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In order to address the growing demands for both enhanced security levels and increased transmission capacity, this research proposes a novel approach for free space optical (FSO) transmission. The proposed design incorporates an identity column shift matrix (ICSM) code to ensure robust security. Additionally, capacity enhancement is achieved through the utilization of a 4-level quadrature amplitude modulation (4-QAM) scheme in conjunction with an orthogonal frequency division multiplexing (OFDM) modulator. The performance of the system is evaluated across three channels, each transmitting data at a rate of 20 Gb/s, while operating in an FSO channel that is subjected to varying atmospheric attenuation effects and atmospheric turbulence. Real meteorological data from three different cities [Alexandria, Egypt; Jeddah, Kingdom of Saudi Arabia (KSA); and Hyderabad, India], situated across two continents, are incorporated to demonstrate the practicality of implementing the proposed model in real-world environments. The experimental results reveal that an increase in atmospheric turbulence leads to a higher bit error rate (BER) and lower received optical power (ROP), resulting in degraded data reception. Furthermore, the study examines the impact of weather conditions, indicating that the longest and shortest propagation ranges of 12.5 and 0.286 km, respectively, are achieved under clear weather and heavy dust storms. These conditions yield an ROP of −9.5 dBm and a log (BER) of approximately −2.5. Conversely, in the presence of strong turbulence, the performance further deteriorates. The proposed model demonstrates its ability to transmit a message signal over a distance of 0.8375 km, with a log (BER) of −2.6 under weak atmospheric turbulence. However, under strong atmospheric turbulence at the same distance, the log (BER) increases to −0.5. Regarding specific cities, the FSO range for transmitting information signals is found to be 9.58 km in Jeddah, which decreases to 6.58 km in Alexandria and 5.17 km in Hyderabad due to the increased atmospheric attenuation in these cities.
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1 INTRODUCTION
The amount of mobile data traffic is increasing at an exponential rate annually, in conjunction with the rising number of mobile users across the globe. It is expected that by the end of the year 2025, there will be more than two billion individuals worldwide utilizing 5G technology. Due to this outcome, the current cellular networks will be incapable of fulfilling the traffic requirements [1].
The upcoming mobile networks will also address the evolving patterns of data traffic applications that demand high bandwidth. These applications will be a crucial aspect of the commercial drive for updated mobile solutions and enhanced networks. Moreover, essential benchmarks indicate that mobile systems beyond 5G must have the capability to accommodate a density of 10 million connections per square kilometer, handle 500 exabytes of traffic per month, and provide data rates of 1 Gb/s for a few devices and 100 Mb/s for tens of thousands of users concentrated in high-traffic locations [2].
Out of the various options for implementing mobile network front-haul technologies [3–6], free-space optic (FSO) communications have emerged as a popular choice, largely attributed to advancements in laser-based transmission methods [7]. FSO belongs to the category of optical wireless communication (OWC), wherein the information signal is conveyed through the atmosphere (channel) from the transmitting end to the receiving end, which is linked by a direct line-of-sight (LOS) link [8, 9]. It has been suggested as a solution for various new applications, like high-altitude platforms [10] and optical communications for satellites [11, 12]. Moreover, FSO can be used as an alternative to optical fibers as optical fibers have limited deployment flexibility, especially in densely populated urban areas, hilly areas, and associated high costs [13]. Figure 1 shows different areas where FSO can be implemented and various FSO applications for 5G.
[image: Figure 1]FIGURE 1 | FSO (A) areas and (B) applications in 5G.
The considerable attention given to FSO is primarily due to its immunity to radio interference, confidential connectivity, license-free usage, availability of optical broadband, ease of implementation, and high transmission speeds [14, 15]. These factors make FSO communication useful as a backup for radio frequency (RF) connections and in terrestrial transmission. Despite these advantages, FSO transmission is significantly affected by atmospheric attenuation and atmospheric turbulence. Atmospheric attenuation refers to the decrease in strength of electromagnetic signals as they propagate through the atmosphere. This phenomenon can be caused by different atmospheric particles, including dust storms, snowfall, and fog. Such particles scatter and absorb the signals, which can result in signal loss and degradation [16–18]. As for atmospheric turbulence, it is characterized by random fluctuations in air density and temperature that cause changes in the refractive index of the air, which further leads to the distortion of information signals while they travel through the atmosphere [19].
