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This paper introduces a new hybrid system for high-bandwidth and high-transmission-capacity communication.
The system integrates a multi-mode fiber (MMF) cable with free space optics (FSO) using orbital angular mo-
mentum (OAM) multiplexing. The proposed system uses a single wavelength to simultaneously transmit 40 Gb/s
data on four distinct OAM beams ((LGo, 0, LGo17, LGo40, and LGy 7s)) with a symmetric circular shape. The
performance of the system was evaluated with a fixed MMF length of 100 m and varying FSO ranges, according
to extreme climate changes such as rain and fog, and atmospheric turbulences. The results indicate that the
suggested system is capable of transmit up to 1250 m (100 m MMF length + 1150 m FSO range) under clear
weather (CW) and weak turbulence (WT), with a minimum transmission distance of 440 m (100 m MMF length
+ 340 m FSO range) under heavy fog (HF). The performance of the system was also demonstrated based on
actual meteorological data for two different cities, Alexandria, Egypt and Chandigarh, India, with different
visibility ranges and geographical locations. Since Alexandria has a longer visibility range than Chandigarh, our
proposed model could spread over a larger area than it could be in Chandigarh. The obtained ranges were within
an acceptable bit error rate (BER) of less than 107°. The system’s maximum range was 1200 m for Alexandria
and 1100 m for Chandigarh. The proposed model can be suggested for use in next generation (NG) passive optical
networks (PON) for supporting symmetric 40 Gb/s data.

Introduction

Currently, the proliferation of data centers and the emergence of new
applications such as cloud computing architectures, Internet of Things
(IoT), and online games and movies on smartphones have spurred the
development of new technologies to enhance the capacity of optical
fiber cable (OFC) network and optimize the optical spectrum [1-3].
Different multiplexing techniques that uses time slots like time division
multiplexing (TDM) for sending information on them [4,5], or different
frequencies like frequency division multiplexing (FDM) [6], and wave-
length division multiplexing (WDM) are used in the OFC network for
capacity enhancement [7-10]. Despite the use of both time and WDM

* Corresponding author.

techniques together such as TWDM in PON, their existence is costly from
the perspective of an Internet service provider (ISP), and they rely on
existing legacy gigabit networks like the gigabit passive optical network
(GPON), 10 gigabits passive optical network (10GPON), 10 gigabit
Ethernet passive optical network (10GE-PON), and 10 gigabits sym-
metrical passive optical network (XGS-PON) infrastructures. As a result,
a coexistence access network with symmetric 1.25, 2.5, and 10 Gbps
channels is being developed [11] where these PONs use SMF.
However, a large amount of information data still remains to be
transmitted via these multiplexing techniques regarding meeting the
needs of the end users [12,13]. The demand for using multimode fiber
(MMFs) has become essential due to its ability to provide a high
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Fig. 1. Intensity profiles for different OAM modes. (a) LGy (h = 0, m = 0); (b) LGy 17 (h = 0, p = 17); (¢) LGy .40 (h = 0, m = 40); (d) LGy 75 (h = 0, m = 75).
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Fig. 2. Layout of the hybrid MMF/FSO system.
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Table 1

Simulation parameters [31,41,49].

Parameter Type or value

Data generator

Data rate per channel 10 Gbps
Electrical generator

Modulation type NRZ
Modulation rectangular shape Exponential

Electrical bandwidth 0.75 x bit rate Hz

Optical source

Centered wavelength 1550 nm

VCSEL input power 15 dBm

Linewidth of VCSEL 10 MHz

OAM modes LGo, LGo 13, LGo 40, and LGy go

MMF parameters

Length 100 m

Attenuation 2.61 dB/km

FSO channel

Beam divergence 2 mrad

Transmitter aperture diameter 10 cm

Weather conditions considered CW, various rainfall, and fog
Attenuation of CW 0.14 dB/km

