HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 4 (2024)

Study & Simulation of Free Space Optical
Communication Technology

Asmi Sehra' and Shri. Pranav Kumar Pandey*

"Tulip International School, India
#Advisor

ABSTRACT

One of the most powerful tools of the modern age, especially against connectivity, is free-space optical com-
munication. This technology allows for high data transmission rates and interference blocking. This study report
analyzes free space optical communication technology and its basic building blocks including FSOC’s princi-
ples, simulation methodologies, benefits and limitations, application opportunities, challenges, and possible
research directions. Research commences with overview of lasers, optical fibers, and particularly relevant pa-
rameters to FSOC. The technical study report uses FSOC link modeling as a simulation technique, providing
overview and discussion of the simulation process and critical parameters that influence performance. Features
like the high data rates and security associated with the vulnerability to the atmospheric effect and the alignment
issues are examined, illustrating the FSOC concept and its positive and challenging factors. A wide range of
applications of FSOC within the military, urban, rural, disaster recovery, and space communication domains
are presented, with an extra focus on the diversity of the areas to which this technology is suited. The challenges
of FSOC, which include atmospheric turbulence, deployment difficulties, and security issues, have been iden-
tified. They offer foundation for future research. The study implies the emerging need for the advancement of
technology and simulation techniques to mitigate the existing barriers and raise the efficiency and effectiveness
of FSOC systems. FSOC is a considerable milestone in the field of telecommunication technology as compared
to other systems because it has a vast range of advantages and inventive opportunities.

Introduction

One of the most significant developments in technological history is the widespread use of wireless communi-
cations. In the near future, wireless technology, along with gadgets, will remain one of the key elements of
contemporary civilization, which is too widespread if compared with some similar authorities from several
years ago. Free space optical communication (FSOC) presents an unparalleled innovation that uses light waves
as the medium of information exchange over space for transmission. In contrast, optical channels, which use
fiber optic cables, have physical connections, while FSOCs work without any physical connections, which
makes them extremely flexible, convenient, and multi-functional. FSOC's purpose is to design a system provid-
ing fast, secure, and reliable communication across long distances, crossing the limits of wired and radio com-
munication methods. FSOC benefits from being based on light and brings about advantages like high data rates,
quick latency, and electromagnetic interference resistance, as well as secure communication, among other fac-
tors. The prospect of bringing about this revolution in communication systems in numerous areas shadows the
significance of FSOC. Since conventional methods can lag in those cases, FSOC has a wide range of applica-
tions in military and defense, urban connectivity, disaster recovery, and space communication.

ISSN: 2167-1907 www.JSR.org/hs 1



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 4 (2024)

Objectives

The objectives of this study are twofold: firstly, introducing the FSOC principle, which will help people gain
in-depth knowledge of the principle, applications, merits, and demerits of the instrument; and secondly, dis-
cussing the experimental examination of the FSOC, consisting of methodologies applied challenges, and future
developments. Through carefully exploring these dimensions, the innovation prospects of FSOC and its conse-
quences for today’s communication systems are drawn.

History and Background

Optical communications, a method of transmitting information using light as a carrier, has a rich history dating
back centuries. The development of optical communications can be traced through various key milestones, from
the early experiments with light transmission to the sophisticated technologies used in modern telecommunica-
tions systems. The foundation of optical communications lies in the exploration of light and its properties.
Ancient civilizations, such as the Greeks and Egyptians, observed the behavior of light, although their under-
standing was limited compared to modern scientific knowledge. Theories about light and its transmission were
further developed during the Renaissance period by scientists like Isaac Newton and René Descartes.

In the 19th century, significant advancements were made in understanding light and its interaction with
matter. The discovery of the wave nature of light by Thomas Young through his famous double-slit experiment
in 1801 laid the groundwork for later developments in optical communication theory. Subsequent experiments
and discoveries by scientists such as James Clerk Maxwell, who formulated the electromagnetic theory of light
(i.e light waves are of the same character as the electromagnetic waves, that are caused by a rapidly oscillating
electric current) contributed to the theoretical understanding of light transmission.

The practical application of optical communication began in the 19th century with the invention of the
telegraph and later, the telephone. These early systems relied on electrical signals transmitted over wires to
convey information. However, the limitations of electrical transmission, such as signal degradation over long
distances and susceptibility to interference, prompted researchers to explore alternative methods.

