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ABSTRACT :

Free-Space Optical (FSO) communication is a wireless communication technology that uses light signals to transfer information through open space without the
need for physical cables. This research aims to design and develop an FSO communication system that provides fast and secure data transmission. The proposed
system includes an optical transmitter, a free-space transmission path, and an optical receiver. The transmitter uses a light source, such as an LED or laser, to send
data, while a photodetector at the receiving end captures the optical signal and converts it into electrical information. The system performance is analyzed based on
factors such as transmission distance, data rate, received signal power, and Bit Error Rate (BER). The research also examines the impact of environmental conditions,
including fog, rain, dust, and atmospheric turbulence, on communication quality. The developed FSO system can be applied in areas such as building-to-building

communication, satellite links, secure wireless communication, and high-speed internet access.

Keywords: Optical Wireless Communication, Laser Communication, Data Transmission, Optical Transmitter, Photodetector, Bit Error Rate (BER),
High-Speed Communication, Wireless Communication.

1. Introduction

High-speed communication networks that facilitate cloud computing, artificial intelligence, smart cities, 5G/6G networks, satellite systems, and the
Internet of Things power the modern digital world. Despite their effectiveness, traditional communication technologies including optical fibre networks
and radio frequency (RF) systems have drawbacks with regard to latency, security, deployment costs, and bandwidth availability. One intriguing approach
is Free Space Laser Communication (FSLC), sometimes referred to as Free Space Optics. FSLC uses laser beams to provide fiber-like speed in open
spaces by transmitting optical communications through the atmosphere without the use of physical wires.

By using the wide, uncontrolled spectrum range of the optical window to send digital data, Free Space Laser Communication (FSLC) is a significant
advancement. FSLC does not require actual optical cables or conduits since it transfers highly collimated laser beams, which are basically optical signals,
over the atmosphere or the vacuum of space. The method uses a same wavelength range (often in the infrared spectrum) and modulation techniques as
ground-based fibre, but without the material limitations of the glass cable itself, to achieve this fiber-optic-like speed.

1.1 Statement of problem

1. Spectrum Shortage: As wireless devices proliferate, RF bandwidth is already restricted and crowded.

2. High Infrastructure Cost: Fiber deployment is costly in rural or isolated areas because it necessitates right-of-way permits, excavation, installation,
and maintenance.

3. Security Issues: Because RF waves spread in all directions, networks are vulnerable to cyber attacks, interference, jamming, and interception.

4.  Latency Problems: Multipath reflection and air scattering cause delays in radio frequency transmission.

5. Emergency Connectivity: Fiber and RF cellular infrastructure may fail during natural disasters, making quick temporary deployment crucial.

6. Emerging IT Requirements: Significantly faster speeds are required for future applications including holographic communication, smart-city

networks, ultra-HD streaming, and the metaverse.

1.2 Objective of Research

. To analyze FSLC technology and compare its performance with RF and optical Fiber communication

. To determine whether FSLC can provide high bandwidth with low latency suitable for modern digital transformation
. To evaluate deployment feasibility, especially in areas where wired connectivity is impractical

. To investigate security advantages and interception difficulty of laser-based links.

. To study cost and energy efficiency in large-scale networks.

. To explore integration of FSLC with traditional wireless and Fiber networks
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2. REVIEW OF LITERATURE

Free-Space Optical (FSO) communication is an optical wireless communication technology in which information is transmitted through free space using
an optical source such as a laser or LED and received using a photodetector. FSO has attracted considerable attention because it can provide high data
rates, large bandwidth, low electromagnetic interference, and rapid deployment without requiring physical optical fiber. Researchers have investigated
FSO for terrestrial links, building-to-building communication, data centers, disaster recovery, satellite communication, and next-generation wireless

networks.
Author/Study Main Focus Major Finding Limitation/Research Gap
Majumdar & Ricklin FSO fundamentals and laser Atmospheric channel strongly affects Requires effective atmospheric

From the above studies, it can be observed that FSO communication provides high-speed, high-bandwidth and secure wireless communication

communication

FSO performance

compensation

Kaushal et al.

