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Abstract: This paper introduces a novel free space optics (FSO) communication system for future-
generation high-speed networks. The proposed system integrates orbital angular momentum (OAM)
modes with an optical code division multiple access (OCDMA) technique. Two OAM beams are
used (LG0,0 and LG0,10), each of which is used for transmitting three independent channels. Each
channel is assigned by fixed right shift (FRS) codes and carries 10 Gbps of information data. The
performance of the proposed model is evaluated under different foggy and dust storm conditions.
Furthermore, the performance of two cities with different geographical locations, Alexandria city in
Egypt and Srinagar city in India, is investigated to demonstrate its ability to be implemented in future
generations. Bit error rate (BER), eye diagrams, received optical power (ROP), and channel capacity
are used for studying the performance of the proposed system. The observed simulation results
show successful transmission of 60 Gbps overall capacity with the longest propagation FSO range for
Alexandria city, which is 1400 m. Because dust storms have a large attenuation when compared to
different foggy conditions, the proposed model had the shortest propagation range of 315 m under
low dust (LD), 105 m under moderate dust (MD), and 40 m under heavy dust (HD). Furthermore,
the cloudy weather conditions that affect Srinagar city, which is considered a hilly area, make our
suggested model achieve 1000 m.

Keywords: space division multiplexing; orbital angular momentum; free space optics; optical code
division multiple access; fixed right shift; bit error rate

1. Introduction

The rapid evolution of today’s telecommunications networks is driven by users’ need
to stay connected anytime, anywhere. From the intelligent telephone network to today’s
high-speed wide area networks, the rapid evolution of communication networks has
been accompanied by the people’s social needs, from the growing demand for users to
new applications.

Even with the arrival of the fifth-generation networks (5G), an excessive increase in the
number of subscribers using smartphones and social networking applications makes the
demand for high-speed data rates rise exponentially, which leads to a telecommunication
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bottleneck. As a result, the need to investigate new alternatives to the existing radio
frequency (RF) infrastructure has become urgent.

Communication research has already shifted from 5G to the beyond-5G (or sixth-
generation, 6G) networks, labeled the B5G/6G era. The RF regime cannot afford the
evolution of data-hungry applications requiring high-speed data transmission and re-
ceiving [1–3]. Instead, the optical domain, with frequencies a thousand times higher, is
an envisaged solution to improve the network’s throughput. Therefore, the upcoming
networks are expected to use higher-frequency bands than are currently in use.

Free space optics (FSO) is a communication system that uses free space as a channel
for sending signals carrying information [4]. It is technologically very close to optical
fiber communication (OFC) in terms of optical modulated signal transmission. It supports
high data transmission, unlicensed spectrum, as it uses light, and a high level of secure
transmission [5,6]. Additionally, it has the good advantage that it can be implemented in
places where the geographical locations make the installation of optical fiber difficult [7].

Figure 1 depicts the various areas where FSO can be implemented, such as hospitals,
submarines, business buildings, and agriculture farms.
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As clear from Figure 1, a high-speed FSO link can help patients living in remote areas
to be supervised by doctors in central hospitals. In addition, people who live in the regions
that contain mountains can use the FSO link to transmit and receive their information, as
in these areas, the installation of cables will be complicated. Additionally, in agricultural
fields, people who live in smart households can monitor their work on their farms using
the FSO link.

Although FSO communication has several advantages, other external challenges such
as weather conditions affect its performance. For example, the different weather conditions
cause attenuation to the information signal, leading to a higher bit error rate value (BER) [8].
According to climate condition, the value of attenuation differs, as for clear weather, its
value is less than 1 dB/km, while for heavy dust (HD) storms, its value becomes hundreds
of dB/km [9].

Nowadays, researchers use different multiplexing techniques in FSO communication
in order to increase the capacity and allow multiple users to transmit their data over the FSO
channel. Some of these techniques are wavelength division multiplexing [10,11], orthogonal
frequency division multiplexing [12,13], and polarization division multiplexing [14].