The breakthrough in optical communications came with the invention of fiber optics in the 20th cen-
tury. In 1954, physicist Harold Hopkins and Narinder Singh Kapany demonstrated the transmission of images
through bundles of optical fibers, laying the groundwork for modern fiber optic technology. This paved the way
for the development of optical fibers as a medium for transmitting data over long distances with minimal signal
loss.

Free space optical communications (FSO), utilizes free space (like air, outer space, vacuum) as the
transmission medium instead of optical fibers. FSO systems use lasers to transmit data through the atmosphere,
offering high-speed communication links without the need for physical cables. In recent decades, optical com-
munications have seen rapid advancements driven by developments in laser technology, photonic components,
and signal processing techniques. Fiber optic networks form the backbone of modern telecommunications in-
frastructure, enabling high-speed internet, digital television, and other data services. FSO technology is useful
in situations where physical connections are not practical due to reasons like high costs.

FSO technology has also seen significant progress, finding applications in areas such as terrestrial
point-to-point communication links, satellite communications, and high-frequency trading networks. The ad-
vantages of FSO, including high bandwidth, low latency, and immunity to electromagnetic interference, make
it an attractive option for certain communication scenarios.
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Background Survey and Theory

The background survey for this study aimed to provide a comprehensive overview of Free Space Optical Com-
munication (FSOC), covering various foundational concepts and key components. An optical communication
system can be viewed as a complex system that has several components, among them transmitters, fibers, am-
plifiers, detectors, and receivers. These components are interrelated in their ability to achieve and present in-
formation through light as their main communication infrastructure. Realizing the significance of these elements
and manners of interaction is a very useful characteristic for the subsequent learning of the main principles in
optical communications. Optical communication systems are made of fibers, and optical transmission is used
as a medium to transfer data over longer distances. Free-space optical communication (FSOC) is used to trans-
mit data through the atmosphere, even without using fibers. The FSOC infrastructure uses laser or LED tech-
nology with line-of-sight for data sharing, which is high-end technology because of the speed and data security
provided. However, FSOC has presented some other difficulties, like externality, atmospheric effects, align-
ment and tracking errors, and dependence on weather. These factors affect the quality of services and the func-
tionality of the system. The essential criteria most relevant for FSOC are range, speed, beam divergence, and
modulation methods. These factors are indicators that the FSOC links need to be well-functioning and config-
ured to ensure that the whole linkage system of the satellites will work at its optimal level.

Optical Communication System: Basic Building Blocks

Free Space Optical (FSO) communication, a subset of optical communication, specifically involves transmitting
data through free space, such as the atmosphere or vacuum. Optical communication uses modulated light waves
to transmit information. It offers higher data rates, lower power consumption, and smaller antennas when com-
pared with traditional radio frequency communication. The key components of an optical communication sys-
tem include:

i Transmitter: Converts electrical signals into optical signals.
ii. Medium: The path through which light travels, such as fiber optic cables, air, or vacuum.
iii. Receiver: Converts optical signals back into electrical signals.
iv. Modulation/Demodulation: Techniques used to encode and decode information onto light waves.
Transmitters

Transmitters are the devices that are in charge of converting electrical signals to optical signals. Fiber optic
cables usually feature a light source like a light-emitting diode (LED) or laser diode and modulation circuits
that encode the data into the optical signal. The transmitter circuitry transforms the input data into a light signal
using a light source. This source maintains stable and consistent amplitude, frequency, and phases to ensure
efficient LED transmission.

Optical Fibers

Optical fiber is a cable made of a low-loss material called a cylindrical dielectric waveguide. Optical fiber
considers factors such as the operating environment, tensile strength, durability, and rigidity. Top-notch glass
or plastic material composes the fiber optic cable, which possesses a remarkable flexibility level.
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On the basis of mode of propagation of light, optical fibers can be classified as single-mode fiber or
multi-mode fiber.

e Single-Mode Fiber (SMF): Single-mode fibers are designed to transmit only one mode of light propa-
gation, resulting in a narrow core diameter (typically around 8-10 micrometres). They offer low dis-
persion and attenuation, making them suitable for long-distance communication systems such as tele-
communications networks and high-speed data transmission.

e Multi-Mode Fiber (MMF): Multi-mode fibers allow multiple modes of light propagation, character-
ized by a larger core diameter (typically around 50-100 micrometres).Due to modal dispersion, where
different modes travel at different speeds causing signal distortion, MMFs are generally used for
shorter distances such as within buildings or local area networks (LANs).
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Classification of Optical Fiber On the Basis of Material Used

