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Free-space optical (FSO) communication systems are being anticipated to offer promising alternatives to existing radio networks in delivering high-speed data access to end-users. Ease of installation, robust features, and cost-effective operation have been the hallmark of FSO systems, and these features will play an obvious role in deciding the ways in which futuristic smart communication models will operate. Despite these arrays of features, FSO links suffer severe performance degradation due to channel-induced impairments caused by atmospheric effects such as rain, haze, and fog. In this work, we have investigated and compared the performance of 40 Gbps FSO links for different channel conditions ranging from clear weather to severe attenuation by incorporating spatial and wavelength diversity as performance booster techniques. The use of an erbium-doped fiber amplifier (EDFA) with FSO links has also been proposed here. Using performance metrics like bit error rate (BER) and eye patterns, it has been found that the use of EDFA not only helps in compensating for the link losses but also aids in realizing an all-optical processing based last-mile access system. The proposed FSO system will be capable of bridging the existing backbone fiber networks with end-users with minimal changes to the existing hardware regime, thereby proving to be extremely cost-effective in sharp contrast to radio-frequency generations which require major infrastructure overhaul.
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INTRODUCTION
Often labeled as wireless optical fibers, optical wireless communication has huge potential to serve the ever-increasing demand for high-speed data services. Over the last few decades, the per capita demand for data has increased manifolds, and this pattern only seems to become more and more aggressive in the near future [1–3]. The recent surge in popularity of free-space optical (FSO) systems as a commercial alternative to radio-frequency (RF) systems is attributed to a wide range of advantages such as 1) massive bandwidth of the order of THz, 2) adaptability with present-day radio systems as RF/FSO systems [4, 5], 3) license-free spectrum, 4) negligible interference from the adjacent carriers, and 5) plug–play character which makes the FSO systems very convenient to install and relocate [6, 7]. FSO systems have begun witnessing commercial and large-scale deployment in cases of disaster management, LAN connectivity within campuses, vehicle-to-vehicle communication, and backhaul services for futuristic cellular networks [8, 9]. However, it is anticipated that FSO links can play a game-changer role in cost-effective connectivity for far-flung areas, especially in developing countries like India in the fields of e-governance, telemedicine, and education [10]. Figure 1 shows the typical FSO topology for providing broadband services in urban areas where the new installation of optical fiber is not possible. The underlying principle of end-user privacy in contemporary networks is based on data encryption and user authentication achieved through a complex mechanism of exchange of digital keys [11, 12]. The FSO channel link is a line-of-sight (LoS) communication model that requires straight-line alignment of transmitter and receiver for data transmission. This restricts the system from a wide-range broadcast of the information signal.
[image: Figure 1]FIGURE 1 | Architecture of FSO for broadband services.
The role of the transmission channel is, therefore, extremely critical in determining the efficiency and uptime of communication links [13]. Additionally, the selection of the type of transmitter and transmitted wavelength is an important criterion in FSO systems. An optical wireless system consists of a light source that could be LED or LASER for transmitting optically modulated information over the channel, while on the receiver side, a photodiode collects the photons to reproduce the original information. However, it is relevant to point out that the received signal experiences absorption and scattering due to the presence of atmospheric phenomena such as rain, fog, and haze which causes signal degradation, thus leading to loss of transmitted information [4, 6]. Equally devastating is signal fading induced by the inhomogeneities present in the transmitting medium [8, 11]. The presence of these inhomogeneities leads to fluctuations in refractive indices along with the propagating medium, hence leading to a situation known as atmospheric turbulence that causes beam divergence and scintillation effects [7, 14]. Various mitigation techniques like the higher order modulation schemes, diversity combining, channel-coding schemes, and spectrum slicing have been proposed in the past to improve the performance and robustness of the FSO system [15–20]. The transmitter diversity, along with channel-coding techniques, deals with the performance enhancement by reducing the erroneous data induced by the characteristics of the fading channel [17, 21–23]. The use of different modulation schemes can also alter the system performance as it has been reported that higher modulation schemes like binary phase-shift keying (BPSK) are more immune to channel adversities than the conventional on-off keying (OOK) schemes [19, 21]. The diversity in the channel brings in the concept of multiple input multiple output (MIMO), which uses multiple transmitters/receivers to improve the transmission reliability [24, 25]. The adoption of diversity schemes not only proved to be a major cost-effective factor in improving the link reliability in FSO systems but also helps improve bandwidth capacity, quality factor (Q), and reduced latency [26–28]. Additional technology measures such as coherent reception, higher modulation techniques, artificial intelligence, and machine learning have also been suggested in recent literature as catalysts to enhance link performance in FSO systems; however, on the flip side, the technological intricacy and budgetary constraints of these techniques are major deterrents toward their commercial implementation [29, 30]. As a well-evolved and matured technology, spatial diversity and wavelength diversity proved to be efficient measures in countering atmospheric adversities [28]. Diversity schemes are also known for their ability to deliver higher throughput and low bit error rates [30]. The usage of readily available hardware, which is easy to install and comes with improved end factors, cuts down the overall cost for the setup, as the available resources are being shared for multiuser scenarios [31].
