IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

7201712

Performance Analysis of a Spectral-Efficient
High-Speed Hybrid PDM-MDM Enabled Integrated
MMF-FSO Transmission

Somia A. Abd El-Mottaleb ", Mehtab Singh

, Hassan Yousif Ahmed ", Median Zeghid ™,

and Kottakkaran Sooppy Nisar

Abstract—This article proposes a novel 2 X 4 x 10 Gbps hy-
brid multi-mode-fiber (MMF) free-space optics-communication
(FSOC) system based on integrating two multiplexing tech-
niques; polarization-division-multiplexing (PDM) and mode-
division-multiplexing (MDM). Two polarization states are used,
each of these states carries four different Hermite Gaussian (HG)
modes while each HG modes carries 10 Gbps data. Performance
analysis is investigated by considering fixed length of MMF cable
and varying FSOC range in absence and presence of different
atmospheric turbulences (weak turbulence (WT) and strong tur-
bulence (ST)). Additionally, it is evaluated also by taking a fixed
range for FSO link and considering ideal scintillation with different
MMF lengths. Moreover, it is investigated under rainy weather of
Alexandria city in Egypt, Pune city in India, and Jeddah city in the
Kingdom-of-Saudi-Arabia (KSA). The link distance, beam-angle,
eye-diagrams, and bit-error-rate are the parameters that used for
evaluating the system’s performance. The results after simulating
model using optisystem reveal 80 Gbps overall transmission capac-
ity at 1500 m (100 m MMF + 1400 m FSO link) in the presence of
ST, while for fixed FSO link (100 m), the achievable transmission
is 350 m. The overall ranges of 1300 m, 1200 m, and 1600 m are
achieved for Alexandria, Pune, and Jeddah.

Index Terms—Polarization division multiplexing, multimode
fiber, free space optics, Hermite Gaussian beams, bit error rate,
beam divergence, atmospheric turbulences.
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1. INTRODUCTION

REE space optical communication (FSOC) links are im-

portant in data transfer applications. It requires line of
sight (LOS) transmission and uses atmosphere as a media in
transferring the data [1]. Immunity to electromagnetic waves
interference, low power consumption, high speed data transmis-
sion, implementation in urban areas, license-free spectrum, and
large bandwidth are advantages of FSOC [2], [3]. These advan-
tages make FSOC a good solution for solving problem of data
traffic. However, the major factor that degrades the performance
of the transmission link in the FSOC system is the atmospheric
turbulence due to variations in temperature [S], [6]. Nowadays,
the improvements in the optical fiber communication (OFC)
technology have become remarkable. The exponential growth in
internet technology and the variation in the types of applications
like gaming systems have prompted increasing demand for trans-
mission quality and data capacity [7]. Although there are several
techniques used in OFC like wavelength division multiplexing
(WDM) [8], [9], [10], time division multiplexing (TDM) [11],
[12], and frequency division multiplexing (FDM) [13], the data
transmission rates and spectral efficiency are not satisfactory.
The existing technologies of optical data transmission using
OFC like single mode fibers (SMFs) will reach their capacity
limits [14], [15], and that according to Shannon’s limit [16].
So, the requirement of using multimode fiber (MMF) cables has
increased as they provide high bandwidth.

Thus, using MMF with FSOC will result in enhancement
in transmission capacity and will be reachable everywhere.
Furthermore, for more capacity enhancement, different multi-
plexing techniques are used in FSOC systems like polarization
division multiplexing (PDM) [17], orthogonal FDM [18], and
mode division multiplexing (MDM) [1], [19].

PDM is a multiplexing technique where one or more po-
larization signals are combined leading to generation of new
parallel state. The transmission data capacity is enhanced in
PDM through allowing distinct signals transmitting their data
in an orthogonal beam using same wavelength [20], [21].

MDM is a recent technique that is used in optical commu-
nication networks either MMF or FSOC due to its ability for
providing high data transportation [22]. It uses eigen modes
for transmitting independent channels at the same time. Modes
like Laguerre-Gaussian [23], orbital angular momentum [1],
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[24], and Hermite-Gaussian [25] are used MDM techniques for
capacity enhancement.

