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Abstract-- Free space optical (FSO) communications have the
potential to be one of the most essential technologies for solving
the high-bandwidth demands of communications between
satellites and ground stations. However, a line-of-sight link is
required between the transmitter and the receiver for effective
establishment of communication link. In this paper, we examine
the FSO beam pointing error systems under controlled weak
turbulence using a robust ', control law. The goal is to
maintain the transmitter-receiver line, which refers to keeping
the optical beam's center as close as possible to the receiving
aperture's center while staying within the boundaries of the
permitted disturbance attenuation level. Based on this, we use a
tree-based machine learning technique to predict gain value of
H ,norm optimization problem guaranteeing a stable closed
loop pointing error.

Keywords—  Free-space optical (FSO) communications,
H problem, Lognormal distribution, Machine Learning

I.  INTRODUCTION

The demand for high-speed internet, video conferencing
and other services has increased recently. This has led to an
increase in the need for bandwidth and capacity [1]. Since
there is a constant need for data and multimedia services, the
radio frequency (RF) spectrum is congested [1]. The usage of
RF spectrum is constrained. Free-space optical
communications (FSO) enable wireless communication
between transmit-and-receive optical terminals. Furthermore,
it is a line-of-sight (LOS) communication system that utilizes
the atmosphere or free space as the communication channel.
The channel might be subjected to turbulence, absorption,
and dispersion of the optical signal due to various
environmental factors [2].

Atmospheric turbulence is a random phenomenon caused
by temperature and pressure fluctuations in the atmosphere
along the propagation path [3]. This turbulence can cause a
beam of light to become misaligned from diffraction from the
channel's obstructions, leading to an increase in beam size
and a decrease in beam intensity, which in turn results in
pointing errors that shift the optical beam both horizontally
and vertically [4]. Accurate pointing is required in FSO
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communication links to lessen the loss caused by these
factors. The influence of pointing errors on optical link
performance is of tremendous relevance for many
prospective applications. For this, several strategies have
been put forth to meet the LOS requirement in optical
communication systems to reduce the pointing error.

A study by Rust et al. [5] utilizes numerous photodiodes
and light emitting diodes (LEDs) to eliminate the requirement
of actively pointing the light at the receiver to transmit
information. In Pontbriand et al. [6], the receiver's field of
vision is expanded using large-area photomultiplier tubes in
Furthermore, the possibility of accurately predicting the
point-ahead angle in advance using the two-line element sets
for orbiting satellites has been proposed in [7]. In another
study by Lazzaro et al. [8], it utilizes a satellite’s attitude
control system for coarse relative pointing and a fine pointing
system within the payload to mitigate residual pointing error
and maintain the link under environmental and spacecraft
induced disturbances. Other research by Arnon et al [9] and
Komaee et. al [10] involves adjusting the transmitted beam
width and transmitted power to optimize link performance of
FSO system. However, these methods did not consider the
vibration levels of the transmitter and receiver utilized in FSO
communication link and the impact of atmospheric
turbulence. In addition to this, FSO links mainly use existing
components such as optical telescopes, position-sensitive
photodetectors, optical filters to mitigate pointing errors,
without considering the controller design aspect, which
involves development of algorithms and methods that can
accurately maintain the optical alignment between the
transmitting and receiving stations.

To address these problems, we propose a tree-based
machine learning technique for predicting the FSO system
model's gain. Using a closed loop feedback control system
based on FSO satellite to ground scenario, the expected gain
value helps to maintain the optical link between free space
stations using a laser communication channel. For this,
several system model parameters, including the transmitter
and receiver's system and control matrix, are considered.
Additionally, elements imapcting the status of optical
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channels including irradiance, noise, and scintillation index
are taken into account. Based on our experiment, irradiance,
scintillation index and stimulated optical channel state are the
most important factors, which contribute to the design of the
controller that helps in minimizing the pointing error.

The following contributions are made on this study to
minimize pointing error for FSO systems

e We develop a machine learning model based on the
H ., norm optimization problem to predict the gain
of the closed loop system which guarantees the
closed loop pointing error is stable.

e We measure the effectiveness of tree-based machine
learning algorithms on closed loop pointing error
control and demonstrate that the gain predicted
assists in keeping the optical beam’s center at the
receiving aperture.

e  We assess the significance of the features impacting
the closed loop feedback system’s controller design.

The remainder of the paper is organized as follows: In
Section 2, we examine the lognormal weak turbulence model,
discrete-time lognormal optical channel state, receiver
aperture model, the FSO communication scenario and tree-
based machine leaning algorithms to predict gain maintaining
the centroid of optical beam as close as possible to center of
receiver aperture. In section 3, we evaluate the quality of the
pointing error control. Finally, in section 4, conclusions are
drawn from our study.

