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A novel free space optics (FSO) system is introduced in this article by combining orthogonal frequency division multiplexing (OFDM) with spectral amplitude coding optical code division multiple access (SAC-OCDMA) to be implemented in 5G technology and smart cities. Enhanced double-weight (EDW) codes are used as signature codes, while for the detection technique, single photodiode detection (SPD) is applied for the SAC-OCDMA system. OFDM with a four-quadrature amplitude modulation (4-QAM) scheme is assigned to the three users in the SAC-OCDMA system, each carrying 15 Gbps. Adverse weather conditions, such as clear, fog, haze, rain, and dust storm, that affect the FSO channel are considered. The performance of the proposed system is evaluated in terms of log of bit error rate and received power at different propagation distances. The simulation results show successful transmission of 3 [image: image] 15 Gbps with a propagation range of 3.45 km under clear air and 1.316, 1.045, and 0.7 km under rain conditions (light, medium, and heavy rain) with a received power of −12.6 dBm. As for haze conditions, the range and received power are 2.391 km with −13 dBm for low haze, 1.591 km with −12.7 dBm for medium haze, and 1.025 km with −12.6 dBm for heavy haze. The range is reduced and becomes 1.085, 0.784, and 0.645 km under fog conditions (light, medium, and heavy fog) with −12.6 dBm received power. Furthermore, the system achieved a range of 0.681, 0.232, and 0.102 km under dust conditions (light, medium, and heavy dust) with a received power of −16 dBm.
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1 INTRODUCTION
Orthogonal multicarrier modulation (OMCM), also known as orthogonal frequency division multiplexing (OFDM), is a data transmission technology that works well in fading and multipath networks [1]. It is also a digital multi-carrier modulation technology that can be utilized in high-data rate applications on many telecommunication protocols, including wireless communications and multimedia [2]. OFDM is based on the concept of the Inverse Fast Fourier Transform (IFFT), which requires the transmission of parallel data streams over mutually orthogonal sub-carriers with overlapping frequency bands. High spectral efficiency, inexpensive implementation, huge capacity, and resistance against both multipath and frequency selective fading and inter symbol interference (ISI) are the key advantages of OFDM technology [3].
An exponential increase in the demand for high-speed data services and an increasing number of mobile phone users make it vital to look for alternatives to the existing radio frequency (RF) infrastructure [4]. The free space optics (FSO) communication system is one of the optical communications systems that does not require any license for transmitting data but requires a line-of-sight (LOS) connection between communication endpoints. It has feasible deployment due to less power use, high security, and excessive information data rates and can be implemented in remote geographical locations [5, 6]. Due to these reasons, the FSO transmission has found its application in terrestrial transmission, inter-satellite links, and in photonic radars [7–16]. However, external weather conditions that change dynamically such as rain, haze, and fog weaken the optical signal during transmission owing to signal power absorption and scattering, decreasing the quality of the received signal [17–19].
Optical code division multiple access (OCDMA) is the most effective spread spectrum technique because of its appealing properties such as flexibility and security. Also, it can manage numerous users, offer asynchronous transmission, and simplify networks [20]. OCDMA is most commonly used in conjunction with spectral amplitude coding (SAC). Each user is assigned with unique code in SAC-OCDMA. Many codes are used in SAC-OCDMA systems, some of them have zero cross correlations which are difficult to implement such as zero cross correlation (ZCC) [21], multi diagonal [22], and random diagonal (RD) [23], whereas others have unity cross correlation such as enhanced double weight code (EDW) [24]. Unfortunately, the presence of multiple access interference (MAI) in SAC-OCDMA degrades system performance significantly, which may be alleviated by employing an appropriate detection technology (i.e., single photodiode detection technique (SPD)) [24].
The evolution of data-hungry applications like the internet of things (IoT) for smart cities that contain residential areas, agriculture farms, hospitals, different transportation means, and industrial units as displayed in Figure 1 has challenged the researchers to develop new high-speed communication systems.
[image: Figure 1]FIGURE 1 | FSO-enabled smart city network [25].