The Hermite-Gaussian (HG) beams are the solutions to the
paraxial wave equation (Cartesian coordinate system) that form
set of functions with Gaussian beam which are orthogonal and
complete and known as modes of propagations [26].

Recently, there are several studies using either MDM or PDM
in FSOC transmission only, OFC transmission only, and both
hybrid OFC with FSOC transmission. In [27], PDM is used
with FSOC transmission system. Ten channels coded by random
diagonal code of spectral amplitude coding optical code division
multiple access (SACOCDMA) are transmitted on two polariza-
tion states and a transmission capacity of 50 Gbps is achieved.
In [28], six channels assigned by diagonal permutation shift
code of SACOCDMA system are used in hybrid PDM/FSOC
system. The conducted results reveal a capacity enhancement of
60 Gbps. In [1] MDM is used with FSOC transmission system.
Two distinct Laguerre-Gaussian (LG) beams are used; each
carrying three different channels encoded by fixed right shift
code of SACOCDMA system. An overall transmission capacity
of 60 Gbps is achieved. Four different LG beams are used in
MDM/FSOC transmission in [24] and a 40 Gbps transmission
data capacity is achieved. In [29], two different modes are used
in MDM/ FSOC transmission communication system and a
successful transmission of 10 Gbps is reported.

In [30], MDM is used in hybrid MMF/FSOC transmission.
Two distinct modes and a transmission capacity of 80 Gbps
after 100 m MMF length and 2070 m FSOC range is achieved.
In [31], MDM in OFC system using code division multiplexing
is proposed. The linearly polarized (LP) modes are used and
the results show that the system can transmit up to 42 km
distance with a transmission capacity of 80 Gbps. In [32], the LP
modes are used in MDM-passive optical network system with
OCDMA system. Two fibers are used, SMF and two mode fiber
(TMF). The obtained results reveal that the system achieves a
transmission capacity of 80 Gbps with 40 km SMF length and
2 km TMF length.

In this article, for the first time according to our knowledge,
we will use PDM with four HG modes in hybrid MMF/FSOC
system for enhancing transmission capacity. The main contribu-
tions are:

® Introducing a new high speed transmission of MMF-FSOC
system based on combining PDM with MDM using four
HG modes (HG00, HGO1, HG10, and HG11).

® [Investigate the effect of beam divergence and atmospheric
turbulence, which are major factors that cause degradation
to the FSOC link.

e FEvaluate the performance of the suggested model based
on actual metrological data from three cities located in
different countries; Alexandria in Egypt, Pune in India,
and Jeddah in KSA.

In this article, a new hybrid MMF/FSOC system based on
combining PDM with MDM is proposed for capacity enhance-
ment. Two polarization states are used. The first one is used
for transmitting the optical signals that carries the information
data on X-polarization (X-PL) state. These signals are trans-
mitted using four different HG beams (HG0O, HGO1, HG10,
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and HG11), which each beam transports 10 Gbps. The second
polarization state is used for transmitting the information sig-
nal on Y-polarization (Y-PL) state. Also, this state is used for
transmitting the data that uses four different HG beams. Thus,
a capacity enhancement is achieved as the total transmission
data is 2 PDM x 4 HG modes x 10 Gbps = 80 Gbps. The
performance is investigated considering two cases, the first case
is using fixed MMF cable length of 100 m and varying FSOC
range. In this case, the effect of different beam divergence and
the turbulences effects like weak turbulence (WT) and strong
turbulence (ST) on the performance of the proposed model is
investigated. As for the other case, a fixed FSOC of 100 m is
used while the length of MMF is varied. Further, the performance
is evaluated using real meteorological data from different cities
in different countries.

The organization of the rest of the article is as follows.
Sections II and III give a brief explanation of HG modes and
MMF cable. A description of the proposed PDM/MDM based
MMEF/FSOC transmission is given in Section IV, followed by
the performance analysis in Section V. Sections VI and VII show
the simulation results with discussion and the main conclusion,
respectively.