Atmospheric turbulences considered WT and ST

Turbulence model Gamma-Gamma distribution
Receiver aperture diameter 20 cm

Photodetector

Responsivity 1A/W

Receiver load resistance 1030 Q

Thermal noise power density 10722 W/Hz

Receiver noise temperature 300 K

bandwidth, and the existing transmission technology that depends on
using single mode fiber (SMF) is about to reach the capacity limits
[14,15]. Additionally, for further capacity enhancement, OFC networks
are used with optical wireless communications (OWC) such as free space
optics (FSO). The FSO communication system has many advantages such
as high security, high speed transmission, no interference with electro-
magnetic waves, and a license-free spectrum [16-19], which makes its

use with OFC capable of providing these services to end users [20,21]. A
recent technology, which is mode division multiplexing (MDM), is used
to enable high speed data transmission in optical communication net-
works [22]. In MDM, the information data signals are transmitted either
through a specific mode or group modes in OFC [22]. orbital angular
momentum (OAM) modes are preferred to be used in hybrid MMF/FSO
transmission systems among other orthogonal modes used in MDM [2.3].
The modes exhibit doughnut ring-shaped intensity patterns and helical
phases that rotate orthogonally during propagation [24]. Laguerre-
Gaussian (LG) modes are utilized for 2D modal analysis in OAM
modes [25-27]. In order to facilitate the initiation of OAM modes and
ensure alignment with optical connections, microscale spiral-phased
plates have been directly inserted into the aperture of a vertical-cavity
surface-emitting laser (VCSEL) [28]. The low power consumption and
cost-effectiveness of the VCSEL have earned it a place in the data center
industry [29]. Recently, there have been several studies by researchers
who used hybrid OFC with FSO systems for capacity enhancement. In
[2], a MDM based on using four LG modes was integrated into the hybrid
SMEF/FSO system, and the simulated results reported that an overall
capacity of 40 Gb/s was transmitted along 10,950 m (10,000 m SMF
length + 950 m FSO range). In [29], a hybrid SMF/FSO was proposed
based on using orthogonal FDM, polarization division multiplexing
(PDM), and a reflective semiconductor optical amplifier (SOA). A total
transmission distance of 50,008 m (50,000 m SMF length + 8 m FSO
range) with a transmission capacity of 10 Gb/s in the uplink and 5 Gb/s
in the downlink is achieved. In [30], different levels of quadrature
amplitude modulation (QAM) were used in a hybrid SMF/FSO system
and a transmission capacity of 34, 67, and 100 Mbps were achieved,
respectively, when 4-QAM, 16-QAM, and 64-QAM signals were used,
respectively. Additionally, a total transmission distance of 10,002 m
(10,000 m SMF length + 2 m FSO range) was achieved. A hybrid MMF/
FSO based on using two spiral phase donut modes was proposed in [31].
The results reported a transmission of 80 Gb/s for a distance of 2170 m
(100 m MMF length + 2070 m FSO range).

The main objectives of this work, based on recent published studies,
are as follows:

a. Introducing a new hybrid MMF/FSO based on using the MDM of four
independent OAM beams (LGo o, LGo 17, LGo 40, and LGo7s) for ca-
pacity enhancement to be used in data centers and 5G passive optical
networks.
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Fig. 4. The log(BER) for the proposed hybrid MMF/FSO model using four OAM beams under the CW versus FSO propagation range.

b. While the proposed hybrid MMF/FSO system can used in different
broadband services, the attenuation caused by external climate
changes such as clear, rain and fog, and turbulence have a negative
impact on the received signal. Therefore, studying their effects was
considered in this work.

c. Using the real meteorological data of different cities located in
different countries and continents are considered to learn the avail-
ability of implementing our proposed model in a real environment.

In this paper, we proposed a hybrid MMF/FSO system based on using
MDM for use as a solution for providing services to end users located in
remote areas. Four OAM beams (LGoo, LGo .17, LG40, and LGg75) are
used, each carrying 10 Gb/s, resulting in an overall capacity of 40 Gb/s.
A fixed length of 100 m was used for the MMF cable while various FSO
ranges were used according to the weather condition or turbulence ef-
fect. The information signal is first travelled a 100 m in MMF channel
then propagates in FSO channel. Transmission ranges and BER were
used as performance metrics for investigating the models’ performance.
Clear weather (CW), various levels of rainfall (light rainfall (LR), me-
dium rainfall (MR), and heavy rainfall (HR)), and different degrees of
fog (light fog (LF), medium fog (MF), and heavy fog (HF)) were the
weather conditions considered. Additionally, the performance of the
proposed hybrid MMF/FSO based on real meteorological data from the
cities of Alexandria and Chandigarh for the years 2014-2018 was
investigated.

