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Abstract- Context: Free Space Optics (FSO) transmission is a promising alternative 
to conventional wired networks, offering high bandwidth, low latency, and enhanced 

security. However, FSO performance is highly sensitive to physical factors, 

particularly the divergence angle of the optical beam. Objective: This study aims to 

evaluate the impact of beam divergence on key FSO system performance metrics to 

guide optimal system design. Method: MATLAB-based simulations were conducted 

to model Signal-to-Noise Ratio (SNR), Bit Error Rate (BER), and Q factor under 
varying divergence angles. The sensitivity of system performance to beam alignment 

and signal strength was analyzed across different divergence configurations. Results: 

Results indicate that smaller divergence angles provide higher SNR and Q factor 

values and lower BER, ensuring superior communication quality but requiring precise 

alignment. Conversely, larger divergence angles tolerate misalignment more 

effectively but at the cost of reduced signal quality. Conclusion: These findings 

emphasize the critical role of optimizing beam divergence to balance alignment 

tolerance and signal integrity, thereby enhancing the efficiency and reliability of 

optical wireless communication systems. 

 

Keywords- FSO, SNR, BER, Divergence angle, Q factor. 

Acknowledgement 

The authors are grateful to the anonymous referees for their valuable and helpful 

comments. The authors thank the staff of LAMIS laboratory for helpful comments 

and suggestions. 

Open Access Research Article 

https://creativecommons.org/licenses/by/4.0/deed.fr
https://creativecommons.org/licenses/by/4.0/deed.fr
https://creativecommons.org/licenses/by/4.0/deed.fr
https://orcid.org/0009-0002-7775-4321
https://orcid.org/0000-0001-7952-6598
https://orcid.org/0009-0006-8011-4172
https://orcid.org/0009-0002-1747-6008
https://orcid.org/0000-0002-6186-2232
https://orcid.org/0009-0005-9881-2369
https://orcid.org/0000-0001-7675-6689


Oumaima et al.: Impact of Divergence Angle on FSO System Performance     Systems and Computing                                          

 

97 

1. Introduction  

Free Space Optics communications systems are comprised of several advantageous features, including low latency, high 

bandwidth, and better security [1]. Despite such advantages, various challenges heavily impact the performance of these 

systems that result in weakened signal quality as well as compromised system reliability [2]. Atmospheric phenomena 

like smog, fog, snow, and rain cause absorption as well as scattering effects, leading to the deterioration of optical signals 

resulting in high Bit Error Rate (BER) as well as lower Signal-to-Noise Ratio (SNR). For instance, smog and fog can 

cause severe signal attenuation through light scattering of suspended particles, while rain contributes additional losses 

through scattering and absorption by raindrops. These environmental conditions can lead to rapid changes of received 

power, which impact the overall performance of FSO systems adversely [3]. 

Aside from that, turbulence of the atmosphere caused by temperature and wind speed variations creates scintillation 

effects that are responsible for compromising signal integrity. The turbulence induced scintillation can cause abrupt 

amplitude and phase fluctuations in the signal, rendering it hard to maintain a stable link for communication [4].  Other 

than atmospheric problems, non-atmospheric conditions such as misalignment between the transmitter and receiver, 

physical obstructions, and requirements for a line-of-sight (LOS) can also influence FSO system performance. Precise 

alignment is critical because minor misalignments can lead to enormous signal loss. Moreover, physical obstructions 

such as buildings or trees can block the optical path, resulting in link outages [5]. In order to combat these problems, 

several techniques have been proposed, including the use of adaptive optics, modulation formats, and error correction 

codes. These techniques aim to enhance the level of robustness of FSO systems against environmental and alignment-

induced degradations [6]. 

In this paper, we study the performance of an FSO system by calculating and comparing some of the most significant 

performance metrics, the Signal-to-Noise Ratio, Bit Error Rate and Q factor to better understand the impact of 

atmospheric conditions and design the system accordingly. By comparing these metrics under various conditions, we 

aim to contribute to the knowledge of the design and deployment of high-performance reliable FSO communication 

systems even in harsh environments. 

The remainder of this paper is organized as follows: Section 2 describes the Free Space Optics link model. Section 3 

presents the criteria for analyzing the Signal-to-Noise Ratio in FSO systems and the mathematical expressions used in 

this work. Section 4 discusses the simulation results and performance evaluation based on key metrics. Finally, Section 

5 concludes the paper. 