Recently, optical code division multiple access (OCDMA) has gained attention in FSO
communication. It is based on the presence of light, as a binary “1” indicates the presence
of light and wavelength, whereas a binary “0” indicates the absence of light. Multiple users
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in OCDMA can use the same channel at the same time while transmitting data with a high
level of security [6,7].

In [12], the authors proposed an FSO system by integrating OFDM with mode division
multiplexing (MDM) using a 4-QAM scheme. The results showed a successful transmission
capacity of 40 Gbps under the effect of different dust storms. The performance of hybrid
PDM with SAC-OCDMA was also evaluated in [14], and the obtained results showed
successful transmission of 10 channels with 50 Gbps of information capacity.

Recently, space division multiplexing (SDM) has been introduced into FSO commu-
nication that is based on the spatial distribution of electromagnetic (EM) waves. Mode
division multiplexing (MDM) is one type of SDM in which multiple independent informa-
tion data can be transmitted using two or more overlapping orthogonal modes, leading to
transmission capacity enhancement [15].

Orbital angular momentum (OAM) modes are considered suitable for carrying the
information data in FSO communication systems, among the other orthogonal modes
employed. Its orthogonal nature makes it easier for multiplexing or de-multiplexing with
low inter-channel crosstalk [16]. Additionally, the intensity of OAM beams has a donut
ring pattern, while as these beams propagate, their phase rotates in a helical pattern. The
generation of the OAM beams through the diffractive optics can be achieved by three
methods. These methods are diffractive optical elements, computed-generated holograms,
and spiral phase plates [17]. As for detecting the OAM beams, researchers proposed several
methods to detect them. The far-field diffraction patterns of triangular apertures, wedged
optical flats, twisted phases, Fresnel bi prisms, and tilted converging cylindrical or spherical
lenses are used in these methods [18].

Furthermore, to increase the overall FSO system capacity, researchers integrate other
multiplexing techniques with OAM such as QPSK [19], WDM and PDM [20], and OFDM [21].

The performance of OFDM in FSO using 16-quadrature amplitude modulation (QAM)
under fog conditions was studied for two Indian cities in [22]. The conducted results show
improvements in the system performance. Still, the authors did not consider the separate
compensation mechanism to solve the effects of weather conditions of the channel on the
received signal. This is clear from the constellation plots of the received signal that have
unwanted phase shifts.

In [23], the authors used spectrum slicing with WDM in the FSO system and studied
the system’s performance for the weather conditions of southern India. They used 16
channels; each carried 1.56 Gbps information. In [24], the performance of WDM in the FSO
system was studied for desert areas. The proposed model achieved low data rates ranging
from 0.3 Gbps to 0.7 Gbps. However, the authors used laser power of 50 dBm, which is not
safe for human eyes [25].

The performance of an FSO system that uses QAM and quadrature phase shift keying
(QPSK) modulation was studied by authors in [26]. As multiple symbols are transmitted
simultaneously in these modulation techniques, information may be lost due to inter-
symbol interference.

In [27], the authors studied the performance of four independent channels transport-
ing 10 Gbps of data transmitted on four distinct OAM beams in an FSO system under
various weather conditions. The obtained results revealed successful transmission of
40 Gbps. QPSK modulated signals transported using two different OAM beams were
demonstrated experimentally in [28]. The authors concluded a successful transmission of
80 Gbps unmanned aerial vehicle (UAV) to ground terminal FSO.

This paper proposes a novel FSO communication system that integrates two OAM
beams with spectral amplitude coding optical code division multiplexing (SAC-OCDMA)
using fixed right shift code (FRS) for capacity improvement and secure transmission of data.

The Main Contributions of This Paper

• Enhance capacity through proposing a new FSO system based on integrating OAM
with OCDMA using FRS code.
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• Assign FRS code with OCDMA and use single photodiode detection (SPD) technique.
• Study the performance of the proposed FSO model under different foggy conditions.
• As there is lack of study of the effect of dust storms, we study the performance of our

model under different dust storms.
• Use two different cities having different geographical locations and different weather

conditions that are Alexandria city in Egypt and Srinagar city in India and study the
performance of the suggested model under their weather conditions.