Consequently, it is important to propose an FSO model that can perform well within these effects. On the other hand, security has been of significant concern for numerous applications in communication systems. To enhance security levels, FSO enables the incorporation of spread spectrum coding techniques like OCDMA [20, 21]. OCDMA is a prospective method for transmitting data signals from multiple users asynchronously across a network with resilience [23–25]. To enhance user privacy and security, data from each individual user are assigned with a unique code, and all information from different users is multiplexed and transmitted at the same time [26].
There are codes that can be used like random diagonal (RD) [24], enhanced double weight (EDW) [25], diagonal permutation shift (DPS) [27], and dynamic cyclic shift (DCS) [28]. Although these codes can provide encryption, the existence of phase-induced intensity noise (PIIN) due to multiple access interference (MAI), which requires suitable detection techniques to illuminate it, makes using those codes complicated [25].
So, in this study, an identity column shift matrix (ICSM) code is used in OCDMA. This code has zero cross-correlation, resulting in no existence of the PIIN [29]. So, using FSO with OCDMA that uses ICSM codes will provide secure high-data transmission. To further increase the capacity of FSO communication systems, various multiplexing techniques are employed in FSO systems. These techniques include orthogonal frequency division multiplexing (OFDM) [30], polarization division multiplexing (PDM) [31], and orbital angular momentum (OAM) [32].
OFDM is a digital technology for data transmission and multi-carrier modulation that operates in wireless communications and multipath networks [33, 34]. It employs inverse fast Fourier transform (IFFT), which requires parallel data streams to be transmitted over sub-carriers that are orthogonal and have the same frequency range. OFDM provides significant advantages such as large capacity, immunity to intersymbol interference (ISI), high spectral efficiency, and inexpensive implementation [35].
1.1 Related work
Many studies have been carried out on using OCDMA codes only, OFDM only, and both OCDMA with OFDM in FSO links. In [36], a double weight zero cross-correlation (DWZCC) code was used with the OCDMA system in the FSO link. The atmospheric turbulence impacts are considered, and 25 Gb/s was obtained. Although the DWZCC code has zero cross-correlation, its long length makes its implementation difficult. In [25], the channels used were assigned with the EDW code, and the performance of the OCDMA/FSO system was investigated under clear weather, light mist, light fog, and very light fog. The capacity was not high (3 × 622 Mb/s) as broadband LED was used. As this code has unity cross-correlation, so the detection technique, which is single photodiode detection, was used to illuminate the MAI. [35] utilized OFDM in an FSO system and evaluated its performance under the influence of clear sky and fog conditions. Their proposed system achieved an overall capacity of 40 Gb/s. The researchers also utilized the actual meteorological data to examine the efficiency of their FSO system. The performance of the FSO system proposed by [37] was evaluated under the influence of rainy weather, using meteorological data from 2003 to 2013 for Dakar, the capital of Senegal. The proposed system achieved FSO ranges ranging from 1 to 3.2 km. The FSO system proposed in [30] used OFDM with OCDMA (with EDW codes) and considered clear weather, fog, and rain conditions to evaluate its performance. The system achieved a transmission capacity of 45 Gb/s.
1.2 Contribution of this paper
The main contribution can be summarized as follows:
• Proposing a high-speed FSO link for terrestrial communications that can be implemented in diverse areas having different geographical locations.
• Providing a secure FSO transmission by using the ICSM code.
• Evaluating the system performance under atmospheric attenuation and atmospheric turbulence effects.
• Confirming its suitability in different cities based on the real meteorological data.
In this study, a highly secure FSO link is proposed. For security, the ICSM codes in OCDMA systems are used and assigned to the channels using the proposed model. For capacity enhancement, OFDM is used. Severe weather conditions like fog, snow, and dust storms with their atmospheric attenuation are considered in evaluating the system’s performance. Additionally, the effects of atmospheric turbulence are also taken into account while studying the performance of the proposed system. Moreover, to be able to implement the proposed model in a real environment, the real meteorological data on Alexandria, Egypt; Jeddah, KSA; and Hyderabad, India, are used with the same practical values that are used in real FSO experiments. BER, constellation diagrams, and ROP are the evaluation parameters that are used for examining the system’s performance.
The organization of the remainder of the paper is as follows. Section 2 illustrates the ICSM code construction. The FSO channel model, including atmospheric attenuation and atmospheric turbulence impacts, is described in Section 3. The layout of the proposed FSO-based OFDM/OCDM using ICSM codes is described with analytical analysis in Section 4, followed by results and discussion in Section 5. Finally, some concluding remarks and suggestions are given in Section 6.