The rest of this paper is organized as follows. A description for the
OAM modes is given in Sec. 2 while the structure of the proposed hybrid
MME/FSO system based on using OAM beams is given in Sec. 3. The
proposed model’s performance analysis based on its transmission in the
FSO channel is presented in Sec. 4. The simulation results and discussion
are provided in Sec. 5. The conclusions drawn from the study are pre-
sented in Sec. 6.

Orbital angular momentum (OAM) modes

Light waves, when propagating, can use OAM beams to carry the
information data without performing any signal processing. The dis-
tinguishing between various OAM beams is based on their helical phase
front. The light waves that carry the OAM beam are characterized by a

spiral phase structure that is represented as ¢°358], where h and 0 are

the number of 2 # phase shifts and the azimuthal angle, respectively
[32-34]. Theoretically, OAM beams have an infinite number of h,
leading to an unlimited number of states. These states are orthogonal
and propagate coaxially with each other [35]. Unfortunately, in prac-
tical FSO connections, the number of h is limited as it is restricted by the
size of the receiver telescope (the OAM beam waist, wy, increases pro-
portionally to V) [24].

Practically, there are three methods are available for generating
OAM beams using diffractive optics, which are spiral phase plates,
computed-generated holograms, and diffractive optical elements [36].
Additionally, there are several methods that can be used to detect the
OAM beams like Fresnel bi prisms, wedged optical flats, diffraction
patterns of triangular apertures, and tilted converging spherical lenses
or cylindrical [37].

LG modes are used with OAM beams for 2D modal analysis, which
are solutions to the paraxial wave equation [27]. The two indices that
must be found in each LG mode are h, which is used for azimuthal dis-
tribution, and m, which is used for radial distribution [27].

For any two OAM beams, the orthogonality between them is given as
[38]

2 2
/ u,(p, [03B8], 2)uy" (p, [03B8], 2)d0 = / A(p,2)e™OA," (p, z)e ™°d0
0 0
_ Oifhy # hy
N {AIAZ*lfhl =h )

where (p, [03B8], 2) is the cylindrical coordinate while p, z, and 0 refer to
the radial direction, the direction of propagation along the z-axis coor-
dinate, and angular direction, respectively.

The electric field of the LG, E(p, [03B8], 2; h,m) is expressed as [39]
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Fig. 5. Eye diagrams for the four channels of the proposed hybrid MMF/FSO system after a 100 m MMF length and 1150 m FSO range (a) LGy o; (b) LGo,17; (¢) LGo 40;
(d) LGo7s.



M. Singh et al.

Table 2
The log(BER) corresponding to 1250 m under CW.

Channel LG Beam Log(BER)

1 LGy —-10.57

2 LGoa7 -10.75

3 LGo 40 —10.44

4 LGo7s —10.28

[1]
2m! 1 [pV2 2p? }

E(p,[03B8],z;h,m) = Ly | ——

o3z =\ s o (o] e

—icp’z )
X exp{ Q) } {2 o } X exp {z(2m+ A
li} exp(—ih0)
ZR

(2

where w(z) is the beam waist size at z distance; c is the optical wave
number and is equal to (2 7/4); zg is the Rayleigh range; and L, is the
LG polynomial.

Fig. 1 displays the LG modes’ intensity profiles which were used in
this work (LGO,(), LG()_]]7, LG()_]40, and LGO,75).

Proposed hybrid MMF/FSO system based on using OAM beams

The layout of the hybrid MMF/FSO system based on using different
LG beams is shown in Fig. 2. It consists of a central office that is
responsible for transforming the internal backbone network traffic into
optical wavelengths as well as delivering data signals through using a
hybrid MMF cable and FSO channels to the user premises.

