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With an exponential increase in the use of smart devices and with increasing demand for high-speed data applications, the Radio Frequency and Microwave links will find themselves almost incapable of meeting this deficit. Free-space optical (FSO) links are poised to take the leading role as communication systems for futuristic needs in providing cost-effective and high-speed connectivity to end-users. However, on the flip side, the reliability of FSO links has an intrinsic relationship with the characteristics of the atmospheric channel. During the propagation, the atmospheric adversities result in the geometrical spreading of the FSO beam which in turn has consequential degrading effects on the link performance. In this work, an FSO communication system based on practical, commercial, and realistic parameters has been proposed with the intent of accurately determining the co-relation between different beam divergence profiles and overall link performance. For different beam divergence profiles, the proposed link has been evaluated for reference bit error rate (BER) of 10–9 which is an ideal condition for delivering high-speed data access to the end-users. During the analysis, the practical constraints related to the trade-off between the maximum possible link range and beam divergence have also been optimized. The findings of this work will be crucial for engineers and designers in configuring FSO links for improved link range and reliability.
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INTRODUCTION
Different multimedia applications have exploded their popularity in recent years, generating massive amounts of mobile data and requiring high data-rate wireless access networks. Systems having a large capacity, high security, very little latency, incredibly low consumption of power, massive interconnection of devices and optimal quality of experience (QoE) are all features of the next 5G technology [1]. In particular, 5G communication envisions ultra-dense heterogeneous networks that allow for hundreds of times more wireless device connectivity and transmission rate than existing wireless networks. As a result, backhaul connectivity having high-capacity is necessary for 5G and beyond networks to provide low end-to-end delays, less consumption of power, and access networks having high speed and high-density levels. In addition to this, it has become very difficult to manage an enormous volume of data for 5G mobile connectivity, necessitating the deployment of robust communication networks to ensure the quality of service (QoS) for various users [2]. The use of radio frequency (RF) in wireless communications is widely accepted, even though spectrum resources are limited. The Internet of Things (IoT) is a concept that enables resource sharing, monitoring, sensing, and real-time-based communications in a vast network of smart devices for business, industrial, social and medical purposes [3–6]. The rapid rise of the Internet of Everything (IoE) or Internet of Things (IoT) technologies has resulted in an exponential rise in the count of physical smart devices, which are connected to the internet [7, 8]. As a result, IoT devices produce a massive quantity of user data, and managing such a huge amount of data is a challenging task. It is expected that the existing available electromagnetic frequency range will be insufficient to fulfill the bandwidth requirements of 5G mobile networks and serve the massive requirements of the IoT paradigm as well. In addition to this, the existing RF technology has a limited spectrum range, as well as restrictions due to regulations regarding the usage of the frequency spectrum and a high amount of interference from other frequency signals. Moreover, the RF sub-bands of the frequency spectrum are currently fully utilized by cellular operators, television transmission, and microwave-based communication links. Researchers are looking into millimeters and nanometer waves, for providing high-speed wireless services, as an alternative to RF-based wireless networks due to the disadvantages of RF-based wireless networks. As a result, in the context of communication-based on optical wireless links, the academician and researchers have diverted their attention towards the license-free optical wireless transmission as a potential substitute of RF technology for highly dense future networks having huge capacity. FSO technology is capable of fulfilling the requirements of enormous bandwidth and high data rates of future generation mobile networks having diverse notable qualities such as very less consumption of power, low cost, less latency, high data transmission rates, and broad frequency spectrum [9].