The organization of this paper is as follows: Link Design Analytics contains the description of the methodology that has been employed to design the link described in System Description and the analysis of the link for various quality factors is elaborated in Results and Discussion, followed by the conclusive report of the paper in Conclusion.
LINK DESIGN ANALYTICS
Conventionally, MIMO systems have been used to increase the data transmission rates; as in FSO systems, the MIMO approach has been used to improve the probability of correct data reception by transmitting the same information through multiple lines-of-sight channels [32–36]. The systematic idea of approach toward MIMO is illustrated in Figure 2, which explains the transmission of information through different atmospheric conditions. The optical carriers used in MIMO systems are tuned at a particular wavelength, and this selection could affect the system properties. Therefore, wavelength selection is a crucial part of the FSO system design [37, 38].
[image: Figure 2]FIGURE 2 | Illustration for cooperative diversity using the MIMO technique.
Wavelength diversity refers to the use of different transmission wavelengths and these diverse subcarriers, while propagating through channels, undergo different levels of fading [39, 40]. However, if the information received over different channels is combined at the receiver, the detection probability of correct information increases [37]. The block diagram for the proposed MIMO-FSO system is illustrated in Figure 3, where the different blocks of the system are placed according to their functional positions. Since wavelength diversity and spatial diversity have a proven track as performance enhancement catalysts in the FSO system [24], in this paper, the use of wavelength diversity along with MIMO systems has been proposed to provide seamless last-mile connectivity.
[image: Figure 3]FIGURE 3 | Block diagram of an FSO MIMO system with multiple subcarriers.
It is important to underline here that FSO signals have to deal with absorption, scattering, and geometrical loss of orientation while propagating. All of these factors contribute toward atmospheric attenuation, which can be summed as follows [32, 38]:
[image: image]
The geometric losses include the attenuation due to beam divergence and the transmitter positioning with the receiver. The attenuation phenomenon can be described using Beer-Lambert law that states the relationship between transmitted wavelength and link distance, which is represented as follows [14, 41]:
[image: image]
where λ is the wavelength, L is the propagation distance, and H is the loss coefficient. Kim’s attenuation model for FSO links to relate attenuation with visibility and operational wavelength is as follows [34, 42]:
[image: image]
where V refers to meteorological visibility, λ is the operating wavelength, and q is the factor that depends on the size distribution of atmospheric particles. When it comes to attenuation that occurs due to rain, the equation based on the rate of rainfall can be given as follows [40]:
[image: image]
Here, the rate of rainfall is represented by R and the attenuation depends proportionally on this factor.
The atmospheric effects that are considered for the FSO channel corresponding to various attenuation values are presented in Table 1, which will be used as a reference for the analysis of the proposed link [19].
TABLE 1 | Various atmospheric conditions and their parametric values.