The block diagram of the proposed MMF/FSO based on using four
OAM beams is given in Fig. 3. It consists of three main parts, which are
the transmitter, channel (two channels were used, MMF and FSO), and
receiver. The transmitter consists of four components: the data gener-
ator, electrical generator, laser source, and Mach-Zehnder modulator

Results in Physics 51 (2023) 106656

(MDM) and that are presented in central office. The data generator is a
pseudo random bit sequence generator (PRBSG) and is responsible for
generating 10 Gb/s information data, which are then entered into the
electrical generator. The type of electrical generator is a non-return-to-
zero (NRZ) on—off keying. The VCSEL source is used for generating the
LG beams (LG, LGo17, LGo 40, and LGo 75). Afterwards, the electrical
signals are modulated onto the optical signals using the MZM. The op-
tical signals from the 4 LG beams are then multiplexed by MDM multi-
plexer before travelling to the channel. Two channels are used, which
are MMF and FSO. The signal is first transferred in an MMF with a fixed
length of 100 m and then propagated in the FSO channel with various
propagation ranges according to the weather conditions and atmo-
spheric turbulence. Then, the signal is received at the receiver while an
MDM demultiplexer is used for separating the received signals from the
different LG modes. Each receiver has a photodetector (PD) to detect the
required channel and the output electrical signal from the PD is filtered
by a low pass filter (LPF), which further goes through the BER analyzer
to show the performance of the received data.

Mathematical model of proposed MMF/FSO transmission system

The current reached at the PD is given by [40]:

Ipp = P.B,N 3
where B, is the optical bandwidth; ) is the responsivity of the PD; and P,
is the received power. The P, can be expressed in terms of the trans-
mitted power, P;; atmospheric attenuation, o«gm; FSO propagation
range, L; beam divergence angle, @; transmitter aperture diameter, dy;
and receiver aperture diameter, d,, as [41]

2
P G T
d,+ oL

As the rain and fog weather conditions were considered in this work,
the atmospheric attenuation caused by them can be expressed as [42]
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Fig. 6. Log(BER) Vs FSO span under LR for the proposed hybrid MMF/FSO model.
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Qam—rain = 1.07R"7 ) for LR, 1.11x1072 em/s for MR, and 2.22x 1073 cm/s for HR [43]; V
refers to the visibility range; and s is the size distribution of the scat-
3912 A - ) tering particle and its value differs according to the value of V, which is
Ram—fog = v \550nm equal, according to the Kim model, to 1.6 if V greater than 60, 1.3 if V

greater than 6 but less than 50, 0.16 V + 0.34 if V greater than 1 but less
where R refers to the rate of the rainfall and is equal to 7.22x10~* cm/s than 6, V — 0.5 if 0 V greater than 0.5 but less than 6, and 0 if V less than
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Table 3 - -
The log(BER) corresponding to 725 m under LR, 625 m under MR, and 450 m 0.516?
under HR. - 124§ -1 ®
L(1+0.69 )]
Channel LG Beam Rain Condition Log(BER)
1 LGoo LR -10.39 - .
MR -9.78 0.490?
HR -9.89 b= | ! ©)
2 LGo.7 LR -9.86 _(1 + 1.110r’> J
MR —-9.21
HR 1008 here K;() indi he i th order of the modified Bessel function; I
3 LGoso IR _1012 where K;() indicates the i th order of the modified Bessel function; I'()
MR ~9.69 refers to the Gamma function; and (73 is the Rytov variance, which de-
HR -10.29 pends on C2.
4 LGoys ifp\ 12'22 The shot noise, SN, and thermal noise, TN, are expressed as [40,44]:
HR —9.83 SN = 2eB,R{Ipp) (10)
4kpTB,
0 [44,45]. ™ =—0 an
L

Atmospheric turbulence also has an effect on the optical signal
during its transmission in the FSO channel due to variations in tem-
perature. The refractive index structure, C,ZI, of the transmission channel
(air) fluctuates from 5 x 10716 m% for weak turbulence (WT) to 5 x