II. FSO channel characterization

FSO links include a transmitter and receiver linked through
an atmospheric channel. The intensity of the signal fluctuates
across this channel due to atmospheric turbulence, and
numerous statistical models for various turbulence
environments have been proposed. The most popular model
for weak turbulence conditions is the log-normal distribution.
It has been proven through research [11]. Weak turbulence
was incorporated into computations for the FSO channel,
which led to its use as a well-known modeling methodology.
The lognormal model will be utilized throughout this paper
since it focuses on weak turbulence.

A. Lognormal weak turbulence model

The probability density function (PDF) of the log-normal
model is given by [12]. Fig. 1 depicts the curve graphs of
various received intensity signals with turbulence. At lower
values of o2 ,the PDF distribution is almost Gaussian.
Additionally, experimental research has revealed that the
statistics of irradiance variations follow the log-normal
distribution in the region of weak fluctuations, with
scintillation index ¢? falling within the range of [0,1]
characterized by weak turbulence [14].

B. Discrete-time lognormal optical channel state
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The PDF of the optical beam is crucial to its structure, so
we take a modeling approach to determine its position. Our
strategy is based on samples distributed in lognormal space
and have matching correlation functions. The first step is to
imitate the effects of atmospheric turbulence using
theoretical results from lognormal processes with predefined
autocorrelation function (ACF) and Milstein scheme for the
channel states, that converges to a simple discrete-time
differential equation [15].
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Fig. 1. PDF of various received intensity signals

C. Receiver aperture model

The photodetector's receiver aperture may be fixed, but
random physical vibrations caused by thermal expansion,
voltage jitter, etc. still influence it [17]. It is expected that the
motion of the receiving aperture is analogous to the Brownian
motion of a particle that has been stimulated, whose equation
is provided by [18] [19].

D. FSO communication scenario generation
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Fig. 2. Block diagram of pointing error control strategy

An optical transmitter and receiver are subject to relative
motion in an optical link. The optical beam emitted has a non-
uniform intensity profile [20], which can be viewed as a
moving object. In this scenario, the objective is to regulate
how the location of the optical beam changes over time.
Moreover, it is assumed that the receiver's aperture is smaller
than the optical beam being received, meaning only a portion
of the beam is collected by the receiver [10]. This captured
fraction can be increased by using active pointing, which
aims to keep the center of the laser’s output in its receiving
aperture. Figure 2 demonstrates how this process works using
lognormal conditions: at the receiver side it uses a
photodetector to determine intensity profiles of incoming
light beams; output is then sent over an optical link as
feedback [10] to adjust position of transmitter.



The discrete-time model that is generated from the stochastic
state-space model [15] is introduced. It is approximated by a
general and effective discrete-time model, which largely
explains the influence of the transmitter and receiver's
relative positions on signal strength. We designate the vector
for the position of the transmitted optical beam in each
coordinate system and for the location of the stations'
receiving aperture in the same system. The optical beam
center's relative displacement to the receiving aperture center
in which the receiving aperture is held perpendicular to line-
of-sight of optical beam is given by y, = d(0, — ay). Here,
d is distance between transmitter and receiver. Optical beam
in receiving aperture’s plane and displacement vector yj is
shown in figure 3.

The pointing error y, = d(0; — a;) can be written as the
following augmented system [21]
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Fig. 3. Optical beam, receiving aperture and the displacement vector y;
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where
A= [Ci)p c(l)l]’]B - [bop]’R = [7:1)]'«: =[P —cl],

P
X .

and x;, = [ ’f ] € R? is the augmented state vector, wy =
Xk

[W,zéJ W;l(] is the augmented disturbance vector, y, = dey is
the pointing error and €, = 6;, — a,.

The goal of the robust control problem investigated in this
study is to minimize closed loop poitning error while
maintaining desired amounts of disturbance attenuation. The
goal is to keep the optical beam's centroid as near as feasible
to the photodetector's center by finding a set point u;, =
—Kx,, that satisfies the following #,, norm of pointing error
Vi with respect to disturbance wy, i.e.

lyeell < ellweell,

with € being the smallest positive real to be minimized.

E. Dataset generation

Equations 1 creates a dataset consisting of parameters
including transmitter (TX), receiver (RX), and optical
channel state (SC). Table 1 below shows the list of
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parameters utilized for a dataset generation. The first
columns show the 17 factors influencing system dynamics
that result in four output values which is equivalent to a K
gain. First, input and output data to be used in machine
learning are determined and predictive performance of three
tree-based machine learning models are analyzed.