The remainder of the paper is structured as follows. Section 2 illustrates the code
property and construction of FRS code followed by the proposed model description in
Section 3. Section 4 shows the mathematical analysis in terms of BER of our suggested
model. Finally, obtained simulation results are discussed in Section 5, followed by main
conclusions and suggested applications for our FSO model are drawn in Section 6.

2. Fixed Right Shift Code (Related Works)

This code is characterized by L, P, λcross, and Nu, that represent, respectively, code
length, code weight, cross-correlation between any two code sequence, and number of
simultaneous users.

The relation between L and Nu can be given as [29]:

L = Nu (P− 2) + P (1)

The minimum value for P is 3 and the FRS code must obtain the condition of (P − 2)
fixed right shift of unity. As its construction depends on selecting the values of P and Nu,
whether even or odd, that makes the FRS code construction vary. The basic matrix Nu × L
of the code contains first nonzero (1stNZ) elements and last nonzero elements (LNZ) and
can be expressed as [29]:

BM =


1stNZ1

0
0
...
0

LNZ1
1stNZ2

0
...
0

0
LNZ2
1stNZ3

...
0

· · ·
0

LNZ3
. . .
0

· · ·
· · ·

0
. . .
0

· · ·
· · ·
. . .
. . .

1stNZU

0
0
...
...

LNZU

 (2)

Thus, it is important to know the position of both 1stNZ and LNZ elements in the
matrix. Let W be the number of rows that has values ranging from 1 to Nu, so the 1stNZ can
be placed at (W, 1 + (W − 1)(P − 2)). As for LNZ, it can be placed at (W, 1 + (W − 1)(P − 2)
+ 2P − 3). As for the other elements of the matrix, they can be filled as follows: fill (P − 2)
with “1 s” after 1stNZ and (P − 2) with “0 s” before LNZ.

As an example that is used in this study, we take P = 3, Nu = 3, so the value of L
according to Equation (1) will be 6. Thus, the matrix will be 3 × 6. Therefore, we have
three rows and each row has 1stNZ and LNZ elements. As for the first row, W = 1, the
place of 1stNZ and LNZ, respectively, will be at (1,1) and (1,4), while for W = 2, 1stNZ
is located at (2,2) while LNZ is located at (2,5). The last row has the position of 1stNZ
at (3,3) and the position of LNZ at (3,6). As for the other elements of the matrix, we fill
“1 s” (P − 2) = 3 − 2 = 1 after 1stNZ and “0 s” with “0 s” before LNZ. Then the 36 FRS code
matrix will be expressed as [29]:

M3×6 =

1 1 0 1 0 0
0 1 1 0 1 0
0 0 1 1 0 1

 (3)
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3. OAM Beams and Laguerre–Gaussian (LG) Modal Analysis

Light waves can carry OAM beams, which are characterized by the helical phase front
of a light beam that is represented by eim∅, where m and ∅, respectively, represent the
number of 2π phase shifts in the phase profile of beam and the azimuthal angle [30].

Figure 2 shows the donut shape of the OAM beam (wave front, intensity, and phase)
with different values of m.
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OAM beams can have an infinite number of states, where m can be any integral value.
OAM beams are orthogonal while propagating coaxially with each other. As an example,
consider two different OAM beams with m1 and m2, respectively [31]:

u1(ρ,∅, z) = A1(ρ, z)eim1∅ (4)

u2(ρ,∅, z) = A1(ρ, z)eim2∅ (5)

where ρ refers to radial and z is the direction of propagation and (ρ,∅, z) is the cylindrical
coordinate. The orthogonality between two different OAM beams can be given as [32]:

2π∫
0

u1(ρ,∅, z)u2
∗(ρ,∅, z)d∅ =

{
0 i f m1 6= m2

A1 A2
∗ i f m1 = m2

(6)

As an OAM beam refers to any helically phased light beam, regardless of its radial
distribution, the Laguerre–Gaussian (LG) modes are used for a complete two-dimensional
(2D) modal analysis. The LG modes have both m for azimuthal distribution and p for radial
distribution [33,34].