10~4m¥ for strong turbulence (ST). There are several models such as
log-normal (which characterizes the WT and is suitable for FSO
communication under CW) [43], K-distribution (which suitable for ST)
[46], and gamma-gamma, which is widely used and applicable for
different turbulences of either WT or ST [47]. The gamma-gamma
model was considered in this paper, in which the irradiance/intensity of
the normalized light is defined by the large eddy scale,a, and small eddy
scale, f, which follow a gamma distribution, leading to a gam-
ma-gamma distribution with a probability density function (PDF) of
[48,49]

where e, kg, Ry, B, and T, are the electron charge, Boltzmann constant,
receiver load resistance, electrical bandwidth, and absolute temperature
of the receiver, respectively.

The SNR is then expressed as [24,48]

R = _Um)"_ a2
SN + TN
Finally, the BER is given in terms of SNR as [48]
1 VSNR
BER = —erfc 13
(2 ) 42

where erfc is the error complementary function.

Results and discussion

atp
PDF = %{‘%’”Ku,ﬂ (Zx/aﬂhs ) hy >0 @
The proposed hybrid MMF/FSO using four OAM beams was simu-
lated using Optisystem Software ver. 19 with the parameters given in
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Fig. 9. Log(BER) Vs FSO span under LF for the proposed hybrid MMF/FSO model.
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Table 1 [31,41,49]. Performance was investigated in terms of the parts show the effects of the different rain and fog conditions, respec-
maximum achievable range and BER. The findings are exhibited in five tively. The effects of turbulence are discussed in the fourth section,
parts. The first part shows the results for the performance of the pro- followed by the effects of weather conditions in Alexandria, Egypt, and

posed model when propagated under CW, while the second and third Chandigarh, India. Additionally, in this section, a fixed length of 100 m
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Table 4
Log(BER) values for the four channels under LF, MF, and HF correspond to 600
m, 440 m, and 350 m overall transmission ranges, respectively.

Channel LG Beam Rain Condition Log(BER)

1 LGoo LF —10.24
MF —10.58
HF —-11.21

2 LGo 17 LF —10.42
MF -10.37
HF —10.50

3 LGo.o LF -10.15
MF —10.05
HF -11

4 LGozs LF -9.87
MF —-9.85
HF -11.04

for MMF and various FSO ranges according to the external climate
weather are considered.

Clear weather

The log(BER) performance for the hybrid MMF/FSO system using
four OAM beams when propagating under CW weather is given in Fig. 4.
It is clear from Fig. 4 that as the proposed model traveled a long FSO
range, the log(BER) increased, leading to a degradation in the perfor-
mance of the hybrid MMF/FSO system. At an FSO range of 1150 m, the
log(BER) of the four channels (LGo o, LGo17, LGo 40, and LGo75s was <
—10, indicating that all of the transmitted information data (40 Gb/s)
were successfully received as the threshold value of BER is <10~°.

The eye diagrams for the four channels that were transmitted using
LGoo, LGo 17, LGy 40, and LG 75 beams after a 100 m MMF length and
1150 m FSO range are displayed in Fig. 5. The wider eye opening
showed the successful reception of the transmitted data for all channels.

Results in Physics 51 (2023) 106656

the hybrid MMF/FSO system is discussed. Rain causes a different
attenuation, which varies from 6.27 dB/km (LR) to 19.28 dB/km (HR)
according to the rainfall intensity and amount. Additionally, for the
average amount of rainfall, the attenuation is 9.64 dB/km [41]. Figs. 6-8
show the log(BER) versus different propagation ranges for the proposed
hybrid MMF/FSO system under LR, MR, and HR. It can be observed from
Figs. 6-8 that longer ranges and heavier rainfall intensities caused
higher log(BER) values, while lower log(BER) values were achieved for
the low rainfall intensities and the short FSO propagation ranges. As an
example of channel 1, which uses the LGy ¢ beam under the HR condi-
tion, the log(BER) was —13.10 at a 310 m FSO range, which increased to
—9.89 when the proposed hybrid model travelled a 40 m longer prop-
agation range.