1. FSO LINK 

Free-space optics or fibreless or fiber-free photonics is a next-generation communication technology using modulated 

light pulses to transmit data in free space air or the atmosphere enabling high-speed and high-bandwidth communication 

[7]. Data in FSO systems are carried by a tightly focused, modulated laser beam to transmit information from an FSO 
transmitter to a receiver through an atmospheric link. The incoming signal is demodulated at the receiver, a procedure 

identical to that at the transmission end [8].  

A principal requirement for FSO communication is an unobstructed line of sight (LOS) as shown in Figure 1. Here, the 
transmitter and receiver have a direct line between them. Any physical obstacle, buildings or trees along the signal path 

will break transmission and lower performance. FSO technology has an important role to play in 5G and beyond 

networks. It offers a reliable, high-speed option for connectivity in urban areas that can manage growing demand for 
bandwidth-intensive applications [9].  
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FSO is well-suited to provide last-mile connectivity, thus connecting underserved and remote areas. It also becomes an 

attractive mobile backhaul option, enabling the transfer of data between cellular base stations and the core network [10]. 

Apart from telecommunication, FSO is helpful in disaster relief scenarios where it can restore communications 

infrastructure quickly. It is utilized for secure and effective Internet of Things (IoT) connection and has some use in 
military and defense due to its high capacity and secure transmission. FSO has utility in remote sensing and 

environmental monitoring where real-time data gathering can be observed across many field applications [11]. 

 

 

 

 

 

 

Figure 1. The LOS between transmitter and receiver in the FSO Link. 

In addition, FSO is used in environmental monitoring and remote sensing to enable real-time collection in most field 

operations. Due to its multi-diversified applications and high-performance demands of modern communication systems, 
it is essential to comprehend and explore signal-to-noise ratio to enhance FSO system performance. The next section 

explores the most significant criteria in evaluating SNR in free-space optical systems. 

 

2. Criteria for Analyzing SNR in Free Space Optical System 

Signal-to-noise ratio is a fundamental metric in free-space optical systems, directly impacting the quality, reliability, and 
reach of data transmission. A higher SNR indicates a stronger signal relative to background noise, resulting in more 

accurate data reception and lower error rates. 

 
In Figure 2, a block diagram of the FSO system is presented, illustrating the scenario where the optical axes of both the 

transmitter antenna (TA) and the receiver antenna (RA) are perfectly aligned. The distribution of optical radiation 

intensity, denoted as  

 

 

 

 

 

 

 

 
 

Figure 2. Structural diagram of the FSO link. 
 

I (ρ,z), in the plane at z=const, is primarily influenced by the phase and amplitude distribution of the field at the 
transmitter antenna. For this specific analysis, a Gaussian amplitude distribution and an equiphasic condition are 

assumed. The diagram highlights key optical fluxes:ɸ𝐿 represents the flux transmitted by the laser, while ɸ𝑡  and ɸ𝑟    
correspond to the flux passing through the apertures of the transmitter and receiver antennas, respectively, and ɸ𝑝𝑑 

denotes the flux at the entrance of the photodetector. Additionally, I(0,z) is the optical radiation intensity along the central 
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axis of the antenna. The radius of the Gaussian laser beam, 𝜌𝑧, which exhibits azimuthal symmetry, is calculated using 

a mathematical expression, providing critical insights into the beam's propagation behavior [12]. 

 

𝐼(𝜌𝑧 , 𝑧) =
𝐼(0,𝑧)

𝑒2            (1) 

  

𝜌𝑧(𝑧) = √𝜌0
2 + (𝜃𝑡,𝑒𝑥𝑝𝑧)

2
        (2) 

With 

 

𝜃𝑡,𝑒𝑥𝑝 = 𝐾𝜃𝜃𝑡,𝑡𝑒𝑜𝑟      and      𝜌0 =
𝐾𝜃𝜆0

𝜋𝜃𝑡,𝑒𝑥𝑝
        (3) 

 
where 𝜆0 is the central wavelength of the light source, 𝐾𝜃 ≥ 10 is the coefficient indicating the random fluctuations of 

the field phase in 𝐴𝑡(phase and amplitude distribution of the field in the emitting aperture (𝐴 = 𝜋𝑅𝑡
2) and 𝑅𝑡( is the 

aperture radius of the transmitting antenna 𝑅𝑡 ≥ 2𝜌0 

 

The radius 𝜌𝑧 determines the divergence angle 𝜃𝑡of the optical beam in the far-field region (where z>𝑧𝑐, with 𝑧𝑐 

representing the transition point from the near-field, or cone region, which approximately corresponds to the Fraunhofer 

zone). The relationship between the divergence and the beam radius is given by  

 
−𝑡𝑎𝑛𝑔𝜃𝑡 = 𝜌𝑧/𝑧        (4) 

 

Additionally, 𝜏𝑡and  𝜏𝑟 denote the losses incurred in the transmitting and receiving antennas, respectively, while 𝜏𝑎 

represents atmospheric transparency. The angular width of the directivity pattern of the receiving antenna (RA) is 

expressed as 2𝜃𝑟 . 