Unlike RF carriers, which are limited in their spectrum utilization, optical carriers do not need any license for transmission, making them an appealing option for applications having requirements of high network capacity and large bandwidth. FSO technology uses high-frequency optical carrier signals to send data from transmitter to receiver through atmospheric medium [10]. To transmit the information signal successfully, the line of sight (LOS) condition is essential for the FSO transmitter and receiver [11]. Because of its exceptionally high transmission rates, high security of data signal, bandwidth, reduced equipment dimensions (1/10th of the diameter of RF-based antenna), lesser consumption of power (almost half of RF technology), license-free transmission, easy installation, and the huge amount of bandwidth [12, 13], FSO technology is considered to be the upcoming frontier for broadband links having ultra-speed. It works in the visible and infrared range and offers LOS communication because of its narrow signal beamwidth [14]. The basic operating principle of FSO communication is identical to optical fibers-based communication, except that instead of using a directed optical fiber, the modulated data signal is transferred through an unguided channel. The earliest development of FSO communication began approximately 50 years ago for applications based on the space and defense sector when the US military employed sunlight-powered devices to relay telegraph signals from one location to another. Alexander Graham Bell developed the first wireless telephone system in 1876 through conversion of the sound signal to an electrical signal and transmitting this voice signal over a distance of a few feet and the sunlight acted as a carrier signal for this voice transmission. This telephone system became the first wireless telephone system in the world, and it was given the name of “photo-phone.” FSO technology advanced significantly after Hughes Research Laboratories of Malibu, California developed the first operational laser [15].
FSO has become increasingly important for several terrestrial applications during the last decade. Figure 1 illustrates the design of the terrestrial FSO system, installed on the top of two buildings. FSO can also be used for connecting Local Area Networks (LANs), Metropolitan Area Networks (MANs), providing backhaul network support for mobile wireless networks, and communication systems based on optical fibers. Despite these benefits, the performance of FSO communication links is strongly influenced by atmospheric weather conditions [14]. The FSO signal gets absorbed and scattered due to suspended tiny particles of the atmospheric channel like smoke particles, dust particles, aerosols, and haze particles [16]. In addition to these, the FSO signal also gets attenuated due to atmospheric conditions like fog, rain, snow, turbulence, etc. As a consequence of these atmospheric channel conditions, the availability of the FSO link suffers a lot and the FSO link might become unavailable in case of severe weather conditions. Hence, the atmospheric conditions limit the performance of FSO links and are one of the major hurdles faced by these optical wireless communication links.
[image: Figure 1]FIGURE 1 | Schematic of terrestrial FSO system.
The rest of the paper has been structured as follows: The previous literature related to the divergence of FSO signal along with the contribution of this study will be explained in Related Work and Research Motivation. The mathematical model for explaining the phenomenon of beam divergence of the FSO signal will be discussed in Mathematical Modeling of Beam Divergence. In System Design, we have discussed the system design of the FSO communication system based on practical and commercial FSO link parameters. The results and discussions regarding the influence of divergence of the FSO beam on the performance characteristics of the designed FSO system will be elaborated in Results and Discussions. On the other hand, the conclusion of this study will be discussed in Conclusion.
RELATED WORK AND RESEARCH MOTIVATION
In addition to atmospheric losses of FSO signal due to absorption, scattering, and other dynamic conditions of the atmosphere, the optical beam also suffers from the limitation of beam divergence as it propagates towards the receiver end. Consequently, the receiver of the FSO system will not be able to receive a portion of the transmitted FSO beam, resulting in beam divergence loss. The authors in [17] have analyzed the beam divergence of the FSO signal and concluded that the diffraction at the receiver aperture causes divergence of the optical beam as the optical signal travels through the atmospheric medium. Unless the receiver collecting aperture is expanded or receiver diversity is used, the attenuation losses due to beam divergence increase as the link length increases. Similarly, the degradation of the FSO signal due to beam divergence has been highlighted in [18] and it has been recommended that the divergence of the FSO beam must have a good match with the telescope’s field of view at the receiver to minimize the beam divergence losses. The authors in [19] have flagged the highly dynamic nature of the atmospheric channel and concluded that it is not feasible to control the atmospheric attenuation of the FSO signal. On the other hand, beam divergence is one of the parameters that can be controlled for improving the performance of the FSO link. The power loss of the FSO signal due to beam divergence has been discussed in [20] and