II. HG MODES

Lasers are used in different areas of optics. The transverse
mode (TM) is the field distribution that is orthogonal to the
direction of the laser’s propagation, and when there are different
spatial modes, there will be different TMs that correspond to
them [33]. The HG modes are a full collection of spatial modes
with orthogonal bases, and any spatially distributed pattern can
be extended using the HG mode basis [34]. They are higher order
modes of Gaussian beam which are generated by using the solu-
tions of the higher-order of the paraxial equation with Hermite
polynomials in rectangular coordinates [35], [36], [37], [38]. The
HGmn modes are distinguished by two indices, m indicating
the number of nodes in the horizontal axis and n indicating the
number of nodes in the vertical axis. In Cartesian coordinate
system, the electric field of the HG beam, Ergmn(z, y, 2), is
expressed as [39].
ndm

27( 2 )exp

X [—i (W)] exp [—i(n+m+1)]

(B (E)on(522)

w

where H,, (.) and H,,(.) are Hermite polynomials of order m in
x direction and n in y direction, respectively, k is a wave number
and equal to (277/)\) where A is the optical wavelength, R(z) is
the beam curvature, and w indicates the beam spot size. The
HG beams are used in FSOC systems applications due to its
ability to enhance the capacity using MDM [40]. In this article,
the vertical-cavity surface-emitting laser (VCSEL) component
is used from optisystem software version 19 for generating
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Fig. 1. [Intensity profiles for different HG modes: (a) HG00, (b) HGOI,
(¢) HG10, and (d) HG11.

different HG modes. The HG modes that considered in this study
are HG00, HGO1, HG10, and HG11 and their intensity is given
in Fig. 1.

For more capacity enhancement, PDM is used with HG
modes. Fig. 2 illustrates how PDM combines with MDM using
the HG 01 beam. Using the same HGO1 beam, two information
data are sent on a single wavelength (A1 ). The first data is sent on
the X-PL signal, while the second data is sent on the Y-PL signal.
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Fig. 2. Concept of combining PDM with MDM using HGO1 beam.
(a) (b)
Fig. 3. Different types of OFC cables. (a) SMF and (b) MMF.

Then both signals are multiplexed using a PDM multiplexer and
sent together at the same time.

III. MMF CHANNEL

Recently, the development of OFC has enabled the develop-
ment of different types of optical fibers like SMF and MMF
as shown in Fig. 3. Optical fiber is classified into two types
according to the number of modes. The SMF has small core
diameter (8-10 pm) so it allows only one mode to propagate
in its core. On the contrary, the MMF has large core diameters
(50-100 pm), so multiple modes can propagate along the fiber
leading to capacity enhancement [41].

Accordingly, in this work, the MMF cable is used in which
its refractive index, n(r) is expressed as [42]

n(r)=

where n.., A, r, and ap, are maximum refractive index of the
core, profile height parameter, normalized radial distance from
the center of the core, and profile alpha parameter of the n(r),
respectively. At the input of the MMEF, the total incident spatial
electric field, Eé a(r, 6, t) is given as [42]

T 9 t [ZZchedq

where ¢ and d are azimuthal mode number and radial mode
number, respectively, c,q is the power coupling coefficient, and
edq 18 the transverse electric field of the HG modes.

As for the output electric field, it is expressed as [42]

(1= Arer 2)

Eqq(r,0) 3

EO (T7 97 t) = quedq (t — Tu)) Eéd (7" 9) eijZ (4)
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Fig. 4. Layout of PDM/MDM based MMF/FSOC system.

where 7, is the time delay and [3,, is the propagation constant
of the degenerate mode group w. The attenuation, ypspsp, 1S
expressed as [43]

YMMF = YMMFo {1 + 1,

2a

X [U((k(fﬂ +2d) / (2mrng,) [(ap +2)/ (OéPA)]O'E’) apJZ]}
%)

where v prFo, Ip, and 7, are basic attenuation by all modes,
p-th order modified Bessel function of the first kind, and scaling
factor.