 
Under the assumption of a Gaussian radial intensity distribution for the optical radiation in the plane z=const (where the 

receiving aperture is located), it is further presumed that the radius of the receiving antenna 𝑅𝑟  is significantly smaller 

than the radius of the laser beam (𝑅𝑟 ≪ 𝜌𝑧). This condition ensures that the majority of the beam's power is intercepted 

by the receiver, a critical factor for efficient signal reception in Free Space Optics systems [13] 
 

The received optical flux ɸ𝑟   at a radial displacement ρ from the center of the receiving antenna RA relative to the optical 

beam's axis can be approximated by multiplying the optical intensity at the center of the RA by the area 𝐴𝑟of the receiving 

antenna. This estimation assumes that the intensity distribution remains nearly constant across the aperture of the 
receiving antenna, allowing for the simplification of the total received optical flux as a product of the central intensity 

and the antenna's surface area [14] 

 
ɸ𝑟 = 𝐼(𝜌, 𝑧)𝐴𝑟            (5) 

 

𝜌 = 𝜃[𝑟𝑎𝑑]𝑧           (6) 

 
𝐴𝑟 = 𝜋𝑅𝑟

2          (7) 
 

The Gaussian amplitude distribution at the transmitting antenna results in a corresponding Gaussian intensity profile in 
the far-field region, where the receiving antenna is located. This distribution causes the beam's intensity to decrease 

symmetrically with radial distance, which is crucial for accurately predicting the performance and alignment of Free 

Space Optical systems, especially over long distances where beam divergence and intensity loss are significant. 

 

𝐼(𝜌, 𝑧) = 𝐼(0, 𝑧)𝑒𝑥𝑝 (−2
𝜌2

𝜌𝑧
2(𝑧)

)         (8) 

 

At 𝜌 = 𝜌𝑚𝑎𝑥 follows 𝐼 = 𝐼𝑚𝑖𝑛 
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𝐼𝑚𝑖𝑛 = 𝐼(0, 𝑧) = 𝑒𝑥𝑝 (−2
𝜌𝑚𝑎𝑥

2

𝜌𝑧
2(𝑧)

)         (9) 

 

The optical radiation intensity along the axis of the laser beam is influenced by both the transmitter's characteristics and 

the atmospheric communication channel, highlighting the combined impact of equipment design and environmental 
factors on the performance of optical communication systems [15] 

 

𝐼(0, 𝑧) =
2𝜏𝑡𝜏𝑎(𝜆0,𝑆𝑀,𝑧)ɸ𝐿

𝜋𝜌𝑧
2(𝑧)

          (10) 

 

The transparency of the atmosphere is directly linked to the meteorological visual range 𝑆𝑀 and the wavelength of the 

transmitter, emphasizing how atmospheric conditions and the specific wavelength used in transmission affect signal 

clarity and strength in optical communication systems 

 

𝜏𝑎(𝜆0, 𝑆𝑀 , 𝑧) = 𝑒𝑥𝑝 [−
3,92

𝑆𝑀[𝑘𝑚]
(

𝜆[𝜇𝑚]

0,55
)

−𝑞

]        (11) 

 

When 𝑆𝑀 ≤ 10 𝑘𝑚 𝑎𝑛𝑑  𝑞 = 0,585 √𝑆𝑀[𝑘𝑚]3  

 
From (9) and (10) 

𝜌𝑚𝑎𝑥 =
1

√2
𝜌𝑧√ln

2𝜏𝑡𝜏𝑎ɸ𝐿

𝜋𝜌𝑧
2𝐼𝑚𝑖𝑛

          (12) 

 
This relationship enables the determination of the maximum value of 𝜌𝑚𝑎𝑥as a function of 𝜌𝑧. The specific value of 𝜌𝑧 

that results in the maximum 𝜌𝑚𝑎𝑥  is: 

 

𝜌𝑧 = 𝜌𝑧,𝑜𝑝𝑡 = √
2𝜏𝑡𝜏𝑎ɸ𝐿

𝜋𝑒𝐼𝑚𝑖𝑛
          (13) 

When 𝐼𝑚𝑖𝑛  is determined by the condition [16]: 