it has been concluded that the beam divergence limits the operating range of the FSO signal. Hence, the beam divergence angle should be controlled carefully during the installation of FSO links, so that the power of the FSO signal should not fall drastically with the transmission distance as a result of the spreading of the FSO signal. Furthermore, the wider angle of beam divergence has been suggested in [21] for short-range based FSO links for removing the misalignment errors. Similarly, the dependence of the geometrical losses on the beam divergence angle has been elaborated in [22, 23] and it has been concluded that the geometrical losses should be reduced by controlling the beam divergence losses so that the total overall attenuation of the FSO signal should be minimized. On the other hand, the precise pointing mechanism has been suggested in [24] for FSO systems having narrow-angle of beam divergence to maintain the line-of-sight based condition. The authors in [25] have discussed the impairment of the FSO link due to divergence of the FSO signal and suggested the adjustment of beam divergence angle dynamically at the transmitter for increasing the power efficiency of the FSO communication system. In addition to this, it has been recommended that the aperture of the receiver lens should be configured as per the divergence of the FSO beam and the range of the FSO link to increase the efficiency of the power link budget. The authors in [26] have advocated the minimum divergence angle as an important feature of the FSO transmitter. The large divergence angles of the FSO beam have been preferred in [27] for easy and quick installation of the FSO communication system. Additionally, the large divergence angles also allow transmitting more power ensuring the safety of human eyes. The divergence of the FSO beam has been mentioned as one of the major challenges for the long-range FSO communications systems [28].
Therefore, it motivates us to extend the work of analyzing the behavior of FSO system under different beam divergence profiles as follows: 1) To design a typical FSO communication system for a practical, commercial, and real-life-based application scenario, 2) To further examine the effects of different profiles of beam divergence on the performance characteristics of FSO system by considering practical and realistic link parameters of FSO transmission, 3) To estimate the maximum achievable link distances of designed FSO system, corresponding to beam divergence profiles of commercial as well as practical FSO systems, by taking into account the practical limitation of the trade-off between the maximum achievable link range and beam divergence. The findings of this study can contribute significantly in providing recommendations to the communication engineers for estimating the optimal divergence angles and the corresponding maximum feasible ranges of FSO links, during the installation of FSO links.
MATHEMATICAL MODELING OF BEAM DIVERGENCE
Beam divergence is an essential aspect in designing FSO communication links for transferring data at high transmission rates. Diffraction of light results in divergence of the optical beam before the receiver aperture. Because the transmitted FSO signal is not completely captured by the receiver of the FSO system, it leads to beam divergence loss and results in the loss of information signal. Moreover, these losses increase significantly as the transmission range of the FSO system is increased. Consequently, a suitable beam divergence profile should be adopted in practical scenarios, and diversity schemes can also be employed for enhancing the performance of FSO links.
It’s worth noting that sky radiance can occur at any time of day or night, and is influenced by the receiver’s height, cloud thickness, air particle concentration, and solar irradiation. The amount of sky radiance, in particular, is substantially determined by the geometrical position of the FSO receiver, earth, and Sun. Because even a minor misalignment between the transceivers of the FSO system can result in failure of the FSO link, controlling the line of sight directivity for FSO beam propagating at a narrow-angle of divergence is critical. Furthermore, the beam wandering effect can induce pointing loss by shifting the transmitted beam out of the propagation path. In any event, aiming inaccuracy can significantly lower the values of received optical power and signal-to-noise ratio, leading to an increased bit error rate (BER) and an increased risk of FSO connection failure. Installation of vibration-free FSO devices must be handled with care, and proper bandwidth control must be maintained to compensate for residual jitter. Particularly at visible wavelengths, pointing inaccuracy restricts the performance of the FSO links as the BER and outage of the FSO link increase significantly. The degree of divergence of the FSO signal, along with the optical beam’s shape, are the significant parameters in assessing the performance efficiency of the FSO links, particularly in terms of link margin. FSO typically employs two kinds of beams: the Gaussian beam and the top-hat beam [19]. The standard Gaussian beam is produced by the laser resonant cavity as a natural consequence. The majority of lasers emit Gaussian beams with point-source spatial properties and the Gaussian beam profile has been suggested for the FSO communications [29]. Single-mode lasers, for example, emit very narrow Gaussian beams, and the single-mode optical fibers connected to such lasers give output that is Gaussian as well.