Glass optical fibers and plastic optical fibers (POFs) are two types of optical fibers used for transmitting optical
signals, but they differ in material composition, performance characteristics, and applications. The comparison

between the two are as under:

S.No. Characteristics Glass Optical Fibers Plastic Optical Fibers (POFs)
1. Material Made of silica glass (silicon dioxide) or doped Made of transparent plastic materials
Composition silica, which provides excellent optical properties such as polymethyl methacrylate
such as low attenuation and high transparency in (PMMA) or polycarbonate
the telecommunications wavelength range.
2. Core Diameter Typically have a small core diameter (around 9- | Have a larger core diameter (typically
10 micrometers for single-mode fibers and 50- 0.5 to 1 millimeter), making them
62.5 micrometers for multi-mode fibers). easier to work with and less
expensive to manufacture.
3. Bandwidth and Offer higher bandwidth and lower attenuation Have lower bandwidth and higher
Attenuation compared to POFs, especially in the attenuation compared to glass fibers,
telecommunications wavelength range. limiting their transmission distance
and bandwidth capabilities.
4. Transmission Suitable for long-distance transmission, Typically used for shorter-distance
Distance including telecommunications networks and applications due to higher
high-speed data transmission applications. attenuation, such as automotive

ISSN: 2167-1907 www.JSR.org/hs 5




HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 4 (2024)

networking, home networking, and
sensor applications.

5. Cost Generally, more expensive to manufacture and More cost-effective and easier to

install compared to POFs, especially for long- install due to their larger core

distance applications. diameter and flexibility.

6. Flexibility and Less flexible and more brittle compared to POFs, More flexible and durable, with
Durability making them more susceptible to damage from higher resistance to bending and
bending and mechanical stress. mechanical stress, making them

suitable for applications where

flexibility is required.
Amplifiers

Optical amplifiers are responsible for delivering the required intensity of optical signals to compensate for
losses incurred during signal transmission. Furthermore, detectors are present at the signal-receiving end, and
transmitted optical signals are turned back into electrical ones at the processing stage. Photodiodes frequently
serve as detectors in optical communication systems.

Receivers

Some receivers convert the electrical signals they decode from the detectors into digital data that they can
understand and later make choices with. These transmitters usually comprise amplifiers, demodulators, and
processing elements. Photodetectors convert light signals into electrical signals. Optical receivers in optical
communication systems primarily utilize two types of photodetectors: PN photodiodes and avalanche photodi-
odes. The material composition of these devices varies depending on the wavelengths of the application.
Knowledge of how these components function and how they interact is by far the most important when looking
to create and optimize any optical communication system for a certain purpose.

Components of FSOC

FSO is a remarkable technology that utilizes lasers to establish optical bandwidth connections through free
space. It’s like telecommunication and computer networking through the magic of light. FSO communication,
also known as optical wireless communication, involves sending modulated optical signals through free space.
This is often done using lasers or light-emitting diodes (LEDs). FSO offers high bandwidth and security, but it
can be affected by weather conditions, such as fog and rain.
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Free Space Optical Communication (FSOC) systems typically consist of several key components that
work together to transmit and receive optical signals through the atmosphere. Some of the essential components
of FSOC include:

i Transmitter: The transmitter is responsible for generating optical signals and launching them into the
free space medium. It typically consists of the following elements:
e Light Source: Provides the optical signal, often a laser diode or LED.
e  Modulator: Modulates the intensity or phase of the optical signal to encode data.
e Optical Collimator: Focuses and collimates the optical beam to minimize divergence and
maximize transmission range.
e Beam Steering Mechanism: Allows for precise alignment and pointing of the optical beam
towards the receiver.
ii. Receiver: The receiver captures and detects the optical signals transmitted through free space. It in-
cludes:
e Photodetector: Converts optical signals into electrical signals, typically using a photodiode
or photomultiplier tube.
e  Optical Filter: Filters out background noise and unwanted optical wavelengths.
e Amplifier: Amplifies the electrical signal to a usable level for further processing.
e Signal Processing Circuitry: Processes and decodes the electrical signal to recover the trans-
mitted data.
iii. Optical Link: The optical link provides the physical pathway for transmitting optical signals between
the transmitter and receiver. It consists of:
e Free Space Medium: The atmosphere through which optical signals propagate, including air,
fog, rain, and other atmospheric components.
e  Optical Path: The trajectory followed by optical beam from transmitter to receiver, requiring
line-of-sight (LOS) communication.
iv. Optical Alignment System: Ensures precise alignment and pointing of the transmitter and receiver
beams to maintain LOS communication.
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Parameters of the FSOC

In Free Space Optical Communication (FSOC), the term "free space" refers to the medium through which the
optical signals are transmitted without the need for physical cables or fibers. Instead of using traditional guided
transmission media like optical fibers, FSOC utilizes open air or space as the transmission medium for sending
optical signals from one point to another.