IV. PROPOSED PDM/MDM BASED
MME/FSOC TRANSMISSION

Fig. 4 shows the schematic diagram that shows the layout of
the MMF-FSOC system based on combining PDM with 4 HG
modes. It consists of the central office (CO), MMF, FSO, optical
wireless unit, and users. The CO contains the information data
that is required to be transmitted to the user’s premises. The data
is first modulated onto optical wavelengths and then combined
before being delivered to the propagation channels. Here, two
channels are assumed, which are MMF cable and FSOC link, to
be able to reach areas where implementation of OFC is difficult,
like mountains. Further, an optical splitter is used to split the
data, and then the data reaches its destination.
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As any communication system consists of three main parts:
the transmitter, channel, and receiver, our proposed PDM/MDM
based MMF/FSOC transmission has the same three parts as
shown in Fig. 5. At the transmitter, a VCSEL source centered
at 1550 nm is used to generate four HG modes (HG00, HGO1,
HG10, and HG11) first on X-PL by setting the azimuth angle
at 0° and second on Y-PL by setting the azimuth angle at 90°.
Each HG mode carries 10 Gbps data. This data is generated from
a pseudo-random bit sequence generator (PRBSG) and then
entered into a non-return-to-zero (NRZ) on-off keying electrical
modulator. To be able to transmit this data through optical HG
modes, it must first be converted to an optical signal by using a
Mach-Zehnder modulator (MZM). The overall 40 Gbps that are
transmitted on four different HGs using either X-PL or Y-PL are
multiplexed by using an MDM multiplexer. A PDM combiner
(PC) is then used to combine both the data signals that were
transmitted on X-PL and Y-PL before transferring them to the
propagation channel. Here, two channels are used with two
cases. In the first case, a 100 m fixed length of MMF cable is
used with varying propagation ranges, while in the second case,
increasing lengths for MMF cable are considered with a fixed
FSO propagation range of 100 m. At the receiver, the received
signal is first split by a PDM splitter (PS) into an X-PL signal
and a Y-PL signal. The received signal in either X-PL or Y-PL
is further separated into four HG modes through the use of an
MDM demultiplexer. A photodetector (PD) is used to detect
the required information signal corresponding to the HG mode
and to convert the optical signal to an electrical signal. A low
pass filter (LPF) is then used for filtering the signal, and for
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Schematic diagram of PDM/MDM based MMF/FSOC transmission.
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Fig. 5.

analyzing the performance of the received information signal, a
BER analyzer is used.

V. PERFORMANCE ANALYSIS OF PDM/MDM BASED
MME/FSOC TRANSMISSION

The received current at the PD is [44]

I = SpBo,R ©)

where B, and R are the optical bandwidth and the responsivity
of the PD, respectively. Parameter Sy indicates the received
power and is expressed as [17]
2
> 10710

where St is the transmitted power, dp and d i are transmitter and
receiver aperture diameter, respectively, ® indicates the beam
divergence angle, L is the FSO range, and [ is the atmospheric

dr

Sk = ST(dT+<I>L

(7
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attenuation. As there is variation in temperature during the
propagation of the information signal in the FSOC channel, so
this leads to atmospheric turbulence which varies from weak
turbulence (WT) to strong turbulence (ST). Models like gamma-
gamma, log-normal, and K-distribution are used for modelling
the channel under the effect of atmospheric turbulence [6], [45].
Under the effect of WT and CA weather conditions, log-normal
model is used [6], while for ST, K-distribution model is used
[45]. As for gamma-gamma distribution, it is commonly used as
it can be used for both WT and ST [46]. Accordingly, gamma
—gamma model is considered in this study. In gamma-gamma,
the normalized intensity of light is defined by « and -, which
are large and small edges scales, respectively. The probability
density function is given as [47], [48]

(a+v)
2
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where K(.), and I'(.) are the j""order of modified Bessel func-
tion and the Gamma function, respectively, and o2is the Rytov
variance which differs according to the value of the refractive
index,Cfl and is expressed as [49]