The intensity of the optical signal reduces to 1/e2 of the maximum value at beam spot radius [image: image]. In addition to this, the radius of curvature [image: image], responsible for specifying the formation of the optical beam, can be used along with beam spot radius [image: image] to characterize the Gaussian beam propagating along the z-axis at the transmitter (z = 0). For describing the optical beam at a distance of z = L, the curvature parameter [image: image] and the Fresnel ratio [image: image] are commonly used and are defined as follows [30]:
[image: image]
[image: image]
Where [image: image] is the beam spot’s radius, [image: image] represents the radius of curvature and the wave number is represented by k = 2π/λ. In addition to this, one more parameter defining the spreading of the optical beam can be defined as beam divergence (θ) and it has been specified as follows:
[image: image]
Where λ represents the wavelength of the optical beam and [image: image] represents the spot size radius at the beam waist, defined as the optical beam’s minimum radius along the propagating path and it is given as follows:
[image: image]
The optical beam’s intensity at a radial distance of r from the optical axis can be defined as follows:
[image: image]
Where [image: image] represents the output intensity of transmitter at the centreline of the optical beam, R(L) is the beam spot’s radius and it is given as follows:
[image: image]
Since the peak value of the Gaussian beam’s optical intensity is twice the value of the average value of intensity and the value of total power is equivalent to the multiplication of area of the beam spot and average intensity, we can define the relationship between the total power of the optical beam [image: image] and optical wave’s intensity in case of r = 0 as follows:
[image: image]
The value of incident power (P) on the circular lens of the receiver having an aperture diameter equal to D at a link range of L is given as follows:
[image: image]
In a practical scenario, due to large values of divergence angle (θ ≥ 1) and radius of beam spot [image: image] , the value of [image: image] becomes very high as compared to 1 [image: image], and the value of divergence angle calculated by using the Eqs 3, 4 gets reduced to θ = [image: image] .Similarly, since [image: image], Eq. 6 can be simplified as [image: image]. Assuming that the diameter of the receiver lens (D) is very small as compared to the radius of the beam (D « R (L)), the intensity of the optical beam at the receiver’s lens can be considered to be distributed uniformly, and hence, the value of power at the receiver can be calculated as follows [31]:
[image: image]
The propagation loss can be calculated by substituting Eq. 7 into Eq. 9 as follows:
[image: image]
SYSTEM DESIGN
We have designed the commercial applications-based FSO communication system, considering the practical scenario of FSO transmission. The data is transmitted from the FSO transmitter towards the receiver using a high-frequency laser beam through the atmospheric medium. The modulation of the data signal is achieved with an optical signal, acting as a high-frequency carrier, generated by the laser source before transmission to the receiver of the FSO system. Direct modulation or external modulation techniques are two of the most extensively used modulation techniques. The direct modulation approach takes place within the resonator of the laser, and the modulation of the signal is based on the various changes caused due to various additive input components as they affect the optical signal’s intensity levels [23]. On the contrary, the external modulation process happens outside of the resonator of the laser source, and it is highly dependent on the polarization as well as refractive dualism phenomena. A driver circuit will be used in conjunction with the modulators to control the current flowing through the optical source. Laser diodes are generally more preferable in comparison to light-emitting diodes due to their high monochromatic nature, coherence, and highly directional characteristics. Furthermore, the laser diodes generate optical signals having a fixed relationship of phase between the various points of electromagnetic wave.