The mathematical description of the electric field of the LG, ψ(ρ, φ, z; m, p), in cylindri-
cal coordinate is given by [30,35]:

ψ(ρ, φ, z; m, p) =
√

2p!
π(p+|m|)!

1
ω(z)

[
r
√

2
ω(z)

]|m|
Lp,m

[
2r2

ω2(z)

]
×exp

[
−r2

ω2(z)

]
exp
[
−icr2z

2(z2+zR2)

]
×exp

[
i(2p + |m|+ 1)tan−1 z

zR

]
exp(−im∅)

(7)
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where ρ, φ, z, ω(z), and zR represent radial coordinate, angular coordinate, direction of
propagation along z-axis, waist size of beam at z-distance, and Rayleigh range, respec-
tively. Lp,m is LG polynomial (p and m are modal indices in ρ direction and φ direction,
respectively) and c is the optical wave number that is equal to 2π/λ.

For a given ω(z) and z, the orthogonality between LG beams that have different values
of m and/or p can be represented as [33,34,36]:

∞∫
0

2π∫
0

ψ(ρ, φ, z; m, p)ψ∗(ρ, φ, z; m, p)ρd∅dρ =

{
0 i f m1 6= m2 or p1 6= p2
1 i f m1 = m2 and p1 = p2

(8)

OAM can be utilized in FSO communication systems and enhance the capacity of the
system through mode division multiplexing (MDM), which is a subset of SDM [37,38].

Each OAM beam can carry the same p value and different values of m in LG modes or
the same m value and different p values. In this work, we considered the same m value
that is 0 and different p values that are 0 and 10. Theoretically infinite modes are possible,
but due to the limitations of OAM modes multiplexing and de-multiplexing techniques
and higher inter-modal crosstalk due to a large number of modes, we used only two modes
in this study.

4. Proposed System Design

The architecture of the proposed OAM/OCDMA-FSO system is given in this section.
It consists of transmitter, channel, and receiver.

4.1. OAM/OCDMA-FSO Transmitter

As shown in Figure 3, the transmitter of our system consists of three parts: optical
source, information, and SAC-OCDMA encoder. The optical source is the spatial laser (SL),
which generates two distinct OAM beams (LG0,0, LG0,10).
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As for the information bits, a pseudorandom bit sequence (PRBS) generator is used for
generating 10 Gbps for each channel, while a non-return to zero (NRZ) modulator is used
to encode the binary data. In the FRS encoder, specific wavelengths (optical carriers) that
are generated from the optical source are combined according to the assigned FRS code
using an optical coupler according to the assigned code.

The wavelengths that are assigned to the channels used in the proposed model are
given in Table 1.

Table 1. Wavelengths assigned to the channels of the FRS encoder.

Wavelength (nm) 1550 1550.8 1551.6 1552.4 1553.2 1554

LG
0,

0 Channel #1 1 1 0 1 0 0
Channel #2 0 1 1 0 1 0
Channel #3 0 0 1 1 0 1

LG
0,

10 Channel #4 1 1 0 1 0 0
Channel #5 0 1 1 0 1 0
Channel #6 0 0 1 1 0 1

The Mach–Zehnder modulator (MZM) is used to modulate the electrical signal that
carries 10 Gbps optical signal modulated over the two distinct OAM beams (LG0,0, LG0,10).

The resulting modulated signal from the MZM is further combined with the other
signals from the other channels before transmitting to the free-space channel.