0% =1.23C2 K"/ R}[S (11)

where K is the wave number and equal to (270 /). The values of
C2 for WT, MT, and ST, are 1 x 10717 m~2/3, 5x1071° m~%/3,
and 110713 m~2/3 respectively. Moreover, the different FSO
propagation ranges can be distinguished by the 0%, asif 0% < 1,
then that means WT occurs, while if 012% ~ 1, then MT occurs,
and if 0% > 1, so there is ST and if 0% goes to infinity then that
means that turbulence is saturated.
The signal to noise ratio (SNR) is expressed as [17], [28]:

)2
sNR= 1 (12)
Tsn T Tin

where Jg nis the shot noise and equals to 2e vt < I>, (e is the
charge of the electron and v is the electrical bandwidth), and o2,

refers to the thermal noise and expressed as [28]

ach _ 4kBTU/rL

13)

where kp and T, are respectively, Boltzmann constant and
absolute temperature of receiver, and ry, is the load resistance.
Finally, the BER is given as [28]

(14)

BER = %erfc ( SNR)

2V/2

where erfc refers to the error complementary function.

VI. RESULTS AND DISCUSSION

The proposed PDM/MDM based MMF/FSOC transmission
system using 4 HG modes is simulated using Optisystem Soft-
ware ver. 19 with the parameters given in Table I [4], [17],
[27], [30]. The performance of the proposed model is evaluated
in terms of beam divergence, MMF length, FSO propagation
range, eye diagrams and log(BER). The simulation results are
divided into four parts. The effect of difference beam divergence
on system performance, is discussed in the first part. In the
second part, the performance is investigated for the proposed
PDM/MDM based MMF/FSOC transmission at a fixed length

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 4, AUGUST 2023

TABLE I
PROPOSED MODEL PARAMETERS [4], [17], [27], [30]

Parameter value
Input power of the VCSEL source 15 dBm
HG modes HGO00, HGO1,
HG10, and HG11
Centered wavelength 1550 nm
X-PL at 0°
S azimuthal angle
Polarization states Y-PL at 90°
azimuthal angle
Data rate per channel 10 Gbps
Electrical bandwidth 0.75xBit rate Hz
Linewidth of VCSEL 10 MHz
MMF Length 100 m
MMF cable attenuation 2.61 dB/km
Angle of beam divergence 2 mrad
Transmitter aperture diameter 10 cm
CA weather attenuation 0.14 dB/km
Atmospheric turbulences considered | WT and ST
Turbulence model Gamma-Gamma
distribution
Receiver aperture diameter 20 cm
Responsivity of the PD 1 A/W
Nollse temperature an.d load 300 K and 1030 0,
resistance of the receiver, .
. respectively.
respectively
Thermal noise power density 10722W/Hz

of 100 m of the MMF cable while varying the FSO range under
clear air (CA) weather conditions. The third part shows impact
of atmospheric turbulences on the performance of the received
information signal, followed by the effect of different MMF
lengths on the performance of the proposed model at a constant
FSO range of 100 m in the fourth part. Finally, the fifth part
shows the performance of the proposed model under the rainy
weather for Alexandria city in Egypt, Pune city in India, and
Jeddah city in KSA.

A. Effect of Beam Divergence on the Performance of the
Proposed System

Beam divergence has an effect on the information signal
during transmission in the FSO channel. Ideal scintillation (no
atmospheric turbulence), a fixed MMF length of 100 m, and
a fixed FSO range of 800 m are considered. Fig. 6 shows the
log (BER) performance of the proposed PDM/MDM based
MMF/FSOC system versus different angles of beam divergence.
The performance of users 1-4 that transmitted on X-PL using
four different HG modes is shown in Fig. 6(a), while the perfor-
mance of users 5-8 that transmitted on Y-PL using the same HG
modes is displayed in Fig. 6(b). It is clear that as the divergence
angle increased, the performance is degraded for all users. As an
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Fig. 6. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission
versus beam divergence angle for (a) users 1-4 transmitted on X-PL and (b)
users 5-8 transmitted on Y-PL.

example, at a beam divergence angle of 0.2 mrad., the log(BER)
of user 1 is —17.19, which is increased to —6.6 when the beam
divergence angle is increased to 0.5 mrad. Also, the large eye
openings for the all users that are transmitted using four HG
modes on two different polarization states at a beam divergence
angle of 0.5 mrad. indicate reliable received data.