This article focuses on designing a novel FSO system that can be applied for implementing 5G networks. As there are places that are located in different areas having different geographical locations such as near deserts or seas or mountain, so their climate conditions will be different. For this reason, the effect of different climate conditions, i.e., clear, fog, haze, rain, and dust storm are also studied. The rest of the article is structured as follows. Literature review and research motivation are devoted in Section 2. The proposed system designed for evaluating the FSO link performance under various weather conditions is described in Section 3. Section 4 explains the performance analysis for the proposed FSO system. The simulation results and discussion are reported in Section 5, followed by concluding remarks in Section 6.
2 LITERATURE REVIEW AND RESEARCH MOTIVATION
This section reports the previously suggested FSO systems with their conducted results and the motivation of this research.
2.1 Literature Review
In [26], the authors proposed spectrum slicing and wavelength division multiplexing (SS-WDM) in the FSO system. The obtained results reported successful transmission of 16 channels with an overall capacity of 24.96 Gbps. In [27], the authors proposed WDM in FSO communication and evaluate the performance for desert areas only and used laser power of 40 dBm, which is harmful [28]. The results showed small data transmission rates of 0.3 Gbps to 0.7 Gbps. In [22, 24], the performance of SAC-OCDMA in FSO communication is studied but with different codes, i.e., multi diagonal, ZCC, and EDW codes. The obtained results reveal low data rates as the authors used three channels, each carrying 622 Mbps, so the overall capacity is 1.866 Gbps, which is insignificant to face the excessive increase in data traffic in this decade. In addition, the system performance is limited due to the use of broadband sources and cannot propagate longer distances with higher data rates. In [29], the performance of hybrid OFDM-MDM in the FSO link using the 4-QAM scheme is evaluated. The results showed a transmission capacity of 40 Gbps, but under dust storm conditions only. In [3], the authors proposed an OFDM system with a 4-QAM signal in the FSO communication system. The obtained results revealed successful transmission of 40 Gbps, but under two weather conditions, i.e., clear air (CA) and fog conditions.
2.2 Research Motivation
The motivation of this research is to propose a hybrid OFDM/SAC-OCDMA-FSO communication system that can be used in the implementation of 5G services and smart cities. As there are areas that have different geographical locations, so, the effect of different climate conditions will be adverse. For this purpose, we study the effect of the different weather conditions in addition to considering the different FSO link parameters that can be implemented practically with less complexity.
3 PROPOSED OFDM/SAC-OCDMA-BASED FSO COMMUNICATION USING EDW CODE
The proposed model of a high-speed FSO communication system with design parameters is elaborated in this section. Figure 2 depicts a schematic diagram of the OFDM/SAC-OCDMA-based FSO link. The proposed system consists of three main subsections:
[image: Figure 2]FIGURE 2 | Schematic diagram of the OFDM/SAC-OCDMA-based FSO link.
3.1 Transmitter
In the transmitter, there is an electrical part and an optical part. As for the electrical part, a pseudo random bit generator (PRBG) is used for generating information data, that is further directed to four level quadrature amplitude modulation (4-QAM) block. A 4-QAM generator is used to create a 15 Gbps information signal with 2 bits per symbol, which is then modulated using an OFDM modulator with 512 subcarriers, 0 prefix points, and 1024 FFT points, which is then modulated with a QM modulator. In the optical part, a continuous wave (CW) laser is used to obtain the optical signals for the EDW code encoder (as an example, 110,100 for user 1). EDW code is characterized by three main parameters: unity cross correlation, [image: image], any odd number >1, code weight, P, and code length, L. The codes assigned to the three users are taken from the basic matrix, M, 3 [image: image] 6 with p = 3. This is expressed as [30]
[image: image]
The relation between L and the number of users, C, can be expressed as [31]
[image: image]
The electrical signal is modulated onto the optical signal through an optical modulator (Mach-Zehnder modulator (MZM)). Then the data of the three users are combined and transmitted through the FSO channel.
3.2 FSO Channel
The FSO channel is impacted by various weather conditions such as clear, rain, haze, fog, and dust storm that cause atmospheric attenuation. As a result, these weather conditions degrade system performance during transmission.