FSO design and turbulence

Alignment and turbulence are important
design factors

Practical deployment remains
challenging

Satrusalya & FSO technology review FSO provides high bandwidth and Weather limits reliability
Goswami flexible deployment
Contemporary FSO MIMO, hybrid FSO, adaptive FSO is promising for SG/BSG and ToT Atmospheric effects apd pointing
Survey modulation errors remain
Siegel & Chen Real-world atmospheric Weather affects bitrate and link More environmental testing is

conditions

performance

required

Multimodal FSO

Mode-division multiplexing

Higher capacity can be achieved

System complexity increases

research
Adaptive Optics Turbulence compensation AO and ML can improve link quality Hardware cost and qomputatlonal
Survey complexity

Pointing Error

Al-based alignment correction

AI/SLM can reduce misalignment

Further practical validation is

Research effects required
OFDM-FSO Research OFDM and pointing errors Higher-order modulation can suffer Robust modulation and alignment
greater BER needed

Recent Weather Study

Weather-dependent performance

BER and Q-factor vary with
environmental conditions

Need robust systems for changing
weather

without requiring physical cables. However, the performance of an FSO system is strongly affected by several factors.

The major problems identified from the literature are:

Sk =

Atmospheric turbulence can disturb the optical beam.

Fog, rain, dust and smoke can attenuate the optical signal.

Pointing and alignment errors can reduce received optical power.

Weather conditions can affect BER and communication distance.

Advanced techniques such as adaptive optics and Al can improve performance but may increase system cost and complexity.

Many existing studies are based on simulation or theoretical analysis, while practical low-cost implementations require further investigation.

3. RESEARCH METHODOLOGY

This chapter presents the methodological framework adopted to conduct the research on Free Space Laser Communication (FSLC). The methodology
integrates analytical, comparative, simulation-based and experimental approaches to ensure reliability, validity and technological accuracy

3.1 Research Design

The research follows a mixed-method approach, combining:

. Quantitative analysis of bandwidth, attenuation, BER and link distance

. Qualitative analysis of advantages, limitations, applications and technology trends

. Comparative study between RF, FiberOptic and FSLC communication systems

. Simulation study using OptiSystem and MATLAB to evaluate FSLC under multiple atmospheric scenarios

3.2 Data Collection Methods

Source
IEEE Xplore
Springer & Elsevier Journals
ITU-T and IEEE Standards
Vendor Whitepapers(VLNComm, LightPointe, fSONA)

Simulation Output

Purpose

Technical papers & performance analysis of FSLC

Research trends and atmospheric studies

Communication and network standard specifications

Real-world implementation details
Bandwidth, SNR, BER ,attenuation and throughput results
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3.3 Research Analysis Tools

Tool/Software Purpose
MATLAB Laser waveform generation & BER simulation
OptiSystem FSLC link design & attenuation modelling
NS3 Network-level throughput evaluation
MS Excel Graphs, tables & statistical analysis

3.4 Population and Sample Scope

The research covers modern high-density digital communication environments, particularly:

. Urban and metropolitan city networks

. 5G small-cell backhaul setups

. Government, banking and enterprise campuses

. Defence & inter-building secure communication systems FSLC sample benchmarks were evaluated for:
. Distances: 100 m — 5 km

. Wavelengths: 780 nm, 850 nm, 1550 nm

. Beam divergences: 1-3 mrad

. Data rates: 1 Gbps — 100 Gbps

4. DATA ANALYSIS AND RESULTS

This chapter presents the outcome of simulation-based experiments and analytical evaluations carried out to determine the performance efficiency of Free
Space Laser Communication (FSLC). The objective of this chapter is to assess the feasibility, bandwidth stability and deployment value of FSLC under
different atmospheric conditions, transmission distances and communication scenarios. The results further compare the performance of FSLC with
conventional wireless technologies, specifically Radio Frequency (RF) and Optical Fibercommunication.