 

𝐼𝑚𝑖𝑛 =
ɸ𝑝𝑑|𝑆𝑁𝑅=𝑐𝑜𝑛𝑠𝑡

𝜋𝜏𝑟𝑅𝑟
2          (14) 

 
And the optical beam through the input aperture of the receiver corresponding to the upper level of the optical code 

impulse is: 

 
ɸ𝑝𝑑(𝜃, 𝑧) = 𝜋𝜏𝑟𝑅𝑟

2𝐼(𝜃, 𝑧)         (15) 

 
Here, 𝑅𝑟  denotes the aperture radius of the receiver telescope, while 𝜏𝑟represents the transmission coefficient of the 

optical receiver system. The aforementioned equation holds true under the condition that 𝜌𝑧(𝑧) ≫ 𝑅𝑟[17] 

 
ɸ𝐵 = 𝜋2𝜏𝑟𝐿𝜆,𝐵(𝜆0)𝑅𝑟

2𝜃𝑟,𝑒𝑥𝑝
2 ∆𝜆𝐹         (16) 

 
The background optical fluxɸ𝐵   is influenced by the spectral brightness of the background radiation 𝐿𝜆,𝐵as well as the 

parameters of the receiver [16], which include the aperture radius 𝑅𝑟 , the transmission coefficient 𝜏𝑟 , and the angular 

width of the receiving antenna 𝜃𝑟 . With ∆𝜆𝐹is denoted the transmission wavelength of the interference filter before the 

photodetector. 
 

Using the previously derived expressions, the value of SNR can be calculated accurately [18]: 

 

𝑆𝑁𝑅 =
𝑅𝐼(𝜆0)ɸ𝑝𝑑(𝜃,𝑧)

√𝐶𝐼{
2𝐾𝐵𝑇.𝐴

𝑅𝐹𝑏
+𝑒𝑅𝐼(𝜆0)[ɸ𝑝𝑑(𝜃,𝑧)+ɸ𝐵]}

        (17) 
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When  

 
𝑅𝐼(𝜆0) = 8,06. 105ղ(𝜆0)𝜆0        (18) 

 

The parameter ղ(𝜆0)represents the quantum efficiency of the photodetector material. 𝐶𝐼  denotes the information 

throughput of the digital communication system. The Boltzmann constant 𝑘𝐵  , is given as 1.38.10−23J/K, while T 

signifies the absolute temperature. The constant A refers to a characteristic of the receiver, and 𝑅𝐹𝑏 indicates the 

resistance value in the feedback loop of the preamplifier.  

 

Additionally, e=1.602.10−19C represents the charge of an electron. 

 

To calculate the BER and the Q factor, the two-performance metrics, the following equations are used [19]. 

 

𝑄 = √(
𝑆𝑁𝑅

2
)          (19) 

 

  𝐵𝐸𝑅 = 0.5 ∗ 𝑒𝑟𝑓𝑐(
𝑄

√2
)       (20) 

 

3. Simulation and results 

 
This section presents the MATLAB simulation results, beginning with the calculation of SNR, BER, and Q factor to 
evaluate the performance of the FSO system. The SNR can be calculated using the following values provided in the 

table: 
Table 1. Parameters to calculate SNR [20]. 

 
Parameter Symbol Value 

Transmission and receiver coefficient 𝜏𝑡=𝜏𝑟 0.85 

Phase Fluctuation Coefficient 𝐾𝜃 10 

Central wavelength 𝜆0 850 nm 

Information Throughput 𝐶𝐼 100 Mbps 

Aperture radius 𝑅𝑟 5.5 cm 

Angular Width 𝜃𝑟 5 mrad 

Quantum efficiency ղ(𝜆0) 0.7 

Transmission wavelength ∆𝜆𝐹 10 nm 

Feedback Resistor Value 𝑅𝐹𝑏 1kΩ 

Receiver Constant A 5 

power in optical bit pulse ɸ𝐿 10 mW 

Meteorological visual range 𝑆𝑀 10 km 

Background radiation 𝐿𝜆,𝐵  10−2𝑊/𝑚2. sr.Ȧ 

Temperature T 300 K 

Boltzmann constant 𝑘𝐵 1.38.10−23J/K 
Electron Charge E 1.602.10−19C 
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Figure 3. Variation of Signal-to-Noise Ratio with Angular Deviation 𝜃𝑑of the Transmitter Beam at Different Optical Radiation 

Divergence Angles 𝜃𝑡. 