2 ICSM CODE CONSTRUCTION
The ICSM is characterized by having a number of channels, [image: image], code weight, [image: image], code length, [image: image], and zero cross-correlation, [image: image] = 0. Its code construction is based on the four following steps [29]:
First step: an identity matrix, K, with order m is defined. Here, an identity matrix of order 3 is used as follows:
[image: image]
where [image: image], [image: image], and [image: image] represent the first, second, and third rows in the matrix [image: image], respectively.
Second step: left shift is performed to each row in the matrix K, with a number of times equal to (m-1) as [29]
[image: image]
where [image: image], [image: image], and [image: image] represent the first, second, and third rows in matrix [image: image], respectively, and [image: image], [image: image], and [image: image], represent the first, second, and third rows in matrix [image: image], respectively.
Third step: the matrices [image: image], [image: image], and [image: image] are put in the form of a row vector having size 1 × [image: image] as [29]
[image: image]
Fourth step: finally, an ICSM matrix, [image: image], with size [image: image] × [image: image] will be constructed as follows:
[image: image]
Accordingly, the relations between [image: image], [image: image], [image: image], and [image: image] are [29]shown as follows:
[image: image]
In this paper, the three channels that are assigned with the ICSM code sequences with their corresponding wavelengths are given in Table 1.
TABLE 1 | Channels with their corresponding wavelengths.
[image: Table 1]3 FSO CHANNEL MODEL
The main factors that affect the information signal during its transmission in free-space are atmospheric attenuation and atmospheric turbulences. In this section, a brief description of these factors is given.
3.1 Atmospheric attenuation
The external climate affects the received signal. In this study, clear sky (CS), different densities of fog [low (LF), medium (MF), and heavy (HF)], various snowfall rates [wet (WS) and dry (DS)], and different levels of dust storms [light (LD), medium (MD), and heavy (HD)] are considered. In addition to the rainy weather in three different cities, Alexandria, Egypt; Jeddah, KSA; and Hyderabad, India, the CS weather condition causes low attenuation, so it has a low impact on the transmitted signal [25]. In FSO transmission, fog-induced atmospheric attenuation is a significant issue. It is composed of small water droplets that scatter light, causing it to disperse in various directions. As a result, the optical signal is weakened, leading to reduced signal quality and strength. The atmospheric attenuation caused by fog, [image: image], is expressed as [17]follows:
[image: image]
where b (km) refers to visibility and [image: image] is the operating wavelength. The parameter [image: image] is the size distribution of the scattering particle, and its value depends on the value of b according to the Kim model (1.6 for b > 50; 1.3 for 6 < b < 50; 0.16 b + 0.34 for 1 < b < 6; b − 0.5 for 0.5 < b < 1; 0 for b < 0.5) [17].
Another significant challenge in FSO communication is the snowfall-induced atmospheric attenuation [18]. It consists of ice crystals that can scatter and absorb optical signals, resulting in degradation in the received signal that carries the data. The attenuation for snow, [image: image], is expressed as [18] follows:
[image: image]
where [image: image] refers to the rate of snowfall.
Moreover, dust storms pose a major challenge in the FSO transmission system due to atmospheric attenuation. This phenomenon occurs when tiny dust particles scatter and absorb optical signals, resulting in a reduction of the signal strength and quality. Its attenuation, [image: image], is expressed as [32] follows:
[image: image]
Finally, the rainy weather for 4 years from 2014 to 2018 for Alexandria, Jeddah, and Hyderabad is considered. The attenuation for rain, [image: image], is expressed as [38] follows:
[image: image]
where [image: image] refers to rainfall intensity in mm/hr.
According to www.worldweatheronline.com, accessed on 20-1-2023, the average rainfall intensities for Alexandria and Jeddah for the years 2014–2018 are 1.14 mm/h and 0.28 mm/h, respectively. Using Eq. 9, [image: image] will be 1.14 dB/km for Alexandria and 0.456 dB/km for Jeddah. As for Hyderabad, the average rainfall intensity and attenuation are 2.35 mm/h and 1.9 dB/km, respectively [39].
3.2 Atmospheric turbulence
Another factor that affects the signal during its propagation in free space is the atmospheric turbulence. It is characterized by random fluctuations in air density and temperature. This turbulence causes the refractive index of the air, [image: image], to change to 1 × [image: image] [image: image] for weak turbulence (WT), 5 × [image: image] [image: image] for moderate turbulence (MT), and 1 × [image: image] [image: image] for strong turbulence (ST), leading to a distortion in the optical signal as it travels through the atmosphere [19]. Among several models used for modeling the FSO channel when exposed to turbulence, the gamma–gamma (GG) distribution is used as it can be used for different turbulence levels [40]. The probability density function, P, of the GG distribution is given as [19] follows:
[image: image]
[image: image]
[image: image]
[image: image]
Table 2 shows the symbols used in Eqs 10–13 [19].