4.2. FSO Channel

The FSO channel is used in our proposed model. Various weather conditions will
have impact on the channel due to the attenuation caused by them. Therefore, in this study,
we focus on the effect of different fog levels and different dust storms on the proposed
OAM/OCDMA-FSO system performance during transmission between the transmitter
and receiver.

Furthermore, the effect of weather conditions of two cities, one in Egypt that is
Alexandria and the other in India that is Srinagar, are also investigated in this study so as
to show the proof of concept of our proposed system in a real environment.

4.2.1. Fog Weather Conditions

Fog is an atmospheric phenomenon that is well known as a cloud of either water
particles or smoke particles that reduce the visibility and cause attenuation which degrades
the received signal. According to the amount of smoke particles and quantity of water
particles suspended in the atmosphere, fog varies from light fog (LF) to moderated fog
(MF) to heavy fog (HF). These diverse fog levels cause different attenuation.

The attenuation of fog increases as the quantity of microscopic water droplets sus-
pended in the atmosphere increases, and that causes fog to become heavier. Thus, different
fog levels LF, MF, and HF have different attenuations. Fog attenuation, fa, in dB/km that
depends on visibility range, R, in km, can be expressed as [25]:

fa=
3.912

R

(
λ

550nm

)−b
(9)

where λ is the operating wavelength in (nm) and b is the size distribution of the scattering
particles that can be calculated according to Kim’s model [30].

Different fog levels with their attenuation are shown in Table 2 [39]:

b =


1.6 R > 50
1.3 6 < R < 50

0.16R + 0.34 1 < R < 6
R− 0.5 0.5 < R < 1

0 R < 0.5

(10)



Energies 2022, 15, 7100 8 of 19

Table 2. Fog level with attenuation [39].

Fog Level Attenuation (dB/km)

LF 9
MF 16
HF 22

4.2.2. Dust Storm Weather Conditions

Dust storms, caused by strong winds that pull the dust from the ground up into the
air, have effects on the FSO link. The World Meteorological Organization (WMO) classifies
dust storms according to their strength into four categories: dust haze (DH), light dust
(LD), medium dust (MD), and heavy dust (HD) [39]. Dust storms also cause attenuation
during the transmission between the transmitter and receiver that degrades the received
signal. This attenuation, Da, in dB/km, that depends on R can be expressed as [27]:

Da= 52 × R−1.05 (11)

Table 3 shows the visibility and the attenuation corresponding to different levels of
dust storms [9,24].

Table 3. Dust storm level with visibility and attenuation [9,24].

Dust Level LD MD HD

Visibility (km) 1–10 0.2–1 <0.2

Attenuation (dB/km) 25.11 107.66 297.38

4.2.3. Weather Conditions of Alexandria and Srinagar Cities

In this study, we consider the effect of weather on two different cities in two different
continents that are Alexandria, located in Egypt, Africa, and Srinagar, located in India, Asia.

According to www.weatherspark.com (accessed on 1 May 2022), the weather of Alexan-
dria city in summer is warm, arid, and clear, while in winter, it is cool, windy, and mostly
clear. As for Srinagar city, the weather in summer is warm and clear, while in winter, it is
very cold and partly cloudy.

As for visibilities, the meteorological data for daily visibility for Alexandria city are
obtained from www.worldweatheronline.com (accessed on 1 May 2022) for the years 2014
to 2018, while the daily visibility for Srinagar is obtained from the Indian Meteorological
Department for the years 2014 to 2018 [40].

Alexandria city has a recorded average R of 9.8 km, while for Srinagar city, the recorded
average R is 2.9 km. According to Equations (9) and (10), the attenuation of Alexandria and
Srinagar cities are calculated and tabulated in Table 4.

Table 4. Visibilities and attenuations of Alexandria and Srinagar cities.

City Alexandria Srinagar

Visibility (km) 9.8 2.9
Attenuation (dB/km) 0.1 2.48

4.3. OAM/OCDMA-FSO Receiver

Figure 4 illustrates the block diagram of the receiver of the OAM/OCDMA-FSO
system. The MDM demultiplexer is used at the receiver first to separate the two OAM
beams; then, the received signal undergoes the decoding process that has the SPD detection
to detect the desired channel.

www.weatherspark.com
www.worldweatheronline.com
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structure and (b) example of OCDMA decoder of user 1.