While Free Space Optical Communication (FSOC) systems are similar to standard optical communi-
cation systems in that they use optical signals, a key distinction is that FSOC transmits optical signals through
the atmosphere. In contrast, their counterparts transmit optical signals through fiber optics. Some key parame-
ters for the free space medium in FSOC are:

i Transmission Range: The maximum distance over which optical signals can be transmitted through
free space without significant degradation. It depends on factors such as atmospheric attenuation, beam
divergence, and receiver sensitivity.

a. Atmospheric Attenuation: Atmospheric attenuation refers to the loss of optical signal
strength as it propagates through the Earth's atmosphere. The atmosphere contains gases,
aerosols, and other particles that can absorb, scatter, or refract light, leading to attenuation
of the optical signal.

b. Beam Divergence: Beam divergence refers to spreading of optical beam as it propagates
through free space. Beam divergence limits the range and coverage area of FSOC links and
can result in signal attenuation and reduced received power at the receiver.

c. Receiver Sensitivity: Receiver sensitivity refers to the minimum optical power required to
achieve signal-to-noise ratio (SNR) or specified bit error rate (BER) for reliable data com-
munication.

ii. Scintillation: Scintillation effects can lead to signal fading and fluctuations in received signal strength,
impacting link reliability.

iii. Link Margin: The difference between the received optical power and the minimum power required for
reliable detection at the receiver. Link margin accounts for uncertainties in atmospheric conditions,
alignment errors, and other factors affecting signal propagation.

iv. Alignment Tolerance: The permissible angular deviation between the transmitter and receiver beams
for maintaining line-of-sight (LOS) communication. Alignment tolerance determines the robustness
of the communication link to misalignment and pointing errors.

V. Weather Conditions: Environmental factors such as fog, rain, snow, and dust particles can affect signal
propagation and introduce additional attenuation and scattering effects.

vi. Interference: Interference from other light sources or optical signals in the vicinity can degrade signal
quality and interfere with communication performance.

An Overview of FSOC Technology and Its Principles

Line-of-Sight Communication

To maintain signal integrity, FSOC requires the line-of-sight to be unobstructed between the transmitter and
the terminal's receiver terminal. Any obstacle, including buildings and trees, can slow down or interrupt the
optical signal, leading to signal degradation or failure. The area of space communication that goes around
FSOC, a term for satellites that are constantly in communication with each other, becomes troublesome when
it comes to the indication of interference leading to relevant consequences. To illustrate, not only could the
obstacle diminish or even make the navigation light for the spacecraft undetectable, but it could also jeopardize
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the successful clearance of the target. Consequently, clear line-of-sight conditions are crucial for stable earth
stations and space-based FSOC system operations.

Atmospheric Effects

The process of atmospheric attenuation involves the absorption of some or all of the electromagnetic wave's
energy, preventing it from passing through the atmosphere. Once there is an atmosphere in the system of com-
munication via Free Space Optical (FSO), the signal gets weaker and stronger through several mechanisms, for
instance, absorption, scattering, and bending. Impacts are also time-dependent, and prevailing circumstances
and meteorological factors differ from place to place. Extreme meteorological elements like fog, rain, and tur-
bulence may be able to scatter or absorb light transmitted by FSOC, which means it is only sometimes optimal.
It is imperative to mitigate the impairment of these links as a key requirement for a trusted communication
network.

Simulation of a Free-Space Optical Link

A simulator is necessary to create an FSOC system that delivers the best performance with minimal problems.
The simulator gives researchers real-life data that is utilized for system development and optimization. This
portion will concentrate on the significance of simulation in the FSOC (full-scale operational cyber security)
operation, the tools and methods used for simulating FSOC, and the simulation process with the crucial data
parameters.