3.2.1 Rain Conditions
Rain affects the data during transmission in the FSO channel and according to the level of rain that depends on the rainfall rate, is classified as low rain (LR), medium rain (MR), and heavy rain (HR). The different intensities of rain having different values for the rain attenuation, [image: image], in dB/km are given in Table 1 [32]. [image: image] can be expressed as [17]
[image: image]
where R is the rain rate in mm/hr and t and [image: image] is coefficients depending on both ambient temperature and frequency having values of 0.67 and 1.076, respectively at maximum rain intensity (100 mm/h) yielding an attenuation of ∼18.3 dB/km [33].
TABLE 1 | Rain level with attenuation [32].
[image: Table 1]3.2.2 Haze and Fog Conditions
Haze and fog affect the FSO link causing degradation in the received signal. Haze attenuation increases as the amount of dust or smoke particles increase in the air and can be divided into three levels, i.e., low haze (LH) which has low attenuation, medium haze (MH) which has moderate attenuation and heavy haze (HH) that have high attenuation.
The attenuation of fog increases as the number of microscopic water droplets suspended in the atmosphere increases and this makes fog heavier. So, different fog levels such as low fog (LF), medium fog (MF), and heavy fog (HF) have different attenuations.
Both haze and fog attenuation in dB/km, [image: image], can be expressed as [28]
[image: image]
where K (km) is the range of visibility and [image: image] (nm) is the operating wavelength. While, [image: image] denotes the size distribution of the scattering particles that can be calculated according to Kim’s model as [29]
[image: image]
Tables 2, 3 show haze levels with their attenuations and fog levels with their attenuations, respectively [34].
TABLE 2 | Haze level with attenuation [34].
[image: Table 2]TABLE 3 | Fog level with attenuation [34].
[image: Table 3]3.2.3 Dust Conditions
Dust storm also affects the FSO link performance. According to the visibility range, World Meteorological Organization (WMO) has divided dust storms into four cases: dust haze (DH), light dust (LD), medium dust (MD), and heavy dust (HD) [35]. Table 4 shows the visibility corresponding to these cases.
TABLE 4 | Dust level with visibility range [35].
[image: Table 4]The Dust attenuation,[image: image], in dB/km can be expressed as [29]
[image: image]
where [image: image] indicates the transmittance of an optical signal at 550 nm.
Table 5 shows the different dust storm levels and their attenuation [29].
TABLE 5 | Dust level with attenuation [29].
[image: Table 5]The received signal power in the FSO link is expressed as [27]
[image: image]
where [image: image] and [image: image] are transmitted and received power, respectively. [image: image] is transmitter diameter while [image: image] is the receiver diameter. N, [image: image], and [image: image], respectively, denote the FSO transmission range, the laser beam divergence angle, and the atmospheric attenuation that varies according to weather conditions.
3.3 Receiver
The receiver consists of two parts, i.e., optical and electrical. The optical part has a decoder, where detection takes place to decode the required user without MAI. Here single photodiode detection (SPD) is used. The mathematical description of MAI of SPD detection is as follows:
Suppose we consider these two code sequences code M: 001101 and code N: 010011 from the EDW code matrix given in Eq. 1, that have interference in the sixth bit and we want to receive code M without interference, so this interference will be canceled using SPD detection as
[image: image] element of code M
[image: image] element of code N.
The cross correlation between code M and code N will be: [image: image].
The subtractive decoder is used and contains only the interference bit between two codes as.
S-Decoder = (MN)M= (000010)001101 = 000001.
The cross correlation between the decoder that has the required spectral of the required user that is code M in this example and the S-Decoder will be: [image: image]Finally, the interference will be canceled as [image: image] (AB)−[image: image] (AS-Decoder) = 1—1 = 0.
After that, the optical signal passes without interference to the photodetector (PD) for optical/electrical conversion. To recover the information signal, the output electrical signal is demodulated using a QAM demodulator, followed by an OFDM demodulator, and a QAM decoder.
4 PERFORMANCE ANALYSIS
The signal from the desired user reaching PD after modulating with OFDM can be expressed as [1]
[image: image]
where [image: image]n and C are the optical bandwidth, the number of subcarriers having a range from 1 to z, i.e., the total number of subcarriers and complex data at z subcarriers, respectively. The OFDM signal is produced by using MATLAB. For achieving the orthogonality between any two subcarriers, the following condition must be satisfied [36]:
[image: image]
where [image: image] is the frequency of y subcarrier.