Table II tabulates the log(BER) values for the all users at a
beam divergence angle of 0.5 mrad.

B. Effect of Different FSO Propagation Range on the
Performance of the Proposed System

In this part, the fixed MMF of 100 m, CA weather conditions,
ideal scintillation, and various FSO ranges from 800 m to 1400
m are considered. The measured log(BER) for users 1,2, 3, and 4
that transmitted using HG00O, HGO1, HG10, and HG11 modes,
respectively on X-PL signal for proposed model versus FSO
ranges is given in Fig. 7(a) while Fig. 7(b) depicts the log(BER)
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TABLE II
LOG(BER) VALUES FOR ALL USERS CORRESPONDING TO 0.5 MRAD
DIVERGENCE ANGLE
Users HG modes Polarization Log(BER)
state
1 HGO00 -6.60
2 HGO1 -6.39
3 HG10 X-PL -6.29
4 HGI11 -6.27
5 HGO00 -6.99
6 HGO1 -6.43
7 HG10 Y-PL -6.41
8 HG 11 -6.54
=L, T T ¥ T T T T T
_g_. —a— User 1
| —e— User2
o4 —A—User 3| AR A N
l -v— User 4 |
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Z M-
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Fig.7. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission

after a fixed MMF of 100 m versus different FSO links under CA for (a) users
1-4 transmitted on X-PL and (b) users 5-8 transmitted on Y-PL.
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TABLE III
LOG(BER) VALUES FOR ALL USERS UNDER CA AND AT A TRANSMISSION
DISTANCE OF 1500 M

Users HG modes Polarization Log(BER)
state

1 HGO00 -8

2 HGO1 -7.77

3 HG10 X-PL -7.64

4 HGI11 -7.63

5 HGO00 -8.49

6 HGO1 Y-PL -7.82

7 HG10 -7.77

8 HG 11 -7.94

for other users (5-8) using same four HG modes transmitted
on Y-PL. One can notice that as FSO range increments, the
log(BER) also increments, while the users 1 and 5 that are
using HGOO modes while propagating in FSO channel achieve
the best performance when compared to other users that are
using higher HG modes. Users 4 and 8 propagated using HG11,
achieved a lower log (BER) than other users who propagated
using lower order of HG modes. The log(BERs) of users 1, 4,
5, and 8 are —8, —7.6, —8.49, and —7.94, respectively, at the
FSO link of 1400 m. As the acceptable value of log(BER) in
FSO is approximately 6 [30], so all the information streams that
were transmitted using different HG modes and two polarization
states were successfully received at the transmission distance of
1500 m (100 m MMF + 1400 m FSO link), as all users had
log(BER) less than —7. Additionally, the wider eye openings
for all users at 1500 m (100 m MMF + 1400 FSO link) reveal
reliable received data.

Table IIT shows the log(BER) values for the all users at a 1500
m (100 m MMF + 1400 FSO link) under CA weather conditions.

C. Effect of Weak and Strong Turbulence on the Performance
of Proposed Model

The variations in temperature cause atmospheric turbulence,
which degrades the performance of the information signal during
its transfer in the FSOC channel. The turbulence varies from
WT that has C2 of 5 x 10716 m= to ST that has C2 of
5x 10714 m% [30], [48]. The effect of WT and ST on the
performance of the proposed PDM/MDM based MMF/FSOC
transmission in terms of log(BER) and different FSO is depicted
in Fig. 8. A fixed MMF of 100 m is considered. It is clear that
when the turbulence is strong, all the users that transmitted on
either X-PL or Y-PL using four different HG modes (HGOO,
HGO1, HG10, and HG11) achieved a propagation range of
1400 m with log(BER) approximately -4. On the other hand,
the performance for the eight users using the proposed model
becomes better when there is WT, as at the same FSO range
of 1400 m, the log(BER) enhances and becomes ~—6. As the
acceptance limit for the log(BER) is < 6, so all the information
data transmitted by the eight users (80 Gbps) is successfully
received.
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Fig. 8. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission
after a fixed MMF of 100 m versus different FSO links under WT and ST for
(a) users 1-4 transmitted on X-PL and (b) users 5-8 transmitted on Y-PL.