TABLE 2 | Symbols and notifications.
[image: Table 2]4 PROPOSED FSO-BASED OFDM/OCDMA USING THE ICSM CODE MODEL
Figure 2 shows the setup of the proposed FSO-based OFDM/OCDMA using the ICSM model.
[image: Figure 2]FIGURE 2 | Layout of the proposed FSO-based OFDM/OCDMA using the ICSM code.
The transmitter processes 20 Gb/s of data through a 4-level quadrature amplitude modulation (4-QAM) sequence generator that uses 2 bits per symbol. The resulting sequence is then modulated with a 512-subcarrier-based OFDM modulator. For each channel, three light sources, which are continuous wave (CW) lasers, are used to generate the wavelengths that correspond to the ICSM code sequences, according to Table 1. To modulate the 20 Gb/s data on the light signals that are assigned to each channel, Mach–Zehnder modulators (MZMs) are used. Before being transmitted through the FSO channel, the multiplexer (MUX) combines the light signals from the three channels. The information signal is then transferred through the FSO channel. Its received power is expressed as [25, 31] follows:
[image: image]
where [image: image] (dBm) is the received power, [image: image] (dBm) is the transmitted power, [image: image] and [image: image] (cm) denote the diameters of the receiver and transmitter apertures, respectively, [image: image] (mrad) refers to the angle of the beam divergence, and [image: image] (dB/km) indicates atmospheric attenuation.
Furthermore, the message signal is received at the receiver, which is split into three branches. Each branch uses the direct detection (DD) technique for detecting the required channel.
After detecting the signal, the photodetector (PD) is used to convert the light signal to an electrical signal. To extract the information signal, the resulting electrical signal is demodulated using an OFDM demodulator and a 4-QAM demodulator.
The output current from the PD is given as [29, 33] follows:
[image: image]
where [image: image] is the PD responsivity, [image: image] is the complex data, n is the number of subcarriers, and [image: image] is the frequency of the [image: image] subcarrier.
As to be sure that any two subcarriers are orthogonal, the following condition must be achieved [41]:
[image: image]
The shot noise, [image: image], is expressed as [29, 41] follows:
[image: image]
where e is electron charge in C and [image: image] (Hz) refers to the electrical bandwidth.
The thermal noise, [image: image], is expressed as [42] follows:
[image: image]
where [image: image], [image: image], and [image: image], respectively, are the Boltzmann constant, the load resistance of the receiver, and the absolute temperature of the receiver, respectively.
The signal-to-noise ratio (SNR) is then expressed as [36, 42]follows:
[image: image]
Finally, the BER is given in terms of [image: image] as [36] follows:
[image: image]
where erfc is the complementary error function.
The proposed model is simulated using OptiSystem software version 19 with the parameters given in Table 3.
TABLE 3 | Parameters used in simulation [18, 19, 25, 29, 38].
[image: Table 3]5 RESULTS AND DISCUSSION
In this section, the performance of the FSO based on OFDM/OCDMA using the ICMS code is investigated in three parts. The first part shows the impact of atmospheric attenuation caused by various weather changes (CS, fog, snow, and dust). The effects of different turbulences are displayed and discussed in the second part. The third part devotes the results for the suggested system performance for the three mentioned cities located in different countries having different climates according to their geographical location.
5.1 Impact of atmospheric attenuation
Figure 3 shows the effect of different transferring distances in the free space for the information signal on the proposed system performance under CS in terms of BER. It also shows the constellation at 11 km, 14 km, 17 km, and 20 km FSO ranges. It is clear that as long as the transmission distance in free space increases, log (BER) increases. At [image: image] = 01.4 dB/km, it allows the message signal to be propagated over a long range of 12.5 km with log (BER) < −2.5 and a good constellation of the received signal. As the threshold value of BER is = 3.8 × 10−3 [43], so the information signal is received with a worse constellation diagram at the 20-km FSO link because it has a log (BER) value of −1.19.
[image: Figure 3]FIGURE 3 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code with constellation diagrams under CS vs. FSO ranges.