As the adverse climate affects the signal during transmission causing degradation, so, the signal-to-noise ratio (SNR) is reduced and the BER is increased. SNR is the ratio of mean signal power, [image: image], to different noise source's power and is expressed as [24, 37, 38]
[image: image]
where [image: image], [image: image], [image: image], [image: image], and [image: image], respectively, represent the electrical bandwidth, the responsivity of the photodiode, the Boltzmann constant, the receiver noise absolute temperature, and the receiver load resistance.
Based on Gaussian approximation, the BER can be expressed in terms of SNR as [39]
[image: image]
The recommended OFDM/SAC-OCDMA-FSO system is evaluated and simulated using Optisystem software version 18 with parameters given in Table 6.
TABLE 6 | Simulation parameters [24, 40–45].
[image: Table 6]5 SIMULATION RESULTS
Figure 3 shows the log (BER) for the proposed OFDM/SAC-OCDMA-FSO versus propagation range under CA weather. Also, the constellation diagram of the signal at different ranges is given in Figure 3. It is noted that as the link range increases, the constellation plot of the received signal becomes more distorted. The proposed system can propagate up to 3.45 km with log (BER) = −2.43, while at the 7 km range, the signal is received with a high value of log (BER).
[image: Figure 3]FIGURE 3 | log(BER) vs. range under CA for OFDM/SAC-OCDMA-FSO.
Transmitting the data in FSO is affected by rain, so, we discuss the effect of different rain intensities on the system performance in Figure 4. It has been observed that as the rain intensity increases from light to heavy, the rain attenuation increases, resulting in a decrease in the propagation range. When compared to MR and HR, LR has the longest propagation range as it has the lowest attenuation of 6.27 dB/km according to Table 1. A log (BER) [image: image] −2.6, LR can propagate up to 1.316 km, which is 0.271 km longer than MR and 0.616 km longer than HR at the same BER value.
[image: Figure 4]FIGURE 4 | log(BER) vs. range under different rain intensities for OFDM/SAC-OCDMA-FSO.
Figure 5 illustrates the variation of received power for different FSO propagation ranges. As observed, the received power is maximum at the lower range while the minimum at a higher range. Also, as attenuation increases due to the increasing level of rainfall, the received power decreases. At a received power of −14 dBm, the range that the system can achieve is 1.453 km under LR, which is decreased to 1.138 and 0.755 km, under LR and MR, respectively.
[image: Figure 5]FIGURE 5 | Received power vs. range under different rain intensities for OFDM/SAC-OCDMA-FSO.
Table 7 summarizes the maximum propagation ranges with corresponding received power for the proposed system under different rain conditions with log (BER) < −2.5.
TABLE 7 | Maximum propagation ranges and received power under different rain conditions with log (BER) < −2.5
[image: Table 7]The performance of the OFDM/SAC-OCDMA-FSO system is evaluated under various haze levels. Figure 6 depicts the relationship between log (BER) values and propagation range under various haze conditions. As observed, when the amount of dust or smoke particles increases in the air, the haze level rises from light to heavy, the propagation range becomes shorter and the BER increases. The maximum range that our proposed system can propagate with log(BER) < −2.5 is 2.391 km under LH, 1.591 km under MH, and 1.025 km under HH.
[image: Figure 6]FIGURE 6 | log(BER) vs. range under various haze levels for OFDM/SAC-OCDMA-FSO.
Figure 7 demonstrates the received power under different haze conditions and a different range for our proposed model. As the haze attenuation is less than rain attenuation, so, the received power is higher than that achieved for rain conditions. At the same received power −14 dBm, the ranges that the FSO system can propagate are 2.7, 1.6, and 1.12 km, under LH, MH, and HH, respectively, which are greater than the range achieved under rain conditions.
[image: Figure 7]FIGURE 7 | Received power vs. range under different haze levels for OFDM/SAC-OCDMA-FSO.
Table 8 summarizes the maximum propagation ranges with corresponding received power for the proposed system under different haze conditions with log(BER) < −2.5.