The Significance of Simulation in FSOC

Simulation is the key element for fairly performing the experimentalist laboratory functions in relation to the
system design and construction at a minimal cost. With the help of FSOC virtual link modeling, the researchers
can explore the possibility of various parameters branching out, especially those of weather, link properties,
and geometry, and study their impact on system productivity. The adjustments of operations within iterations
can be used to fine-tune parameters or layout design for particular objectives (Do et al., 2021)." Besides, the
application of simulation gives scientists a chance to come up with fictional situations and to decide whether
they are feasible and appropriate for deployment in outer space and various environments. For instance, simu-
lations can expose designers and operators to the effects of turbulent atmospheric conditions, beam divergence,
and alignment errors on link performance, as well as define the system and deployment strategies. Simulation
allows the comparison of different modulation schemes, coding techniques, and system types to select the best
options for achieving high bit rates, low error rates, and link budgets.

The Strategy and Techniques for Simulating FSOC

Several methodologies and tools are available for simulating FSOC links, each offering unique advantages and
capabilities:

Numerical Simulation

Numerical simulation methods permit precise modeling of the way light waves move through the atmosphere
and interact with it. These methods precisely model signal propagation parameters and allow us to analyze
system performance completely in different settings.
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Monte Carlo Simulation

It uses random sampling to simulate the behavior of stochastic processes, such as atmospheric turbulence and
receiver noise. Monte Carlo simulations enable statistical system performance analysis and provide insights
into the variability and uncertainty associated with FSOC links. Modern-day software packages for commercial
simulators, provide intuitive user interfaces and have precalculated system models that allow emulation of
FSOC connections. Such tools offer a broad spectrum of functionalities, including optical medium modeling,
atmosphere effects simulation, and performance analysis, which are value-added aspects of these tools.

Advantages of FSOC Over Traditional Communication Methods

Free Space Optical Communication (FSOC) offers several compelling advantages compared to traditional com-
munication methods, including:

i High Data Rates: The FSOC achieves high-speed data transmission from hundreds of megabits to
several gigabits per second. This enables emotional intelligence to extract actual information from
an overload of data and make judgments in context, which significantly increases the accuracy
and speed of decision-making.

ii. Immunity to Electromagnetic Interference (EMI): Optical communication files do not sense elec-
tromagnetic interference (EMI) from electronic devices, power, or atmospheric disturbances like
frequencies. These emissions make these waves extremely difficult to rely upon for transmitting
and receiving information. This guarantees trustworthy and secure transmission, which is crucial
in situations where RF interference hinders signal operations.

iii. Secure Transmission: The optical signals, which are the best transmission medium for FSOC and
far higher than surveillance, are thus a plus for the security of data transmission. Unlike radio
waves, which require expert tools and skills to grasp, optical signals are likely to secure the con-
nection unless direct sight access is possible.

iv. Low Latency: FSO communication systems have low latency, meaning they provide minimal de-
lay in transmitting data signals. This makes FSO ideal for applications where real-time communi-
cation is essential, such as video conferencing, gaming, and financial trading.

v. Cost-Effectiveness: FSO communication systems offer cost-effective solutions for establishing
high-speed communication links, especially in areas where laying fiber optic cables is impractical
or cost-prohibitive. FSO eliminates the need for expensive infrastructure deployment and ongoing
maintenance associated with traditional wired communication networks.

Vi. Quick Deployment: FSO communication systems can be rapidly deployed and configured, provid-
ing fast and flexible connectivity solutions for temporary or emergency communication needs.
FSO systems require minimal setup time and can be easily installed on rooftops, towers, or exist-
ing infrastructure.

Vil Environmentally Friendly: FSO systems have a minimal environmental footprint compared to
traditional wired or wireless communication technologies.

viii. Long Transmission Range: FSO communication systems can establish communication links over
long distances, which makes it suitable for applications such as urban connectivity, campus net-
works, and point-to-point links between buildings.