[image: Table 1]Although the inclusion of multiple sub-carrier wavelengths helps improve reception quality, it forms a wideband signal after multiplexing and consumes greater amounts of bandwidth in contrast to the transmission of data over a single carrier [40, 43]. This tradeoff between system resources and performance is an exception for next-generation optical networks as optical links by default possess huge spectral bandwidth [36, 44]. Also, the wavelength diversified MIMO-FSO system could be improved further by incorporating the erbium-doped fiber amplifier (EDFA)–based link compensation [45]. The detailed block diagram of the EDFA optical amplifier working for the input optical signal is shown in Figure 4 [46]. Usage of EDFA is helpful in avoiding the losses that incur due to change of signal from optical to electrical, and vice versa, for the purpose of amplification [47].
[image: Figure 4]FIGURE 4 | Block diagram of an EDFA optical amplifier.
The optical signal traveling through the open-air medium is collected at a certain point using the collimating lens setup, which is then filtered with a bandpass filter that restricts the outlier wavelengths and forwards the filter output through a gain optimizer setup. The setup helps amplify the signal by an input from a pump LASER emitting the wavelength that is the same as the output toned by a bandpass filter [48]. The coupled output is passed through erbium-doped fiber that helps in the amplification of optical signals without loss of intended information. At the final stage, the signal may be passed through another optical bandpass filter which gives the final amplified signal as an output [46]. Later, a set of collimating optics can be used to transmit the modulated optical signal for detection and further analysis. This practice not only helps in delivering an all-optical system that is capable of compensating for the loss of signal quality due to atmospheric adversities but also readily integrates with the existing optical backbone networks [48–50].
The novelty and scope of the proposed link analyzed and reported in the paper can be summarized as follows:
• Design of a hybrid MIMO-FSO incorporating wavelength diversity over the adverse channel
• Performance analysis of a hybrid model when extended for the use of multiple users
• Gauging performance behavior of the proposed hybrid FSO when coupled with an EDFA-based all-optical post-amplification
SYSTEM DESCRIPTION
The proposed link presented in this paper and illustrated in Figure 5 has been designed and analyzed using a specialized link design tool, OptiSystem™ 16.0, which is an industry graded experimental platform [51]. The parameters used for the link design and subsequent investigation have been stated in Table 2. As shown in Figure 5, the pseudo-random bit sequence generator (PRBS) produces a stream of bits at the rate of 10 Gbps which are then modulated using Mach Zehnder (MZ) modulator before being relayed over the FSO channel.
[image: Figure 5]FIGURE 5 | Proposed system layout of an MIMO FSO communication setup.
TABLE 2 | Link design parameters.
[image: Table 2]Meanwhile, continuous wave (CW) laser generates four subcarriers of different wavelengths, which act as optical carriers for modulation. The modulated signal is propagated over four different paths (spatial diversity), thus leading to a hybrid diversity FSO link, which includes both wavelength and spatial diversity.
The receiver side uses a power combiner to collect the information received from four independent channels. This process essentially improves the prospectus of recovering reliable information by combining and averaging out power received from different paths [50]. In our investigation, we have set the number of simultaneous users to four while the rest of the procedure related to signal modulation and transmission over diversified wavelengths remains the same. This arrangement helps in incrementing the transmission rates without any significant compromise on the quality of signal reception. The system presented in Figure 5 is capable of attaining transmission rates of up to 40 Gbps (4 × 10 Gbps). The comparative analysis of the proposed link over different sets of test conditions has been presented in Results and Discussion.
As set out in Table 2, the proposed link has been investigated for its performance behavior for the link range varying between 1,000 and 2000 m, while the channel turbulence is characterized by the gamma-gamma model. The PDF of its intensity I is given as follows [24]:
[image: image]
where Г(.) is the gamma function, K (α,β) is the Bessel function of second order and the parameter I is referred to as irradiative intensity of the transmission, while α and β characterize the presence of small and large turbulence cells in the channel and are mathematically related as follows:
[image: image]
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where the value of σ2 represents variance is associated with the respective turbulence consideration for the available distribution of channel elements.