T v T
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Table IV summarizes the log(BER) values for all users under
WT and ST at a distance of 1500 m (100 m MMF + 1400 FSO
link).

D. Performance of Proposed Model for Varying MMF
Cable Length

In this part, the effect of the MMF cable length on the
performance of the proposed PDM/MDM based MMF/FSO
transmission is discussed. A fixed FSO link of 100 m, ideal
scintillation, and CA weather conditions are considered in this
case. Fig. 9 presents the relation between the performance in
terms of log(BER) of all users and the MMF length. For eight
users, a shorter MMF length gives better performance than a
longer MMF length. As an example, at an MMF length of 150 m,
user 1 transmitted using HGOO mode and on X-PL has log(BER)
= —15.28, while this value increases to —7.30 when the length
of the MMF is prolonged to 250 m. Also, the eye diagram for
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TABLE IV
LOG(BER) VALUES FOR ALL USERS UNDER WT AND ST AT A TRANSMISSION
DISTANCE OF 1500 M
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TABLE V
LoG(BER) VALUES FOR ALL USERS CORRESPONDING TO 350 M (250 M MMF
+ 100 M FSOC LINK)

HG Polarization Log(BER) Polarization
Users modes state WT ST Users HG modes state Log(BER)
1 HGO00 -5.95 -4.23 1 HGO00 -7.30
2 HGO1 -5.81 -3.78 2 HGO1 -7.29
3 HGlo | ~Tt 609 | -3.86 3 HG10 X-PL 7.28
4 HGI11 -5.94 -3.93 4 HGI11 -7.24
5 HGO00 -6.34 -4 5 HGO00 -7.27
6 HGO1 -6.09 -3.94 6 HGO1 -7.18
7 HGlo | ' TF 594 | 3.97 7 HG10 Y-PL 7.27
8 HG 11 -5.90 -4 8 HG 11 -7.23
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Fig. 9. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission 0 10 og(BER) for proposed PDM/MDM based MMF/FSOC transmission

versus different MMF lengths for (a) users 1-4 transmitted on X-PL and
(b) users 5-8 transmitted on Y-PL.

the eight users at a 250 m MMF and a 100 m FSO reveal a
successful transmission of 80 Gbps data. Additionally, one can
notice that the performance of the proposed model is restricted
as in the fiber there are nonlinearities present.

versus FSO range in Alexandria for (a) users 1-4 transmitted on X-PL and
(b) users 5-8 transmitted on Y-PL.