TABLE I: Input parameters and symbols

Input Parameters Symbol Input Symbols
Parameters
System matrix a? Noise matrix rt
(Transmitter) (Receiver)
Control matrix b? Source xk
(Transmitter) Initial
Position
(Receiver)
Output matrix c? Friction V1
(Transmitter) coefficient
Noise matrix rP Trap kq
(Transmitter) stiffness
Irradiance 1 Boltzmann kg
constant
Scintillation Index o? White wy
Gaussian
noise
(Transmitter)
Stimulated optical x! White wi
channel state Gaussian
noise
(Receiver)
System matrix at Attenuation €
(Receiver)
Output matrix ct
(Receiver)

Random Forest Feature Importance

Irradiance

Simulated optical channel state

Scintillation Index

Attenuation

Feature

Source Initial Position

Rp

Wp

wi

I T T T T T T T
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Fig. 4. Feature importance



To predict the gain value of a closed-loop system, various
influencing factors need to be studied. Since these
influencing factors can vary widely depending on the
characteristics of the FSO channel, it is necessary to define
them individually according to the channel scenario. The
following feature importance in figure 4 for the gain
prediction was analyzed using Random Forest analysis. The
results shows that white noise present at both the transmitter
and receiver greatly influences gain values. Figure 4
demonstrates the eight most important features when
predicting gain values of closed loop systems. Considering
these points, this study attempts to show general
characteristics of system dynamics that can easily be
identified while setting up an FSO system.

F. Regression methods

a) Multi-output Decision Tree Regressor: A decision tree is a
structured method for analyzing data. It uses a top-down,
greedy approach that begins with splitting the data into
groups based on certain decisions. Once these points are
chosen, the process repeats itself, with each new split creating
more groups from which to choose features that best fit our
input data. The goal of this approach is to create a tree of
decisions which accurately predicts the gain value based on
our input data.

b) Multi-output Random Forest Regressor: The idea behind
random forest is to build many decision trees, each trained on
a random subset of data. These trees are then averaged to
make a final prediction. Once the decision trees have been
trained, the random forest model makes a prediction and then
averages their predictions to make a final prediction.

¢) Multi-output Gradient Boosting Regressor: The process of
gradient boosting involves training a series of decision trees,
with each tree built to correct the mistakes made by the
previous tree. This process is repeated until a satisfactory
level of accuracy is achieved, or until a pre-determined
number of trees have been trained. One key feature of
gradient boosting is that it uses a loss function to measure the
error made by the model on each iteration. The loss function
is used to update the model in a way that reduces the overall
error with the goal of minimizing it.

III. RESULTS

We compare three regression models with the artificial
dataset generated to predict the overall gain of a system. This
assist in evaluating the quality of our pointing-error-control
strategy. After tuning hyperparameters of the model, the
models are evaluated on independent data sets. When
evaluating the performance of a multioutput regression
model, it is important to consider multiple evaluation metrics
to get a comprehensive understanding of the model's
performance. Table II shows evaluation metrics of all three-
regression algorithm based on Mean Absolute Error (MAE),
Mean Squared Error (MSE) and Root Mean Squared Error
(RMSE). Decision tree regressor algorithm is chosen as the
algorithm to predict the gain value of the system model.

667

TABLE II: Evaluation metrics of tree-based machine learning regression

algorithms
Regressor MAE MSE RMSE
Decision 0.84043 0.98627 0.99311
Tree
Random 0.84030 0.98703 0.99349
Forest
Gradient 0.83227 0.98694 0.993451
Boosting

TABLE III: Scintillation index of the FSO signal at different times.

Parameter Value
Scintillation 1.01 x 1072
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Fig. 6. Closed loop pointing error versus time

Table III lists the scintillation index of the FSO signal in
morning, afternoon, and night. Figures 5-6 show the pointing
error at for an open loop and closed loop system. We clearly
observe that gain value applied to the system maintains
relatively smaller alignment errors in closed loop system than
in open loop systems, thus guaranteeing a stable closed loop
pointing error.

IV. CONCLUSION

In this paper, the link performance of the presented FSO
link under the influence of weak atmospheric turbulence has



been investigated. A deterministic nonlinear discrete-time
model for pointing error was analyzed. We then investigated
tree-based machine learning algorithms to predict the gain
value of the system model. The gain value predicted was then
provided as feedback on the model which ensured stable
closed loop pointing error. Stimulated results showed that
center of optical beam being close enough to aperture center,
verifying propose tree based multi output regression model
for FSO communication systems.

ACKNOWLEDGEMENT

This research was supported by a National Research
Foundation of Korea (NRF) grant funded by the Korean
government (NRF-2022R1A2B5B01001543).