Table 3 shows the values of the log(BERs) for the four channels
corresponding to 725 m (100 m MMF + 625 m FSO range) under LR,
625 m (100 m MMF + 525 m FSO range) under MR, and 450 m (100 m
MMF + 350 m FSO range) under HR.

Foggy weather

The influence of different degrees of fog on the hybrid MMF/FSO
system’s performance will be investigated in this section. Fog is caused
when smoke is floating in the air. As the degree of fog increases, the
visibility decreases and the attenuation increases, leading to a degra-
dation in the received information signal. When the level of the fog is at
its heaviest, the attenuation caused by it is 30 dB/km, which decreases to
20 dB/km when the level of fog is moderate. It also drops to a low of 10
dB/km when there is light fog. Fig. 9 depicts the performance of the
suggested hybrid MMF/FSO model when propagating under the effect of

Table 5
The log(BER) corresponding to 1250 m under WT and ST.

. Channel LG Beam Log(BER)
Table 2 shows the log(BER) values corresponding to 1250 m (100 m
MMF + 1150 m FSO range) for the four channels under CW. wr ST
1 LGoo —9.07 —4.86
2 LGoar -9.18 ~5.02
Various rainfall (LR, MR, and HR) 3 LGo 40 —9.48 —4.77
4 LGo7s -9.12 —4.81
In this part, the impact of various rainfall rates on the performance of
-5 i
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—&— Channel 3 (WT) || N
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Fig. 12. The log(BER) under WT and ST for the proposed hybrid MMF/FSO model versus the FSO range.
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Fig. 13. The log(BER) for the hybrid MMF/FSO model versus the FSO range
under the weather of (a) Alexandria and (b) Chandigarh.

Table 6
The log(BER) corresponding to 1200 m for Alexandria and 1000 m for
Chandigarh.

Channel LG Beam Log(BER)

Alexandria Chandigarh

1 LGoo -9.01 —8.96

2 LGo17 —8.84 —-8.90

3 LGo .40 -8.71 —8.95

4 LGo7s -8.72 -8.71

LF. As the ranges varied from 350 m to 500 m, the log(BER) values
increased from —16 to —10 for all four channels using different OAM
beams. Similarly, in Figs. 10 and 11, which show the results of log(BER)
versus the variation in the FSO ranges under MF and HF, the perfor-
mance degraded as the transmission distances increased. When the
ranges that channel 1 could travel under LF, MF, and HF were compared,
it was discovered that the longest range was achieved under an LF at
500 m, which decreased to 340 m and 250 m under MF and LF,
respectively. These values were obtained for a log(BER) value < —9.
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Table 7
Comparison between the present work and previous published works.
Ref. [30] [31] Present Work
Technique PDM/OFDM Different levels MDM
of QAM
Channel SMF + FSO SMF + FSO MMF + FSO
External climate Not Not considered CW, LF, MF, HF, LR, MR,
conditions considered and HR
Atmospheric Not Not considered WT and ST
turbulences considered
Real meteorological ~ Not Not considered Alexandria in Egypt and
data considered Chandigarh in India
Overall capacity 10 Gb/S 100 Mbps 40 Gb/s

Additionally, when comparing the results of the proposed model under
fog conditions with those under the rain conditions, it was observed that
the ranges achieved under various rainfall rates were longer than those
achieved under fog conditions, which was expected as fog causes a
greater attenuation value than rain.

The log(BER) values for the four channels corresponding to 600 m
(100 m MMF + 50 m FSO range) under LF, 440 m (100 m MMF + 340 m
FSO range) under MF, and 350 m (100 m MMF + 250 m FSO range)
under HF are summarized in Table 4.

Effect of different turbulence conditions

The atmospheric turbulence impacted the propagation of the infor-
mation signal through the FSO channel. Accordingly, in this part, the
results of different turbulences (WT and ST) on the performance of the
proposed hybrid MMF/FSO system are evaluated. Fig. 12 depicts the log
(BER) of the proposed model under the effect of WT and ST against the
different transmission ranges. It is clear that for low WT (Cﬁ = 5x

10-16m3"), all the channels using the hybrid MMF/FSO system could
propagate up to 1150 m with a log(BER) of approximately —9. There-
fore, the information data could be received successfully at the receiver.