The effect of different transferred ranges in the free space on the ROP for the proposed system is shown in Figure 4 with constellation diagrams at FSO ranges of 11 km, 14 km, 17 km, and 20 km. It is noticed that the power of the received signal for longer FSO ranges is lower than that for shorter ranges. As shown in Figure 3, the maximum free-space transmission range is 12.5 km. So, from Figure 4, the optimum ROP that corresponds to this range is −9.19 dBm. In addition, for higher ranges, 18.5 km and 20 km, the ROP is −13.35 dBm, and −14.22 dBm, respectively.
[image: Figure 4]FIGURE 4 | ROP for FSO-based OFDM/OCDMA using the ICMS code with constellation diagrams under CS vs. FSO ranges.
When the atmospheric phenomenon known as fog occurs, it affects the visibility between the source, which is located at the transmitter side, and the destination, which is at the receiver side. Moreover, it degrades the ROP for the information signal as it causes attenuation, which varies from 9 dB/km to 22 dB/km according to its level of occurrence [17]. Figures 5, 6 depict the results of the log (BER) and ROP, respectively, for one channel of the proposed system under various fog conditions at different transmission distances. Low levels of fog can make the information signal travel a longer range with high ROP and low log (BER) while achieving a shorter FSO range when a heavier level of fog occurs. The maximum FSO span of 1.925 km is achieved when a low degree of fog occurs with log(BER) and ROP values of approximately −2.5 and −9.7 dBm, respectively. However, the transmission free-space distance achieved at nearly the same log (BER) and ROP values when there is medium fog is 1.154 km, which is shorter than that achieved under LF as MF has [image: image] greater than LF. The minimum FSO link of 0.8375 km, as expected, is obtained when there is a heavy level of fog as HF has the larger value for [image: image].
[image: Figure 5]FIGURE 5 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code under fog weather vs. FSO ranges.
[image: Figure 6]FIGURE 6 | ROP for FSO-based OFDM/OCDMA using the ICMS code under fog weather vs. FSO ranges.
Moreover, the performance of the proposed FSO-based OFDM/OCDMA using the ICSM code is investigated under the impact of different snowfalls (WS or DS). The effect of different free-space transmission ranges with respect to log (BER) and ROP of the received signal is evaluated and plotted in Figures 7, 8, respectively. As the attenuation of WS and DS is 13.73 dB/km and 96.8 dB/km [18], respectively, so the information signal will propagate under their effects in free space a distance shorter than that achieved when fog occurs. For WS, the maximum propagation range is 1.4 km with an ROP of −9.55 dBm, which is decreased to 0.286 km with the same value of ROP when the snowfall becomes dry. These values are within the acceptable log (BER) value (below −2.5).
[image: Figure 7]FIGURE 7 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code under snow weather vs. FSO ranges.
[image: Figure 8]FIGURE 8 | ROP for FSO-based OFDM/OCDMA using the ICMS code under snow weather vs. FSO ranges.
Furthermore, the severe event of a dust storm has a negative effect on the information signal-received power causing high BER. This is because the values of [image: image] according to the strength of the dust storm are larger than those of [image: image] and [image: image]. Its values vary as for LD, [image: image] = 25.11 dB/km, while for MD and HD, the values of [image: image] are 107.11 dB/km and 297.38 dB/km, respectively [32]. Figures 9, 10 demonstrate log (BER) and ROP, respectively, vs. different FSO spans. Comparing Figure 9 with Figures 5, 7, it is noticed that the shortest distances achieved by the information signal are under various dust storms. These free-space distances are 0.886 km under LD, 0.260 km under MD, and 0.102 km under HD with log (BER) below −2.6. At these ranges, the ROP is −9.7 dBm.
[image: Figure 9]FIGURE 9 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code under dust storms vs. FSO ranges.
[image: Figure 10]FIGURE 10 | ROP for FSO-based OFDM/OCDMA using the ICMS code under dust storms vs. FSO ranges.
Tables 4, 5 summarize the maximum free-space distances that are obtained under different climate changes at a log (BER) value of [image: image] −2.5 and ROP of [image: image] −9.5 dBm at 60 Gb/s overall capacity.
TABLE 4 | Maximum propagation ranges obtained at log (BER) [image: image] −2.5 and ROP [image: image] −9.5 dBm under different weather conditions.
[image: Table 4]TABLE 5 | Summary of log (BER) at the FSO link of 0.8375 km for the proposed model under the impacts of different atmospheric turbulence.