The analysis used performance metrics that are universally accepted in the field of communication engineering such as bandwidth, attenuation, Bit Error
Rate (BER), latency and maximum stable link distance. Simulations were carried out using MATLAB and OptiSystem, and the model parameters were
chosen to replicate the real-world deployment of FSLC systems. A transmission wavelength of 1550 nm was selected due to its optical safety and low
atmospheric absorption. A laser transmitter and receiver were aligned optically with an adaptive tracking system to maintain beam alignment during
propagation.

4.1 Bandwidth and Distance Relationship

The first part of the experiment examined the effect of distance on the bandwidth of FSLC. At a short-distance range of 100 meters to 500 meters,
bandwidth readings averaged around 94 to 97 Gbps, demonstrating negligible loss. At 1 to 2 kilometers, the bandwidth slightly decreased to the range of
approximately 79 to 87 Gbps, which still represents superior capacity compared to most RF-based systems. Beyond 3 kilometers of propagation,
noticeable reduction began to occur due to beam divergence and scattering. At 4 kilometers the bandwidth value approached nearly 48 Gbps, and beyond
5 kilometers the performance dropped to around 31 Gbps. The results clearly show that while FSLC supports extremely high-speed transmission, long-
distance terrestrial paths above five kilometers require additional enhancements to preserve performance.

4.2 Atmospheric Impact Assessment

Atmospheric conditions were found to be the most crucial factor influencing FSLC reliability. Under clear sky conditions the FSLC system maintained
maximum coverage and signal integrity, and the high directionality of the beam ensured stable reception. When haze was introduced in the simulation,
moderate attenuation was observed, reducing the maximum stable distance but not critically affecting BER values or overall signal stability. Rain had a
comparatively lower effect on optical communication compared to RF, where rain typically disrupts high-frequency wireless links. Fog, however, resulted
in the most severe degradation. Even light fog caused noticeable weakening of the beam and an increase in BER, while

4.3 Latency and BER Results

Latency and BER results confirmed the technical strength of FSLC as a high-precision data communication system. The system recorded average latencies
in the range of 0.3 to 0.9 milliseconds across different distance ranges, performance remarkably close to optical Fiberand far superior to RF-based wireless
networks. BER values remained exceptionally low up to the distance of 3 kilometers, falling within the scientific range of 107" to 107'*. After the 4-
kilometer mark, BER increased to a measurable extent but remained acceptable for non-mission-critical applications. At 5 kilometers in clear weather,
BER values increased drastically but could still be corrected with Forward Error Correction (FEC) techniques. These outcomes validate that, under
optimal conditions, FSLC is capable of supporting real-time communication applications requiring minimal latency and high accuracy, including banking

transactions, military communication and high-frequency trading
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4.4 Reliability, Deployment Feasibility and Security Evaluation

The analysis revealed that FSLC is a highly reliable communication technology but with a dependency on weather conditions. FSLC reliability in clear
atmospheric conditions rivals Fiberoptic networks, while offering much easier deployment and lower overall installation costs. In terms of security, FSLC
demonstrates a significant advantage over RF because laser beams propagate in a narrow directional path, making interception nearly impossible without
direct physical alignment with the beam. As a result, FSLC is highly suited for sensitive and classified communication environments. The comparison of
deployment feasibility suggests that FSLC requires fewer legal permissions compared to RF networks and avoids excavation and cabling challenges
associated with Fiber Optics. This quality makes FSLC highly relevant for disaster recovery, temporary communication setups, inter-building
connectivity, and emergency communication nodes.
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4.5 Key Findings

The extended discussion highlights several important findings:

FSLC delivers ultra-high bandwidth suitable for high-demand IT applications.

Latency remains exceptionally low, enabling real-time, mission-critical communication.

BER remains minimal under most conditions, ensuring reliable and secure data transfer.

Environmental conditions, particularly fog, snow, and dust, are the primary limiting factors.

FSLC offers superior security and minimal interference compared to RF systems.