The turbulence regime within the channel can be characterized by the parameter Cn2, also known as the refractive index structure parameter. The mathematical formulation for the static turbulence can be represented as follows [1]:
[image: image]
where Ct2 represents the mean square temperature between two points within the link, T is the absolute temperature in Kelvin, and P is pressure in Pascals. The values of Cn2 ≈ 10–15 m−2/3 symbolize a moderate turbulence regime [6]. The received signals are filtered using a Bessel filter of order four and then analyzed for quality reception using a bit error analyzer. Various design properties such as transmission bit rate, symbol rate, choice of wavelength, modulation type, and signal recovery setup act as key influencing factors that dictate the system performance.
RESULTS AND DISCUSSION
The proposed link has been investigated for a different set of parameters described previously in Tables 1 and 2. The spectrum of the signal captured at the transmitter and then at the receiver is shown in Figures 6A,B respectively. The captured spectrum also characterizes a hybrid FSO link wherein the data is transmitted over four different optical sub-carriers with wavelengths in the range of 1,550–1,553 nm. In this particular case, the receiver is 2000 m away from the transmitter while the link attenuation is 12 dB/km. Analysis of Figures 6A,B illustrates a comparative decrease in power levels of all four carriers after propagating through the FSO channel.
[image: Figure 6]FIGURE 6 | The spectrum of signal (A) transmitter section and (B) receiver section.
In contrast to the transmission power, the received signal shows degraded power levels that are attributed to channel losses like scattering and absorption. It is imperative to mention here that the transmission power levels cannot be increased beyond a certain threshold value due to the limitation imposed by underlying opto-electronics. Hence transmission power cannot be used as a mitigation tool to overcome link losses. Moreover, keeping in view the eye and skin safety standards set by different governing agencies, the transmission powers must be within the prescribed human eye safe limits.
Figure 7 indicates the pattern of signal to noise ratio (SNR) observed for the proposed system for variable transmission power while the link length is 1,000 m. It can be seen here that with the increase in transmission power, the performance of the link, i.e., achievable SNR, improves. Previously, transmission power solely cannot be used as a mitigation factor due to eye safety regulation. Hence, for the same reason, we have proposed wavelength and spatial diversity to complement our strategy in delivering cost-viable and high-speed FSO links that can address the needs of last-mile connectivity. From Figure 7, we also observe that for transmission power of 15 dB m, the SNR recorded at the receiver reaches 43 dB (approximately) under ideal channel conditions, while under adverse weather conditions, the recorded SNR nose dives to approximately 4 dB.
[image: Figure 7]FIGURE 7 | Graph of SNR v/s transmitted power for different atmospheric conditions.
Figure 8 highlights the relation between received signal power and link distance for different meteorological conditions. It can be clearly seen here that as on expected lines, the received power degrades as link distance increases. For the link range of 1,000 m, the received power reduces from −21 dB m to −78 dB m (approx.) as link attenuation increases from 0.468 dB/km to 25 dB/km, respectively.
[image: Figure 8]FIGURE 8 | Relation between received signal power and link distance.
The relationship between link distance and bit error rate (BER) under different atmospheric conditions is presented in Figure 9, where we observe that under clear atmospheric conditions, i.e., when link attenuation is 0.468 dB/km, the BER of the proposed system is recorded to be around 2.62 × 10–28, while the link range is 1,000 m. However, as the link conditions worsen (25 dB/km), the BER increases to 4.3 × 10–5 for the same link conditions. The BER degradation is further confirmed by the eye diagrams for different link conditions shown in Figure 9. The eye-opening patterns determine the quality of the received signal. The improved eye-opening (eye height) then corresponds to a successful reception of the transmitted information. The distortions in the eye diagrams indicate loss of coherence which may lead to possibly erroneous detection.
[image: Figure 9]FIGURE 9 | Relationship between received BER and link distance for various atmospheric conditions.