As depicted in Figure 2, the designed FSO communication system comprises a transmitter, FSO medium, and a receiver. A bit sequence generator, also known as pseudo-random binary sequence generator (PRBS), is included in the optical transmitter for generating random bit sequences. Following the logical signal generated by the bit sequence generator, the input digital information signal is transformed into the electrical domain by the NRZ pulse generator. The transmitter of the FSO communication system also employs an optical source, which generates a signal in the near-infrared region and it acts as the carrier signal for FSO communication. The Mach-Zehnder modulator is responsible for modulating the electrical signal from the NRZ pulse generator with a high-frequency optical carrier signal generated by the laser source. The transmission of the FSO signal towards the receiver takes place through the free space channel. The designed FSO system is transmitting at an operational wavelength of 1552.5 nm having a transmission power equal to 10 dBm. The FSO signal received at the receiver section is focused on a photodetector, which is further responsible for converting the optical domain to the electrical domain. Avalanche photodiode is the photodetector used in the designed FSO system for detecting the incoming FSO beam. For removing the high-frequency noise components of the FSO signal, a low pass filter has been incorporated in the receiver, and on the other hand, a BER analyzer is used to visualize the received information signal.
[image: Figure 2]FIGURE 2 | Proposed system design of commercial applications-based FSO communication system.
RESULTS AND DISCUSSIONS
The designed system has been configured according to the link parameters of a typically practical and commercial FSO system, specified in Table 1 [17, 20, 32–34]. In addition to this, the link parameters of the designed system have been benchmarked with peer literature for ensuring the proximity to realistic FSO link conditions. The transmission rate of the designed FSO system has been configured as 10 Gbps. In addition to this, the FSO signal’s wavelength of operation has been set to 1552.5 nm for the designed FSO system. The aperture diameter of the transmitter has been set to 5 cm, while the aperture diameter of the receiver is 20 cm.
TABLE 1 | Link Parameters of the proposed FSO system [17, 20, 32–34].
[image: Table 1]Figure 3 illustrates the optical spectrum of FSO signals at the different stages of signal transmission. The transmission power of the FSO system has been set to 10 dBm and the optical spectrum of the FSO beam after the modulation stage and before the transmission over the FSO channel has been depicted in Figure 3A. The spectrum’s peak signifies that the optical power level of the FSO beam is around 5.75 dBm. After transmission over the FSO signal, the optical spectrum has demonstrated a reduction in signal power. In the case of beam divergence equal to 2 mrad, the optical spectrum has a peak signal power of −24.6 dBm as illustrated in Figure 3B. Furthermore, with an increase in beam divergence from 2 to 4 mrad and 6 mrad, the optical spectrum illustrates a further reduction in signal power as illustrated in Figures 3C,D, respectively.
[image: Figure 3]FIGURE 3 | Optical Spectrum of designed FSO system: (A) at the transmitter (B) at the receiver (beam divergence of 2 mrad) (C) at the receiver (beam divergence of 4 mrad) (D) at the receiver (beam divergence of 6 mrad).
To further elaborate the FSO signal’s power levels for different beam divergence scenarios, the variation in the received signal power for different link ranges of the designed FSO system has been represented in Figure 4. The received power has witnessed a significant decline as the link distance is incremented from 0.5 to 5 km. On the other hand, the received power is comparatively higher for the FSO system operating with beam divergence equal to 2 mrad as compared to the FSO system operating with a beam divergence of 4 and 6 mrad. For FSO link transmitting at an operating range of 4 km, the received power of the FSO system has been recorded as −26.2, −32.2, and −35.6 dBm corresponding to beam divergence of 2 mrad, 4 mrad, and 6 mrad, respectively. By increasing the divergence of the FSO beam, the receiver of the FSO system is not able to collect enough FSO signal, and consequently, the value of received power decreases. Hence, the beam divergence profile for the FSO link should be controlled so that the reliable detection of the FSO signal is possible at the receiver end.
[image: Figure 4]FIGURE 4 | Received Power vs. Link Range for different beam divergence scenarios.
The signal-to-noise ratio (SNR) has also witnessed significant variation as the beam divergence of the FSO system is varied, as depicted in Figure 5. SNR is also a significant figure of merit for the FSO system as it defines the levels of the signal power and noise power in the received signal. For the lower beam divergence, the SNR values of the FSO system are satisfactory and the deterioration in the SNR values of the FSO system is observed as the beam divergence increases. The SNR values of the designed FSO system, at an operating range of 4 km, are 16.78, 12.5, and 7.3 dB corresponding to beam divergence values of 2 mrad, 4 mrad, and 6 mrad respectively.
