML models in terms of SNR for
different input feature values. Table 8 depicts the performance metrics employed to analyze
the performance of RF, KNN, MLP, and GB ML techniques. The MSE, mean absolute error
(MAE), root mean square error (RMSE), and coefficient of determination (R squared) have
been determined. The GB technique has the ability to handle over fitting and noise and
works well with the small dataset. The higher R squared (0.99) and lower MSE (0.11), MAE
(0.25), and RMSE (0.33) values have been reported in the case of the GB algorithm, depicting
a close relationship between training and testing data sets. ML models thus perform well
in the estimation and prediction of the performance of the system.

Table 8. SNR estimation by employing ML techniques.

ML Algorithm Random Forest KNN MLP Gradient Boosting
MSE 0.41 1.64 0.93 0.11
MAE 0.45 0.98 0.78 0.25
RMSE 0.65 1.28 0.96 0.33
R Squared 0.98 0.93 0.96 0.99

6. Conclusions

In this work, DP-QPSK modulation with the MDM-WDM scheme has been employed
to analyze the performance of the FSO link under fog, rain, and haze weather conditions.
Real-time data for different months of 2023 and 2024 have been obtained for four diverse
regions. Unified empirical models have been developed with the capability to predict
overall attenuation due to multi-impairments of different regions. The minimum values
of SNR and received power have been reported in the case of the New Delhi region. SNR
and received power values above 38 dB and —45 dB have been obtained for the other
three regions, respectively, due to the effect of multi-impairments. RF, KNN, MLP, and GB
have been employed for the performance prediction of the MDM-WDM FSO link using
DP-QPSK modulation under real weather conditions in the DP-QPSK system for SNR. The
highest R squared (0.99) and lowest MSE (0.11), MAE (0.25), and RMSE (0.33) values have
been reported in the case of the GB ML model for the estimation of the performance of the
system. The work may be investigated further for cutting edge modulation techniques and
real-time performance estimation and monitoring of impairments in optical networks.
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