Limitations and Challenges of FSOC

Although there are some very positive features to the FSOC, there are certain constraints and problems that
arise in its operation, like when there is fog or rain. These variations lead to disruption of the transmission,
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which is contrary to the desired signal by weakening the same and altering the whole direction. To counteract
these effects, one can use desirable signal failure or secondary path transmission techniques, and an intelligent
scheme is required for system design.

i Atmospheric Attenuation and Turbulence: Atmospheric conditions can affect the transmission of
optical signals, leading to signal loss and degradation. Technologies like adaptive optics and
higher-frequency optical bands are being explored to mitigate these effects.

ii. Power Efficiency: Power-efficient lasers and transmitters are being developed to reduce the
power consumption of FSO systems, making them more practical for widespread use.

iii. Alignment and Tracking: FSOC systems require precise alignment and tracking of the transmitter
and receiver to maintain a stable communication link. Any misalignment or movement of the
optical beam can result in signal loss or degradation. This requires sophisticated tracking mech-
anisms and algorithms to continuously adjust the pointing direction of the optical beam, espe-
cially in dynamic environments or over long distances.

iv. Security and Interference: FSOC signals can be vulnerable to interception and interference, pos-
ing security risks to sensitive data transmission. Without proper encryption and authentication
mechanisms, FSOC links may be susceptible to eavesdropping or jamming attacks. Additionally,
other sources of optical interference, such as sunlight, artificial light, or other FSOC links oper-
ating in the vicinity, can disrupt communication and degrade signal quality.

V. Limited Range: FSOC links can only work through the path of visibility, which aligns with fac-
tors such as atmospheric attenuation, transmitter power, and receiver sensitivity (Siegel & Chen,
2021). FSOC may be out of range in certain situations, which could be more optimal because,
besides FSOC, other wireless communications exist, such as microwave or satellite communica-
tions.

Applications of FSOC

High-Speed Data Transmission

FSO communication has the potential to provide extremely high data rates, potentially reaching several terabits
per second (Tbps) or more. FSOC offers fast communication lines using radio technologies that are secure and
strong enough to communicate beyond the globe between spacecraft, satellites, and ground stations. One of the
key advantages of FSOC in space communication is that it has the capacity to attain high data rates, which will
enable the upload of large quantities of data, such as high-resolution images, scientific telemetry, and video
feeds, without delays. Therefore, this bandwidth performance is required for the instantaneous transfer, control,
and monitoring of space missions. Furthermore, FSOC remains unaffected by electromagnetic interference,
making it advantageous for space communication, where RF communication may face hindrances from cosmic
radiation or other sources. As a result, there is a provision for such immunity, though the different interferences
in the space environment are guarded against. Moreover, FSOC has the potential to secure communication
channels since optical signals are hard to detect and jam, increasing the security and reliability of data trans-
mission from satellites to support systems on the ground.

Last-Mile Connectivity
FSO communication can be used to provide last-mile connectivity in areas where laying physical cables is not

feasible or cost-effective. This includes remote areas, rural regions, and developing countries where FSO can
be deployed quickly and easily, providing high-speed internet access.
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Disaster Recovery and Emergency Communications

FSO communication can be used as a backup or alternative communication system in the event of disasters or
emergencies. Because FSO does not rely on physical cables, it is more resilient to damage caused by natural
disasters, such as earthquakes, hurricanes, or floods. It can be quickly deployed to provide emergency commu-
nication services in affected areas.

Defence and Military Applications

FSO communication has several potential applications in defence and military scenarios. It can be used for
secure, high-speed communication between military bases, vehicles, and soldiers in the field. FSO can also be
used for surveillance, reconnaissance, and remote sensing applications.

Space Exploration

FSO communication has the potential to revolutionize space exploration by enabling high-speed, high-capacity
communication between spacecraft, space stations, and ground stations. This can enable real-time data trans-
mission, video streaming, and remote control of spacecraft and robotic missions.

Quantum Communication

Quantum communication offers unconditional security, meaning that it cannot be broken even with unlimited
computational resources. FSO can provide the high-speed, high-capacity communication needed for quantum
communication systems.

Research and Development

FSO communication is a rapidly evolving field, and ongoing research and development efforts are expected to
lead to further advancements in the technology. This includes improvements in data rates, transmission dis-
tances, reliability, and cost-effectiveness. Researchers are also exploring new modulation schemes, such as
orbital angular momentum (OAM) modulation, which has the potential to further increase data rates.

Challenges in Free-Space Optical Communications

FSO technology employs the atmospheric channel as a medium for transmission, over which the propagation
occurs on a random basis, including in the space and time domains. FSO communication becomes weather-
and-space-dependent and occurs if the weather is favorable and a specific site has been selected. Existing envi-
ronmental factors like clouds, snow, fog, water, and haze may reduce the power of receiving optical beams and
limit the functions of FSO link deployment. This section will discuss the different challenges encountered by
system designers in both terrestrial and space FSO links.