REFERENCES

[1] A.K.Majumdar, "Fundamentals of free-space optical (FSO)
communication system," Advanced Free Space Optics (FSO), pp. 1-
20, 2015.

[2] H. Singh and A. S. Sappal, "Moment-based approach for statistical
and simulative analysis of turbulent atmospheric channels in FSO
communication," IEEE Access, vol. 7, pp. 11296-11317, 2019.

[3] N.Maharjan, N. Devkota and B. W. Kim, "Atmospheric Effects on
Satellite—Ground Free Space Uplink and Downlink Optical
Transmissions," Applied Sciences, vol. 12, no. 21, p. 10944, 2022.

[4] W. G. Alheadary, K. H. Park and M. S. Alouini, "Performance
analysis of multihop heterodyne free-space optical communication
over general Malaga turbulence channels with pointing error," Optik,
vol. 151, pp. 34-47,2017.

[5] I C.Rustand H. H. Asada, "A dual-use visible light approach to
integrated communication and localization of underwater robots with
application to non-destructive nuclear reactor inspection," in 2012
IEEE International Conference on Robotics and Automation, 2012.

[6] C. Pontbriand, N. Farr, J. Ware, J. Preisig and H. Popenoe, "Diffuse
high-bandwidth optical communications," OCEANS, pp. 1-4, 2008.

[7] R. Lazzaro and C. Bettanini, "Evaluation of Satellite’s Point-Ahead
Angle Derived from TLE for Laser Communication," Aerotecnica
Missili & Spazio, vol. 101, no. 1, pp. 7-15, 2022.

[8] P. Grenfell, A. Aguilar, K. Cahoy and M. Long, "Pointing,
acquisition, and tracking for small satellite laser communications,"
2018.

[9] S. Amon, S. Rotman and N. S. Kopeika, "Beam width and
transmitter power adaptive to tracking system performance for free-
space optical communication," Applied Optics, vol. 36, no. 24, pp.
6095-6101, 2002.

[10] A. Komaee, P. S. Krishnaprasad and P. Narayan, "Active pointing
control for short range free-space optical communication,"
Communications in Information and Systems, vol. 7, no. 2, pp. 177-
194, 2007.

[11] X. Zhu and J. M. Kahn, "Free-space optical communication through
atmospheric turbulence channel," /EEE Transactions on
Communications, vol. 50, no. 8, pp. 293-300, 2002.

[12] A. K. Majumdar, "“Free-space laser communication performance in
the atmospheric channel," Journal of Optical and Fiber
Communications Research, vol. 2, pp. 345-396, 2005.

[13] L. C. Andrews, M. A. Al-Habash, C. Y. Hopen and R. L. Philips,
"Theory of optical scintillation: Gaussian beam wave model," Waves
in Random Media, vol. 11, no. 3, p. 271, 2001.

[14] Z. Ghassemlooy, H. Le Minh, S. Rajbhandari, J. Perez and M. lijaz,
"Performance analysis of ethernet/fast-ethernet free space optical

668

communications in a controlled weak turbulence condition," Journal
of Lightwave Technology, vol. 30, no. 13, pp. 2188-2194, 2012.

[15] D. Bykhovsky, "Free-space optical channel simulator for weak-
turbulence conditions," Applied Optics, vol. 54, no. 31, pp. 9055-
9059, 2015.

[16] A. Neuenkirch and L. Szpruch, "First order strong approximations of
scalar SDEs defined in a domain," Numerische Mathematik, vol.
128, no. 1, pp. 103-136, 2014.

[17] W. Cai, I. N'Doye, B. S. Ooi, M. S. Alouini and T. M. Laleg-Kirati,
"Modeling and experimental study of the vibration effects in urban
free-space optical communication systems," IEEE Photonics
Journal, vol. 11, no. 6, pp. 1-13, 2019.

[18] N. Amari, D. Folio and A. Ferreira, "Robust laser beam tracking
control using micro/nano dual-stage manipulators," in 2073
IEEE/RSJ International Conference on Intelligent Robots and
Systems, 2013.

[19] G. Volpe and G. Volpe, "Numerical simulation of optically trapped
particles," Education and Training in Optics and Photonics, p.
EWP38, July 2013.

[20] R. M. Gagliardi and S. Karp, Optical communications, New York:
John Wiley & Sons, 1995.

[21] L. N’Doye, W. Cai, A. Alalwan, X. Sun, W. G. Headary, M. S.
Alouini, B. S. Ooi and T. M. Laleg-Kirati, "Reduction of the beam
pointing error for improved free-space optical communication link
performance," IFAC Journal of Systems and Control, vol. 16, p.
100154, 2021.