In SPD detection, the received signal first passes through the decoder then the subtrac-
tive decoder (S-dec). The decoder has the same spectral profile as that of the encoder.

As an example, let us consider that channel #1 is the required channel, so the de-
coder will have these wavelengths in nm (1550, 1550.8, and 1552.4), while for s-dec, it
contains wavelength 1550.8 nm, which is the interference with channel #2. Then the s-dec
is subtracted from the decoder.

The resulting signal now carries the information of the desired channel #1 and then
enters the PIN photodiode detector (PD) to make the electric/optical conversion. Finally,
the output received signal is transferred to a low-pass Bessel filter.

5. Mathematical Analysis of Proposed OAM/OCDMA-FSO Model

The FRS code property when SPD detection is used is

L

∑
j=1

Hx(j).Hy(j)−
L

∑
j=1

(Hx(j).Hy(j)(Hx(j)) =
{

P− 1, f or x = y
0, f or x 6= y

(12)

where Hx(j) and Hy(j) represent the jth element of the X and Y code sequence.
The power spectral density (PSD), P(υ), at PIN PD is [41]:

P(υ) =
Rp

∆υ

U

∑
i=1

dU

(
L

∑
j=1

Hx(j).Hy(j)−
L

∑
j=1

(Hx(j).Hy(j)(Hx(j))

){
u
[

∆υ

L

]}
(13)
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where ∆υ and u
[

∆υ
L

]
, respectively, represents optical bandwidth and unit step function.

The current received at PIN PD, IU , is expressed by [41]:

IU = R
∫ ∞

0
P(υ)dυ = R

(
Rp(P− 1)

L

)
(14)

whereR is PIN PD responsivity, and Rp is the received power, and, in the case of FSO link,
is expressed as [42]:

RP = TP

(
DRX

DTX + θS

)2
10
−βS
10 (15)

where RP and TP, respectively, are transmitted and received power. DTX is transmitted
diameter while DRX is the received diameter. S denotes propagation range, θ, indicates
divergence angle of laser beam, and β is the atmospheric attenuation.

The shot noise power, PSh, is [43]:

PSh = 2 e Belectric(IU)= R
(

Rp(P− 1)
L

)
(16)

where e is electron charge and Belectric is electrical bandwidth.
The PIIN noise power, PPN , is [44]:

PPN = R
∫ ∞

0
(P(υ))2dυ =

R2Belectric
2Rp

2NuP2

L2∆υ
(P− 1) (17)

Thermal noise can be expressed as [45]:

PTh =
4kBTBe

RL
(18)

where kB is Boltzmann constant, and RL and T are load resistance of receiver and absolute
temperature of receiver noise, respectively.

The signal-to-noise ratio, SNR, is [7]:

SNR =
(IU)

2

PSh + PPN + PTh
(19)

The BER can be expressed as [25]:

BER = 0.5er f c

(√
SNR

8

)
(20)

where erfc is a complementary error function.
Table 5 shows the parameters used in the proposed OAM/OCDMA-FSO system that

are evaluated and simulated using Optisystem software version 18 [12,46,47].

Table 5. Parameters used in the simulation [12,46,47].

Parameter Value

Power of spatial laser 15 dBm
Laser wavelength 1550 nm
Laser linewidth 10 MHz
Spatial modes LG0,0, LG0,10

Bit rate/channel 10 Gbps
Electrical bandwidth 0.75 × bit rate Hz
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Table 5. Cont.

Parameter Value

Sequence length 1024
Samples 32

Transmitter aperture diameter (DTX) 10 cm
Receiver aperture diameter (DRX) 20 cm

Beam divergence angle (θ) 0.25 mrad
Photodiode responsivity (<) 1 A/W
Thermal noise power density 10−22 W/Hz

6. Results and Discussion

This part elucidates the simulation results of the proposed OAM/OCDMA-FSO sys-
tem [48–51]. The results are divided into four sections, as follows.