The graph illustrates the variation of the signal-to-noise ratio (SNR) with the deviation angle 𝜃𝑑 of the transmitting beam 

from its principal direction, comparing the behavior for different beam divergence angles 𝜃𝑡 . For narrow beams (𝜃𝑡= 0.5 

mrad), SNR is high at the beginning but drops off quickly even for small deviations. This indicates that narrow beams 

are extremely sensitive to misalignment small angular deviations cause a drastic decrease in signal strength. The steep 
drops off indicates the need for precise alignment for narrow beams. In contrast, beams with a larger divergence angle 

(𝜃𝑡= 1.7 mrad) show a more gradual drop in SNR for increasing 𝜃𝑑. These wider beams are less prone to misalignment 

and can tolerate greater angular deviations before experiencing appreciable signal loss. They have a lower initial SNR, 

however, as the signal is dispersed over a wider area, reducing intensity at any given point. 

Overall, the graph depicts a fundamental trade-off in optical communications: smaller beams have higher peak SNR but 

demand precise alignment, while larger beams tolerate misalignment but have a lower peak SNR. The optimum choice 

depends on the alignment precision of the system and the application. 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
Figure 4. Variation of Signal-to-Noise Ratio with radius of the receiver antenna 𝑅𝑟at Different Optical Radiation Divergence 

Angles 𝜃𝑡. 
 

The plot shows how SNR varies with the receiver antenna radius (in cm) for different beam divergence angles (𝜃𝑡= 0.5, 

0.9, 1.3, and 1.7 mrad) in an optical communication system. SNR improves noticeably as the antenna radius increases, 

but the rate of improvement gradually decreases to reach a saturation for all divergence angles. Beams of smaller 
divergence angles, 0.5 mrad have constantly higher SNR values irrespective of antenna size compared to broader beams. 

This means that thinner beams preserve signal quality better. Overall, the results indicate that using beams of smaller 

divergence angles is preferable in order to achieve good signal quality even with large receiver antennas. 
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Figure 5. Effect of Divergence Angle tt on BER and Q Factor in an FSO System. 

 

The plots show how the divergence angle of the beam tt (in mrad) relates to two key performance metrics of a Free Space 

Optics communication system: Bit Error Rate and Quality factor. With decreasing divergence angle, the BER as well as 
Q factor also increases very much, thereby indicating increasing quality of communications. Smaller divergence angle 

gives a concentrated light beam, which reduces dispersion during propagation. The concentrated beam ensures that there 

is greater optical power delivered to the receiver, increasing detection of the signal and lowering errors, as suggested by 

a reduced BER. Simultaneously, a smaller angle elevates the Q factor, meaning the system's ability to isolate the signal 
from noise. Conversely, as the divergence angle increases, the beam becomes broader, resulting in greater dispersion and 

signal deterioration. This not only improves the BER but also lowers the Q factor, making the system noise-prone and 

less reliable to communicate with. These observations emphasize the importance of beam divergence optimization to 
achieve maximum signal integrity and have the best possible performance in FSO systems. 

4. Conclusions 

In this study, it has been evidently demonstrated how beam divergence angle significantly affects the overall performance 

of Free Space Optics systems. Simulation results indicate that beams with smaller sizes (θₜ = 0.5 mrad) generate greater 

initial values of SNR but are highly sensitive to angular misalignment and require precise alignment. On the other hand, 

wider beams (θₜ = 1.7 mrad) exhibit lower peak SNR but offer greater tolerance to misalignment, making them suitable 

for less controlled environments. With a growing receiver antenna radius, SNR improves for all divergence angles, yet 

smaller divergence beams consistently provide superior signal quality. Moreover, smaller divergence angles yield 

significantly enhanced BER and Q factor performance due to higher optical power concentration and minimal beam 

dispersion. These findings reveal a critical FSO design trade-off between beam alignment precision and system 

reliability. Therefore, reduction of the beam divergence angle is essential for maximizing signal integrity and 

communication dependability. Future work can extend this study by incorporating more sophisticated models of 

atmospheric turbulence, including real-world weather conditions such as fog, rain, and temperature gradients. 

Investigating adaptive beam divergence techniques, where beam width dynamically adjusts based on alignment and 

channel conditions, could further improve system robustness. Additionally, experimental validation of these simulation 

results in practical FSO deployments and integration with hybrid FSO/RF networks could provide deeper insights into 

achieving high-reliability optical wireless communications. Finally, exploring machine learning-based optimization 

strategies for beam alignment and divergence control could lead to smarter, more resilient FSO systems capable of 

operating under highly dynamic environments. 
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