The BER performance analysis of the proposed system using EDFA-based post-amplification is presented in Figure 10. As seen from Figure 10, a consistently low BER pattern is observed for clear weather conditions for the entire link range of up to 2000 m. This is followed by a near similar performance under moderately adverse channel conditions. However, significant BER performance variation is witnessed when severe channel conditions prevail. For extremely adverse channel conditions (25 dB/km) and forward error correction (FEC)-BER limit of 10–9 as a performance benchmark, it can be seen from Figure 9 that an EDFA-compensated FSO link delivers a link range of approximately 1,520 m. This link range is approximated 600 m more than the uncompensated FSO link shown in Figure 9, which is found to be restricted to a link range of 926 m under similar link conditions. The relation between the signal to noise ratio (SNR dB) and link range is presented in Figure 11 and Figure 12 for various weather conditions. At reference link range of 1,000 m, the uncompensated FSO link shown in Figure 11 is found to deliver SNR (dB) of 54.87 dB, 28.77, and 5.48 dB for clear, moderate, and severe channel conditions, respectively. The performance enhancement in SNR (dB) using the post-amplification using EDFA can be ascertained from Figure 12, wherein SNR value of 40.7 dB can be achieved at the link range of 1,000 m under extremely adverse channel conditions (25 dB/km).
[image: Figure 10]FIGURE 10 | Relationship between received BER and link distance at various atmospheric conditions with EDFA.
[image: Figure 11]FIGURE 11 | Relationship between SNR and link distance for different meteorological conditions without link compensation.
[image: Figure 12]FIGURE 12 | Relationship between SNR and link distance for different meteorological conditions while using EDFA.
Thus, a significant improvement in the received SNR compared to the uncompensated FSO link is witnessed here. Moreover, from Figure 12, it can be observed further that for a link distance of 2000 m, the EDFA-compensated link delivers decent SNR while the uncompensated link is rendered useless under similar channel conditions. The detailed comparison of link performances illustrated in Figure 10Figure 11 has been complied in Table 3. It can be seen from Table 3 that BER of EDFA-compensated FSO links degrades merely by a factor of 10–3 from 10–29 under clear weather conditions to 10–26 for severe conditions. The uncompensated link, however, witnesses massive deviations as BER are found to vary between 10–28 and 10–5. Similar improvements in Q-factor and receiver SNR (dB) can also be observed for compensated FSO links in contrast to non-compensated links over varied atmospheric conditions. The admissible values of FEC (Forward Error Correction) for BER is ∼10–3, and for SNR, it is ∼20 dBm, for which the communication system proves to be working fine. FEC refers to the performance threshold which must be achieved by the system in order to provide end-to-end connectivity for voice and data related services [52, 53]. As mentioned in Table 3, the BER and SNR rates of the proposed link are pretty much beyond the FEC threshold limits.
TABLE 3 | Output values of different parameters at 1,000 m link distance.
[image: Table 3]CONCLUSION
In this paper, we have presented a holistic analysis of the proposed hybrid FSO link that uses the principle of spatial and wavelength diversity to overcome atmosphere-induced limitations. It has been observed that the link performance degrades as the attenuation levels increase, thus rendering the link useless. However, the inclusion of EDFA-based all-optical compensation plays a critical role in propelling the performance under adverse channel conditions. For attenuation levels as high as 25 dB/km and with the use of EDFA, the proposed link witnesses link range improvement of approximately 600 m over uncompensated FSO links considering the FEC-BER limit as a benchmark. Also, the proposed link incorporates multiple users, thus delivering an effective transmission rate of 40 Gbps. At this data rate, the proposed link is a promising answer to deliver cost-effective, high-speed data access to end-users. The possible future scope of the work could be its inclusion in future mobile generations of 5G and 6G as it is capable of delivering applications like virtual calling and holographic streaming. With aspects of decreased latency and increased reliability, the proposed system could be part of future driverless vehicles in which the response time should be minimal. Open access internet provision at public places with increased range and connectivity could be another possible future implementation of the proposed work.
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