6.1. Intensity Profile of Two OAM Beams

The spatial intensity patterns for OAM beams that are used in this study are given in
Figure 5.
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6.2. Effect of Fog Conditions on OAM/OCDMA-FSO System

The performance of our proposed system is evaluated under different fog conditions:
LF, MF, and HF. Figure 6a–c show the log(BER) values against the propagation range.
When the water droplets suspended in the air increase, the level of fog increases and the
attenuation increases, resulting in shortening of the FSO link.

It is noticed that all channels under LF can propagate longer distances than under MF
and HF. Channels 1 and 4 that propagate using LG0,0 and LG0,10, respectively, give the best
log(BER) values, which are −25.41 and −25.08 under LF at 600 m, −25.22 and −25.5 under
MF at 425 m, and −24.9 and −24.75 under HF at 340 m. The lowest performance is for
channel #3 that propagates using LG0,0 and channel #6 that propagates using LG0,10 OAM
beam but is still accepted as it is less than the threshold value of −2.56.

Figure 7 displays the eye diagrams for the six channels under LF at 600 m FSO range.
All channels have wide eye openings, and this reveals good receiving for the transmitted
information.
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Table 6 tabulates the log(BER) values at maximum achieved propagation range for
our proposed model under different fog conditions (600 m under LF, 425 m under MF, and
340 m under HF).

Table 6. Log(BER) values under different fog conditions for OAM/OCDMA-FSO system for
six channels.

Channels OAM Beams
log(BER)

LF
(600 m)

MF
(425 m)

HF
(340 m)

Channel #1

LG0,0

−25.41 −25.22 −24.9

Channel #2 −5.18 −5.19 −5.73

Channel #3 −9.34 −9.72 −10.12

Channel #4

LG0,10

−25.08 −25.5 −24.75

Channel #5 −5.25 −5.34 −5.59

Channel #6 −9.06 −9.89 −9.9

6.3. Effect of Dust Conditions on OAM/OCDMA-FSO System

The performance of our proposed system is evaluated under various dust conditions,
LD, MD, and HD, in this subsection. As dust storms pull the dust from the ground up into
the air, this leads to smaller visibility range and higher attenuation value than that caused
by fog conditions.

This attenuation causes signal degradation during the transmission of information.
The values of BER are plotted versus different FSO links under different dust conditions
for our proposed model in Figure 8a–c.

Comparing Figure 8 with Figure 9, one can notice that the maximum achievable FSO
range for our proposed system is shorter in the case of various dust storms than in the case
of fog conditions.

The maximum propagation ranges for all six channels under LD, MD, and HD are
315 m, 105 m, and 40 m, respectively, with BER less than 10−5.

Table 7 summarizes the log(BER) values at maximum achieved propagation range for
our proposed model under different dust conditions (315 m under LD, 105 m under MD,
and 40 m under HD).

Table 7. Log(BER) values under different dust conditions for OAM/OCDMA-FSO system for six
channels.

Channels OAM Beams
log(BER)

LD
(315 m)

MD
(105 m)

HD
(40 m)

Channel #1

LG0,0

−25.49 −25.18 −24.92

Channel #2 −5.59 −5.01 −5.83

Channel #3 −9.83 −9.5 −10.23

Channel #4

LG0,10

−25.15 −25.47 −24.77

Channel #5 −5.67 −5.15 −5.69

Channel #6 −9.53 −9.66 −10.01
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6.4. Application of Using Proposed System in Alexandria City and Srinagar City

As Alexandria city has clearer weather than Srinagar city, it can achieve longer trans-
mission distance in FSO. Figures 10 and 11 show the maximum propagation range that all
channels achieved in Alexandria city and Srinagar. It is visible in Figure 10 that the system
can propagate up to 1400 m in Alexandria city, which is 400 m longer than Srinagar city,
and that is clear in Figure 11.
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Table 8 summarizes the log(BER) values at maximum computed FSO link for our
proposed model in Alexandria city at 1400 m and in Srinagar city at 1000 m.