Atmospheric Effects and Turbulence

Atmospheric attenuation and turbulence are known to be the main obstacles facing Free Space Optical Com-
munication (FSOC). The atmosphere is not stable since it changes in terms of fog, drizzle, and turbulence, thus
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resulting in the degradation of optical signals. These mechanisms are responsible for the beam scattering, ab-
sorption, and beam deflecting that cause signal attenuation and fluctuations. A specific cause comes from at-
mospheric turbulence. It is manifested in a rapid change in the refractive index of air. Therefore, beam wander
and scintillation are the effects caused, as shown in the figure below.
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The figure above shows the challenges faced by the FSO system. These effects impose aspects to gain
robust and resilient communications over long routes. Achieving atmospheric mitigation by applying signal
processing techniques and employing adaptive optics calls for a smart system layout that enables high perfor-
mance of FSOC in different atmospheric situations.

i Power Efficiency: Power-efficient lasers and transmitters are being developed to reduce the power
consumption of FSO systems, making them more practical for widespread use.

ii. Alignment and Tracking: FSOC systems require precise alignment and tracking of the transmitter
and receiver to maintain a stable communication link. Any misalignment or movement of the
optical beam can result in signal loss or degradation. This requires sophisticated tracking mecha-
nisms and algorithms to continuously adjust the pointing direction of the optical beam, especially
in dynamic environments or over long distances.

iii. Security and Interference: FSOC signals can be vulnerable to interception and interference, posing
security risks to sensitive data transmission. Without proper encryption and authentication mech-
anisms, FSOC links may be susceptible to eavesdropping or jamming attacks. Additionally, other
sources of optical interference, such as sunlight, artificial light, or other FSOC links operating in
the vicinity, can disrupt communication and degrade signal quality.

Simulation of Free Space Optical Communication- GEO to Ground

A free space optical link was simulated using Opti-system software. Transmitter, receiver and channel param-
eters were set as per practical components availability. Simulation parameters of the FSO link is as follows.

e  Wavelength : 1550nm

e Data Rate : 1 Gbps

e  Modulation Type : On-Off Keying
e Transmit Power : 200 mW

e Link Distance : 36000 Km

Detection type
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In the above simulation transmit and receive data were analyzed through different tools available in
the software. The modulated and detected data was analyzed using Oscilloscope visualizer and link was vali-
dated as per BER analyzer.

Oscilloscope Visualizer

Oscilloscope visualizer is a type of software or hardware tool used to visualize electrical signals in real-time. It
displays waveforms graphically on a screen, allowing users to observe the behavior of electrical signals over
time. It displays waveforms as a plot of voltage versus time. (Time being depicted on X-Axis, while Voltage
on Y-Axis). Different types of waveforms, like sine waves, square waves, complex signals etc can be displayed
and analyzed. Many oscilloscope visualizers offer built-in measurement tools for analyzing waveform charac-
teristics like amplitude, rise-time, fall-time, frequency, period etc. These tools provide quantitative information
about the signals being displayed.

=] Oscilloscope Visualizer_1 = Oscilloscope Visualizer
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Oscilloscope visualizers often include cursor control features that allow users to measure voltage lev-
els, time intervals, and other parameters directly on the waveform display. Cursors can be placed manually or
automatically to analyze specific points of interest.

ISSN: 2167-1907 www.JSR.org/hs 14



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 4 (2024)

Oscilloscope visualizers may support data logging and export features, allowing users to record and save wave-
form data for further analysis or documentation. Waveform data can be saved in various file formats, such as
CSV, Excel, or image files. The user interface of an oscilloscope visualizer typically includes controls for ad-
justing settings such as time/division, voltage/division, trigger level, and waveform display modes.

In the context of Free Space Optics (FSO), an oscilloscope visualizer can be a useful tool for analyzing
the electrical signals associated with the modulation and demodulation of laser beams used in FSO communi-
cation systems. While FSO primarily involves the transmission of optical signals through free space, there are
electrical components involved in the modulation, amplification, detection, and processing of these optical sig-
nals.

Eye-Diagram Analyzer

An eye-diagram analyzer is a specialized instrument used in the field of electrical engineering and telecommu-
nications to analyze the quality of digital signals. It provides a graphical representation of the signal waveform,
allowing engineers to assess signal integrity, measure key parameters, and diagnose signal impairments. The
primary function of an eye-diagram analyzer is to generate and display eye diagrams, which are graphical rep-
resentations of a digital signal's waveform. The eye diagram is created by overlaying multiple signal transitions
(e.g., rising and falling edges) on top of each other, forming an "eye" shape. The opening and closure of the eye
pattern provide insights into signal quality and performance.