[image: Figure 5]FIGURE 5 | SNR vs. Link Range for different beam divergence scenarios.
Figure 6 has illustrated the variation of the quality factor of the FSO system for various scenarios of beam divergence as the operating transmission range of the FSO system is increased from 0.5 to 5 km. The quality factor is a comprehensive performance metric for measuring the quality of the optical signal and provides the qualitative description of the FSO receiver’s performance, after being deteriorated with adverse channel effects. As depicted in Figure 6, the quality factor of the designed system is quite high for beam divergence of 2 mrad and the values of quality factor have demonstrated deterioration as the beam divergence is increased. For the designed FSO system having a transmission range of 4 km, the quality factor of the designed FSO system for beam divergence of 2 mrad, 4 mrad, and 6 mrad is 28, 13.3, and 6.45, respectively. Table 2 depicts the performance analysis of the designed FSO system for various beam divergence profiles and it has been noticed that the performance of the FSO system for lower beam divergence scenario has an edge over the performance of the system during the high beam divergence scenario.
[image: Figure 6]FIGURE 6 | Quality Factor vs. Link Range for different beam divergence scenarios.
TABLE 2 | Analysis of performance characteristics of designed FSO system for different beam divergence scenarios.
[image: Table 2]Figure 7 illustrates the bit error rate (BER) performance of the designed FSO system for different beam divergence profiles. It has been noticed that the BER performance of the FSO system degrades as the transmission distance of the link is increased. In addition to this, the BER performance gets deteriorated as the beam divergence is increased from 2 to 6 mrad. The maximum achievable link range of the designed system for a reference BER of 10–9 is 8 km. On the contrary, the maximum deliverable link range of the FSO system reduces as the beam divergence increases. Consequently, the maximum achievable link distance of FSO, for a reference BER of 10–9, is 6.6 and 4.5 km for beam divergence of 4 and 6 mrad, respectively. Hence, the maximum possible link range of the FSO system can be controlled by the variation in the FSO beam divergence. For longer operating ranges of the FSO link, the higher beam divergence of the FSO signal imposes a performance constraint on the FSO system. As the operating range of the FSO system is a very crucial factor, utmost care should be taken for controlling beam divergence of the optical beam while configuring the FSO system for a particular link range. Table 3 represents the maximum attainable link distance of the FSO system for different beam divergence profiles.
[image: Figure 7]FIGURE 7 | Bit Error Rate vs. Link Range for different beam divergence scenarios.
TABLE 3 | Maximum achievable link ranges of designed FSO system for different beam divergence scenarios.
[image: Table 3]The eye diagrams of the designed FSO system transmitting at a range of 3 km have been depicted in Figure 8 for beam divergence of 2 mrad, 4 and 6 mrad. An eye diagram is a measure of intersymbol interference between the bits of the signal. The shape of the eye diagram is purely rectangular in case of ideal transmission and has a maximum opening. On the other hand, its shape gets distorted due to channel impairments and leads to erroneous interpretation of information signals. As depicted in Figure 8A, the eye diagram has a maximum opening indicating less deterioration of data signal due to the small beam divergence of 2 mrad. But as the beam divergence is increased to 4 and 6 mrad, the eye diagrams in Figures 8B,C have demonstrated the degradation of the information signal and the eye height has also been reduced due to higher divergence of the optical beam.
[image: Figure 8]FIGURE 8 | Eye diagrams of designed FSO system at a link range of 3 km for beam divergence of (A) 2 mrad (B) 4 mrad (C) 6 mrad.