[image: Table 5]5.2 Impact of atmospheric turbulences
In this section, the impact of different atmospheric turbulence on the proposed system performance is given. Figure 11 shows log (BER) vs. different free-space transmission distances for different atmospheric turbulence effects. One can notice that in case of no turbulence and WT, the signal can travel up to 0.8375 km with log (BER) equal −2.7, while for MT and HT, as the refractive index of air increases, the performance degrades, achieving log (BER) −1.19 and −0.5 under MT and ST.
[image: Figure 11]FIGURE 11 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code under the impact of different atmospheric turbulence.
For the FSO channel in OptiSystem ver. 20, we selected the gamma–gamma model and changed the value of [image: image] according to the turbulence effect (weak, moderate, and strong). The value of [image: image] is set as 5 × 10−13, 5 × 10−15, and 5 × 10−17 [image: image] for strong, moderate, and weak turbulence, respectively.
5.3 Impact of rainy weather in the cities of Alexandria, Jeddah, and Hyderabad
Finally, to show the availability of implementing the proposed FSO-based OFDM/OCDMA using the ICSM code, the performance is studied based on real meteorological data for three different cities located in two different continents (Africa and Asia). Figure 12 shows the performance in terms of log (BER) against FSO spans for different cities. As [image: image] in Jeddah is lower than that in Alexandria and Hyderabad, so the longest free-space transmission distance of 9.58 km is obtained in Jeddah, which is decreased to 6.58 km and 5.17 km in Alexandria and Hyderabad, respectively. This is expected as Hyderabad has the lowest value of [image: image]. These ranges are obtained at log (BER) [image: image] −2.5.
[image: Figure 12]FIGURE 12 | Log (BER) for FSO-based OFDM/OCDMA using the ICMS code for the three mentioned cities.
Additionally, the ROP performance is investigated and plotted in Figure 13 for these cities. The value of ROP degrades while the FSO span increases. Comparing propagation ranges in Figure 13 with Figure 12, the ROPs corresponding to 9.58 km in Jeddah, 6.58 km in Alexandria, and 5.17 km in Hyderabad are −9.81 dB m, −9.58 dBm, and −10.01 dBm, respectively.
[image: Figure 13]FIGURE 13 | ROP for FSO-based OFDM/OCDMA using the ICMS code for the three mentioned cities.
Table 6 summarizes the maximum free-space distances with their ROP obtained for different cities at a log (BER) value of [image: image] −2.5 and 60 Gb/s overall capacity.
TABLE 6 | Maximum propagation ranges obtained for different cities at log (BER) [image: image] −2.5 and an overall capacity of 60 Gb/s.
[image: Table 6]Table 7 provides a comparison between our proposed system and previously published works, indicating the advantages of our system in terms of transmission range and data rate.
TABLE 7 | Comparison between the present study and previous studies.
[image: Table 7]6 CONCLUSION
In this study, a high-speed, secure FSO transmission system is proposed to be used in 5G and beyond networks. This model is based on using the ICSM code for security and OFDM for capacity improvement. Information data of 20 Gb/s are modulated by the OFDM modulator and transmitted on a secure ICSM code. As three channels are used, so a total capacity of 60 Gb/s is conducted. Moreover, atmospheric attenuation that results from fog, snow, and dust weather and atmospheric turbulence that occurs due to changes in air temperature are considered. Furthermore, the actual meteorological data regarding the average rainfall intensities in Alexandria, Jeddah, and Hyderabad are incorporated to validate and evaluate the performance of our proposed FSO-based OFDM/OCDMA using the ICSM code model in a practical scenario.
The effects of various conditions on the FSO system performance are evaluated by measuring log (BER), constellation diagrams, and assessing ROP. The obtained results show that as [image: image] increases, information signals are transferred short distances, log (BER) increases, and consequently, the performance becomes worse, and ROP degrades. The longest free-space span is achieved under CS of 12.5 km, while the shortest is obtained under an HD of 0.103 km with a log (BER) value of [image: image] −2.5 and ROP of [image: image]-9.5 dBm. Additionally, the presence of ST has a negative impact on the received signal compared to WT. Due to the higher value of [image: image], when ST occurs, the performance is worst under its effect. At an FSO range of 0.8375 km, log (BER) increases from −2.6 to −0.5 when atmospheric turbulence varies from WT to ST. So, the information will not be received under the effect of ST. Moreover, with the proposed model, in Alexandria, Jeddah, and Hyderabad, the maximum achieved FSO span with ROP obtained corresponding to these cities is 6.58 km and −9.58 dBm, 9.58 km and −9.81 dBm, and 5.17 km and −10.01 dBm, respectively. Consequently, our suggested model is recommended to be used in 5G beyond networks and applications.
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