Rapid deployment capability and moderate installation cost enhance FSLC’s practical feasibility.

Hybrid FSLC-RF or FSLC-Fibernetworks mitigate environmental risks while maintaining high throughput.

® N R L=

FSLC is highly applicable to smart city infrastructure, SG/6G backhaul, defense communication, and disaster response networks.

5. FINDINGS AND SUGGESTIONS

This chapter consolidates the findings obtained from the research on Free Space Laser Communication (FSLC), interprets the implications of these results,
provides practical suggestions for deployment, and highlights the limitations and future research directions.

The purpose of this chapter is to critically evaluate the outcomes of the study, draw actionable insights for real-world IT applications, and establish a
conclusion that reflects the potential and challenges of FSLC technology.

1. Ultra-High Bandwidth Capability:

FSLC consistently delivers bandwidth ranging from 40 Gbps to nearly 100 Gbps for distances up to 3 kilometers. This performance surpasses typical RF
systems and is competitive with Fiber Optics, making FSLC highly suitable for applications that require large-scale data transmission, such as cloud
computing, video streaming, and data center interconnections. The results indicate that even in urban environments, FSLC can meet the growing
bandwidth demands of IT networks without requiring extensive physical cabling.

2. Low Latency Performance:

FSLC exhibits exceptionally low latency, generally ranging from 0.3 to 0.9 milliseconds, which is comparable to Fiberoptic sy stems and significantly
better than RF networks. Low latency is crucial for mission-critical applications such as financial trading, remote surgery, industrial automation, and real-
time defense communication.

This demonstrates that FSLC can be relied upon for operations that demand precise timing and minimal communication delays.

3. High Reliability and Error-Resilient Transmission:

The Bit Error Rate (BER) of FSLC remains extremely low under most operational conditions, ranging from 1073 to 107'* up to 3 kilometers. Even under
moderate atmospheric disturbances, error correction techniques such as Forward Error Correction (FEC) can maintain reliable communication. This
makes FSLC suitable for applications where data integrity and security are critical, including government communication networks, banking systems,
and data centers.
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4. Weather Sensitivity and Environmental Limitations:

While FSLC performs optimally under clear skies, it is significantly affected by fog, heavy rain, snow, and dust storms. Fog, in particular, can severely
reduce the effective link distance, which limits the use of FSLC in regions with frequent adverse weather.

However, mitigation techniques such as adaptive beam power, multi-beam transmission, wavelength tuning, and hybrid networks can overcome these
challenges. The study emphasizes that weather assessment is a critical step in FSLC deployment planning.

5. Security Advantages:

FSLC provides a highly secure communication channel due to its directional laser beams. Unlike RF systems, FSLC beams are narrow and require precise
alignment, reducing the likelihood of interception or eavesdropping. This inherent security feature makes FSLC suitable for sensitive applications,
including military communication, banking, and government data networks.

6.  Rapid Deployment and Cost Efficiency:

FSLC can be deployed quickly without the need for extensive cabling or trenching, making it an attractive option for urban environments, temporary
networks, and emergency communication setups. While the installation cost is moderate compared to fiber, the overall return on investment is high due
to its high-speed performance and deployment flexibility.

7. Applicability to Emerging IT Networks:

FSLC is well-suited for smart city infrastructure, 5G/6G mobile backhaul, IoT networks, and inter-building high-speed links. Its high bandwidth, low
latency, and security make it a viable alternative or complement to conventional communication technologies. The study confirms that FSLC is a future-
ready solution capable of supporting next-generation IT applications.

8. Hybrid Network Feasibility:

One of the major insights from this research is the potential of hybrid networks that combine FSLC with RF or Fiber Optics. Hybrid systems can overcome
environmental limitations while maintaining high throughput and low latency. This approach ensures continuous communication even in adverse weather,
providing a reliable and flexible solution for enterprise, government, and urban IT infrastructure.

4.1 Bandwidth and Distance Relationship 4.2 Atmospheric Impact Assessment
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