However, when ST (C2 = 5x 107“m¥), the performance of the
received signal degraded. At the same range (1150 m), it can be
observed from Fig. 12 that the value of the log(BER) increased to —4.7.

Table 5 tabulates the values of the log(BER) for the four channels
corresponding to 1250 m (100 m MMF + 1150 m FSO range) under the
effect of WT and ST.

Performance of proposed hybrid MMF/FSO model for Alexandria and
Chandigarh cities

As it is important to show the applicability of implementing the
proposed hybrid MMF/FSO system in a real environment, we considered
all of the parameters used in the simulation according to those used in
practical systems. Additionally, the real meteorological data for the
years 2014-2020 for the two cities, Alexandria and Chandigarh, were
considered. Regarding Alexandria, the data were collected from https
://www.worldweatheronline.com (accessed on 25 February 2023),
which shows that the average visibility range was 9.8 km, which ac-
cording to Eq. (6), caused an attenuation of 0.1 dB/km. Regarding
Chandigarh, the attenuation was 1.9 dB/km [42]. The relation between
the log(BER) values and the various FSO ranges for the proposed MME/
FSO system under the weather of these two cities is given in Fig. 13. The
coastal area where Alexandria is located allows the information signals
carried by the four channels to travel a longer distance than that ach-
ieved by Chandigarh. At log(BER) 10~°, the proposed model achieved
an FSO link of 1100 m for Alexandria, which decreased to 1000 m for
Chandigarh, which was expected, as attenuation caused by the weather
in Alexandria is lower than that caused by the weather in Chandigarh.

Table 6 shows the values of the log(BER) for the four channels cor-
responding to 1200 m (100 m MMF + 1100 m FSO range) and 1100 m
(100 m MMF + 1000 m FSO) for Alexandria and Chandigarh,
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respectively.
Table 7 provides a comparison between our study and previous
publications.

Conclusions

The importance of having high-speed transmission systems with high
capacity has become urgent nowadays due to the increase in data traffic,
so in this paper, a new hybrid MMF/FSO system based on OAM multi-
plexing was proposed. A single wavelength was used to carry four
distinct LG beams (LGo o, LGo,17, LGo 40, and LGy 75), each carrying 10
Gb/s data, resulting in a 4x10 = 40 Gb/s overall capacity. Two prop-
agation channels were used, the first channel was the MMF cable with a
fixed length of 100 m, and the second channel was the FSO channel. As
in the FSO channel, the signal propagated in the atmosphere, so it was
exposed to different climate changes and different atmospheric turbu-
lences. Accordingly, CW, various rainfall rates, and different degrees of
fog conditions were considered in evaluating the performance of the
hybrid MMF/FSO system. Additionally, the impact of different turbu-
lences either weak or strong on the proposed model’s performance was
investigated. To implement the proposed model in a real environment,
the real data of the weather of two different cities, Alexandria and
Chandigarh, were considered, and the performance was also studied
under their effects. The simulation results revealed that the proposed
model could successfully travel a 100 m MMF in addition to different
FSO ranges that varied from 1150 m under the effect of CW to 250 m
under the effect of HF with a log(BER) less than or equal to —9.
Furthermore, the transmission distance of the proposed model used in
Alexandria was 1200 m (100 m MMF + 1100 m FSO link), which needs
to be decreased to 1000 m (100 m MMF + 1000 m FSO link) if used in
Chandigarh. Consequently, as our model can enhance capacity and
support high speed data transmission, so we recommended to be
implemented in 5G PONs, remote areas, urban areas, and future hybrid
MME/FSO data center interconnects. For future works, we suggest other
multiplexing techniques such as polarization division multiplexing, and
orthogonal FDM with our proposed model for further capacity
enhancement. We also need to demonstrate our model experimentally in
order to consider the real-time losses and inter modal cross talk.
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