Variation of BER versus received optical power (ROP) under different foggy, dusty,
and Alexandria and Srinagar cities’ weather conditions are depicted in Figure 12. One can
observe that as ROP increases, the BER improves.



Energies 2022, 15, 7100 16 of 19

Table 8. Log(BER) values at maximum computed FSO link for our proposed model in Alexandria
and Srinagar cities.

Channels OAM Beams
log(BER)

Alexandria City (1400 m) Srinagar City (1000 m)

Channel #1

LG0,0

−25.18 −25.61

Channel #2 −5.29 −5.46

Channel #3 −9.72 −9.41

Channel #4

LG0,10

−24.96 −25.25

Channel #5 −5.31 −5.22

Channel #6 −9.78 −9.21
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Table 9. Comparison between different multiplexing techniques used in previous work and
present work.

References [27] [52] [53] Present Work

Technique NRZ-OAM-FSO FSO MDM-Ro-FSO OAM-OCDMA/FRS-FSO

Laser input power 10 dBm 22 dBm Not specified 15 dBm

Number of channels 4 1 3 6

Overall capacity 40 Gbps 2.5 Gbps 12.5 Gbps 60 Gbps

Similar weather conditions
with maximum FSO link

LF: 0.48 km
MF: 0.375 km
HF: 0.32 km
LD: 0.31 km
MD: 0.13 km
HD: 0.064 km

LD: 1 km
MD: 0.2 km
HD: <0.2 km

LF: 0.6 km
MF: 0.4 km
HF: 0.2 km

LF: 0.6 km
MF: 0.425 km
HF: 0.34 km
LD: 0.315 km
MD: 0.105 km

HD: 0.4 km

Cities - - - Alexandria, Egypt.
Srinagar, India.

Authenticated
Meteorological data source No No No Yes
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7. Conclusions

In this work, a novel FSO communication link is proposed by combining OAM
beams with the SAC-OCDMA system. Two distinct OAM beams (LG0,0, LG0,10) are used,
each carrying 30 Gbps of information data for three independent channels encoded with
FRS code.

As weather conditions impact the performance of the FSO communication systems, in
this work, we consider the effect of different fog conditions.

Additionally, as dust storms mainly occur in sand-filled areas, most researchers do
not focus on studying their effect; however, in this work, we consider them and study
the performance of our suggested model under their effects. Furthermore, we discuss
the performance of our model using two real weather conditions of two different cities
having different geographical locations: Alexandria city, which is surrounded by the sea,
and Srinagar city, which contains mountains.

The performance of our proposed system is simulated and investigated in terms of
BER, eye diagrams, and ROP. The obtained results show successful transmission of 60 Gbps
overall capacity with acceptable BER (less than 2.7 × 10−3) and wider eye opening that
reveals successful receiving of transmitted information.

Simulated results under diverse fog conditions show that the longest FSO range
obtained under LF is 600 m, which decreases to 425 m and 340 m when the fog level
becomes moderate and heavy, respectively. In addition, our results show that dust storm
weather conditions have a high impact and cause high attenuation, which makes the
propagation link very short.

The maximum FSO links our proposed system achieves are 315 m under LD, 105 m
under MD, and 40 m under HD. As Alexandria city has clear weather, it causes less
attenuation and a more extended propagation range of 1400 m. While the cloudy weather
of Srinagar leads to achieving an FSO link of 1000 m and its hilly area makes installing
optical fiber cable difficult due to difficult terrain and mountains, we propose our FSO
be implemented.

According to this study, we recommend that our model be used in the fifth-generation
networks and B5G/6G, implemented in areas with different geographical locations such as
deserts, seas, mountains, and smart cities.
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