TABLE 8 | Maximum propagation ranges and received power under different haze conditions with log(BER) < −2.5.
[image: Table 8]Figure 8 shows log (BER) versus FSO propagation range for our model under different fog conditions. The attenuation of fog increases as the number of microscopic water droplets suspended in the atmosphere increases and this results in fog becoming heavier. Also, the attenuation causes degradation in the received signal as it increases the BER values as observed in Figure 8. The range that can be achieved at log (BER) values of −4.2 and −0.5, respectively, are 0.993 and 1.5 km under LF, 0.721, and 1.1 km under MF, and 0.6 and 0.87 km under HF, respectively.
[image: Figure 8]FIGURE 8 | log(BER) vs. range under different fog conditions for OFDM/SAC-OCDMA-FSO.
Figure 9 shows the received power versus the FSO link for our proposed system under different fog conditions. Consequently, as the HF has the highest attenuation so it achieves the shortest FSO range with optimum received power while the LF reveals the longest FSO range.
[image: Figure 9]FIGURE 9 | Received power vs. range under different fog levels for OFDM/SAC-OCDMA-FSO.
Table 9 summarizes the maximum propagation ranges with corresponding received power for the proposed system under different fog conditions with log (BER) < -2.5.
TABLE 9 | Maximum propagation ranges and received power under different fog conditions with log (BER) < −2.5.
[image: Table 9]Figures 10, 11 show the log (BER) values for different FSO link range under the effect of a dust storm and the variation of received power for different propagation ranges in presence of a dust storm, respectively. It is evident from Figure 10 that as the dust storm becomes adverse, that cause higher attenuation which is 297.38 dB/km according to Table 2, so, the FSO range is decreased. Maximum FSO link achieved under LD, MD and HD with log (BER) < -2.5 are 0.681, 0.232 and 0.102 km, respectively. Also, it is observed from Figure 11 that the lighter the dust storm, the higher the achieved FSO link range and the higher the received power.
[image: Figure 10]FIGURE 10 | log(BER) vs. range under dust storm conditions for OFDM/SAC-OCDMA-FSO.
[image: Figure 11]FIGURE 11 | Received power vs. range under dust storm conditions for OFDM/SAC-OCDMA-FSO.
Table 10 summarizes the maximum propagation ranges with corresponding received power for the proposed system under different dust storm conditions with log (BER) < −2.5.
TABLE 10 | Maximum propagation ranges and received power under different dust storm conditions with log (BER) < −2.5
[image: Table 10]Table 11 shows a comparison between past published work and our work.
TABLE 11 | Comparison between past published works and our work.
[image: Table 11]6 CONCLUSION
This work proposes a hybrid OFDM/SAC-OCDMA-based FSO communication system with EDW code. Three users are assigned to our model, each carrying 15 Gbps. The proposed FSO system performance employing 4-QAM modulation is investigated under different weather conditions, i.e., CA, rain, haze, fog, and dust storm. The obtained simulation results reveal that CA achieves the longest propagation range of 3.45 km. This range is reduced in the presence of rain, haze, fog, and dust storm. Under rain conditions, as the intensity of rain increases, the range becomes shorter and the obtained received power decreases. The maximum propagation ranges at −12.6 dBm received power under LR, MR, and HR, respectively, are 1.316, 1.045, and 0.7 km, respectively. In the case of haze conditions, the proposed model can propagate a range longer than that achieved under rain conditions but shorter than that achieved under CA. It extends up to 2.391, 1.591, and 1.025 km with received power of -13 dBm, −12.7 dBm, and −12.6 dBm for LH, MH, and HH, respectively. As fog has attenuation greater than CA, rain, and haze weather conditions, so the propagation range that the system achieved is decreased and become 1.085, 0.784, and 0.645 km for LF, MF, and HF, respectively at approximately −12.6 dBm received power. Moreover, the effect of dust storms is investigated with its different levels. As a dust storm has higher attenuation, the data transmission under a dust storm is received with lower power (−16 dBm). The proposed model has the potential to become a versatile and powerful technique. So, we recommend our work to be carried out in last mile access, outdoor wireless access networks, smart cities, and 5G technologies.
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