Table 4 illustrates the comparison of the proposed system design with previous works. The proposed system, which is based on practical and commercial link parameters, has delivered promising results for different beam divergence profiles. The FSO link investigated here operates at a nominal power level of 10 dBm, ensuring the safety of humans working around in the vicinity of the installed link. Moreover, considering market available hardware used in FSO link installation necessitates a reasonable balance between transmission power and available bandwidth as both of these parameters share inverse relation with each other. Therefore, high transmission power may although help in mitigating attenuation and divergence losses, but it also limits the overall transmission capacity of the link. In such a situation the 10 Gbps data rate of the proposed link is not only practically viable but also sufficient enough to suit the needs of last-mile connectivity. Furthermore, the beam divergence of the proposed design is of the order of 6 mrad which is very closely related to divergence conditions which a commercial FSO link reported in [20, 32]. Our investigations have also revealed that in comparison to peer literature considered here, the proposed link is capable of delivering a very descent link range, sufficient enough for last-mile connectivity.
TABLE 4 | Comparison of proposed system design with previous work.
[image: Table 4]CONCLUSION
We have designed an FSO communication system for a typically practical, commercial, and real-life-based application scenario. Furthermore, the performance characteristics of the FSO system have been examined for different profiles of beam divergence, typically used in commercial FSO systems. The transmission power of FSO link has been set to 10 dBm with an operating wavelength of 1552.5 nm. It has been noticed that the performance characteristics of the designed system degrade as the beam divergence increases from 2 to 6 mrad. At the transmission range of 4 km, the received power has fallen from −26.2 dBm (in case of beam divergence of 2 mrad) to −35.6 dBm (in case of beam divergence value of 6 mrad) as the beam divergence is increased from 2 to 6 mrad. In addition to this, it has been observed that the maximum achievable link distance also gets affected by the change in beam divergence. Since there is always a compromise between the maximum achievable link range and beam divergence of the FSO system, the maximum possible link distances of the designed FSO system have been calculated in this study by considering this performance constraint for different beam divergence profiles. The maximum achievable link distances, for a reference bit error rate of 10–9, get reduced from 8 to 4.5 km as the beam divergence is increased from 2 to 6 mrad, respectively. Although the FSO systems operating with small beam divergence have performed well, the performance of systems can degrade severely due to the slightest alignment issues between the transmitter and the receiver in the case of very small beam divergence. Consequently, the FSO systems should be equipped with automatic tracking and pointing mechanism to avoid link failures in such scenarios. Hence, the beam divergence of the FSO systems is a very crucial factor for FSO links and it should be controlled accordingly so that the information signal can be transmitted reliably over the atmospheric channel. The findings of this research study can be used as recommendations during the installation of practical FSO links to predict the performance of the FSO system and estimate the maximum possible range of FSO links for various beam divergence profiles.
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6.6

Remarks

i. Since the transmission power and bandwidth are inversely proportional, hence,
practicaly itis very challenging to operate FSO lasers at high data rates [37)
il. Moreover, high transmission power levels are not safe for human eyes and
skin [38)

ii. The laser power used in our design is human-safe and relevant for practical
deployment

i. FSO transmission involves optical-to-electrical and electrical-to-optical signal
conversion at various stages of transmission

il. Although high data rates can be realized on simulation design, it poses a
practical challenge to realize high data rates practically due to involved hardware
complexity for carrying out optical and electronics conversions [29]

ii. Furthermore, a data rate of 10 Gbps is a very decent transmission rate,
delivered to the end-users [39]

iv. Additionally, the maximum achievable data rate offered by most of the vendors
and manufacturers is also of the order of 10 Gbps [40]

v. In line with the data rates offered by vendors and manufacturers of FSO
systems, the data rate delivered by the proposed system design is practically
achievable

i. Diverse beam divergence angles have been considered in this work to
investigate the performance of the proposed system design

il. Additionally, the beam divergence angles of the proposed system design
correspond to realistic and commercial FSO transmission scenarios [41]

i. The proposed system design has deiivered an FSO link range of 6.6 km at
reference BER of 10 and beam divergence of 4 mrad, which is better as
compared to the peer literature

ii. Moreover, the maximum achievable range of the proposed fink can be
incremented by approximately 20% under ideal conditions as per the findings of
our work
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