Eye-diagram analyzers sample the digital signal at specific points in time to capture the signal wave-
form accurately. By sampling the signal over multiple symbol periods, the eye diagram analyzer constructs the
eye pattern and reveals information about signal jitter, noise, timing, and amplitude variations.

Eye-diagram analyzers typically include measurement tools for quantifying key parameters of the eye
diagram, such as eye height, eye width, crossing point, and jitter. These measurements provide quantitative
metrics for assessing signal quality, compliance with communication standards, and suitability for transmission
over communication channels.

The user interface of an eye-diagram analyzer typically includes intuitive controls, graphical displays,
and analysis tools for easy operation and interpretation of results. Engineers can interact with the analyzer to
adjust settings, view measurements, and customize analysis parameters to suit specific testing requirements.

Overall, an eye-diagram analyzer is a versatile and powerful tool for analyzing digital signals, as-
sessing signal quality, and diagnosing signal impairments in telecommunications, data communications, and
high-speed digital systems. Its ability to generate eye diagrams and provide comprehensive measurement capa-
bilities makes it an indispensable instrument for characterizing and optimizing digital communication systems.
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Conclusion

FSOC is a recently emerged technology that has a high probability of significantly changing wireless commu-
nication network systems in the future. Throughout the paper, FSOC has been covered in many aspects, includ-
ing its positive sides, weaknesses, applications, and difficulties. FSOC has several unique benefits over tradi-
tional communication systems, including high data rates, resistance to electromagnetic interference, low la-
tency, and secure transmission. The unique features of FSOC make it so perfect for circumstances like missing
a link, emergency communication, space communication, and satellite links. On the other hand, FSOC is faced
with some issues, which are the influence of the atmosphere, alignment and tracking complications, and weather
dependency. Overcoming these problems requires the use of progressive and practical methods, such as en-
hanced signal processing techniques, adaptive optics, and robust tracking approaches. Being concerned about
the upcoming research directions in FSOC, they are considering the use of emerging technologies, the improve-
ment in simulation techniques, and the enhancement of reliability. Developments in laser technology, adaptive
optics, and simulation techniques assume the potential to increase the efficiency of FOC and open up new
capabilities. FSOC is a very convincing option for wirelessly transmitting large amounts of data that gives users
high-speed, secure, and dependable connections over long distances. Through overcoming existing challenges

ISSN: 2167-1907 www.JSR.org/hs 16



HIGH SCHOOL EDITION

@ Journal of Student Rescarch

Volume 13 Issue 4 (2024)

and the use of developing technologies, the FSOC can engage the future of telecommunications, offering distant
services for numerous applications on terrestrial and space networks.

Future Research Works

Future works and research directions on Free Space Optical Communication (FSOC) have the potential to un-
veil new functions and maneuver the existing barriers, allowing this innovative technology to grow. Innovative
technologies consider offering an option to renovate FSOC to the extent of producing new capabilities. For
example, a possible cutting-edge laser technology directly leads to a more effective and smaller laser source
that operates at higher data speeds and longer distances. Furthermore, the discoveries and developments of
adaptive optics and beam shaping techniques can tackle the issue of atmospheric effects, thus improving the
signal quality and stability in adverse weather conditions.

Besides, the target research is aimed at the development of simulating techniques to model and foresee
FSOC system performance accurately. Advanced virtual platforms with optical propagation models and atmos-
pheric turbulence simulations help researchers examine complex FSOC cases and optimize system designs.
Prospective progress in simulation approaches may employ machine learning algorithms alongside big data
analysis to enhance predictive abilities and expedite FSOC system prototype formation.

One of the focus areas of future research is getting over the challenges that involve alignment and
tracking. The development of robust tracking mechanisms such as autonomous tracking algorithms as well as
precision tracking hardware will allow FSOC systems to track moving targets more effectively that way. Fur-
thermore, the evolution of system and fault tolerance mechanisms can be vital in FSOC implementation as it
ensures continuity of communication even in complex and harsh environments. Fundamentally, the future work
on FSOC is for the further improvement of performance, reliability, and flexibility. By utilizing the latest tech-
nologies, perfecting simulation methods, and overcoming existing problems, researchers aim to expand the use
of FSOC in various areas of communication, both terrestrial and space.
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