Table V shows the values of the log(BER) for the 8 users
corresponding to 350 m (250 m MMF + 100 m FSOC range)
under CA.
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TABLE VI
COMPARISON BETWEEN PRESENT WORK AND PREVIOUSLY PUBLISHED WORKS
. Turbulence . .
Ref. Technique Channel effect Meteorological data Overall capacity
PDM with . .
[28] OCDMA FSO only Not considered Not considered 60 Gbps
OFDM with . .
[18] OCDMA FSO only Not considered Not considered 45 Gbps
[51] OOK SMF + FSOC Not considered Not considered 10 Gbps
16-quadrature
[52] amplitude SMF + FSOC Not considered Not considered 10 Gbps
modulation
[53] MDM SMF + FSOC Not considered Not considered 40 Gbps
Alexandria in Egypt,
Present work | PDM with MDM | MMF + FSOC WT and ST Pune in India, and 80 Gbps
Jeddah in KSA
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-6 6 ! |
—a— User 1 %
84 —o— User 2 -
-8 —A— User 3
10+ —v—User4 1
o2
T N T 7 NS A [N KN Op S— ——. S———. . O | S—— "
4 -0
o,
14 124 |
-
-16 4 |
14 -
6(‘)0 7(‘)0 8(’)0 9(‘)0 10‘00
FSO Link Range (m) —
(a) -16 < hicd e 2tk )
T v T r User 2
-6 - b T L) T L3 T % T x 1
—m— User 5 o 600 800 1000 1200 1400 1600
—e— User 6 : 4 3
. & User7 / FSO Link Range (m)
v User8 Z
P (@
—~ =104 7 7
o T T T T
L S I | |
% 12 7 | 0 —m— User 5
14 - W P < YO P, iy ;f‘:-"*"f'*-” ] -8 -
EEEE
e I:l;-erS l;sers ) I.l"s.r-7 B -;..frjﬂ E\ -10_ -'_-"-'-"""E""""""""';'"""""""'/ “---3-
6(‘)0 760 860 9(’)0 10‘00 1 1‘00 %
FSO Link Range (m) § 12
(b) -
Fig.11. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission = ~ J
versus FSO range in Pune for (a) users 1-4 transmitted on X-PL and (b) users - s
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E. Performance of Proposed Model for Cities Located in (b)
Three Different Countries
Fig.12. Log(BER) for proposed PDM/MDM based MMF/FSOC transmission

As to be able to show the availability of implement the pro-

. . . . versus FSO range in Jeddah for (a) users 1-4 transmitted on X-PL and (b) users
posed model in real environment, so the simulation parameters

5-8 transmitted on Y-PL.
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are chosen based on real practical studies and the real mete-
orological data for different cities have various geographical
data are considered. The average rainfall intensities from years
2014 to years 2018 for Alexandria city in Egypt, Pune city in
India, and Jeddah city in KSA are 1.14 mm/hr, 3.33 mm/hr,
and 0.28 mm/hr according to meteorological data taken from
www.worldweatheronline.com ‘accessed on January 2023’ and
refs. [1], [45], [50]. As the relation between attenuation coef-
ficient of rain, (3, in dB/km and rainfall intensity, Ry, is [50]:

Br = LOTRYY” (15)

So by using this relation, the attenuations are 1.17 dB/km for
Alexandria, 2.4 dB/km for Pune, and 0.45 dB/km for Jeddah.
Figs. 10—12 depicts the log(BER) performance versus different
FSO ranges after a fixed 100 m length of MMF cable for
Alexandria, Pune, and Jeddah cities, respectively. As Jeddah
has the lowest attenuation, so the eight users that propagated on
different HG modes and two polarization signals of the proposed
model achieves the longest range of 1500 m when implemented
init. This range is decreased to 1200 m and 1100 m when applied
under the weather of Alexandria and Pune, respectively, and that
is expected as Pune has the highest attenuation. All these ranges
are below log(BER) = —6.

A comparison between recent published works and present
work is shown in Table VI.

VII. CONCLUSION

In this article, a novel 2 x 4 x 10 Gbps PDM/MDM based
MMEF/FSOC transmission system is proposed for high speed
transmission capacity network. Two polarization states, X-PL
and Y-PL, are considered. Each polarization signal carries four
HG modes (HG00, HGO1, HG10, and HG11). A 10 Gbps data is
transmitted on each HG mode results in overall data transmission
of 80 Gbps (as eight users are used). Hybrid channels, MMF
cable and FSOC are used. The performance is investigated for
two cases: in the first case, a fixed MMF cable length of 100 m
and various FSO ranges in the absence and presence of WT and
ST are considered. Different MMF cables lengths and fixed FSO
link of 100 m are considered in the second case. Moreover, the
performance is evaluated for the weathers of Alexandria, Pune,
and Jeddah. The simulation obtained results show that, all users
can transmit their data successfully for propagation ranges of
1500 m (100 m MMF cable + 1400 FSOC link) in the presence
of WT with log(BER) less than —7 for the first case. In the
second case, the existence of the nonlinearities in the MMF lead
to performance restriction so, the overall transmission distance
achieved by eight users is 350 m (250 m MMF cable 4 100 m
FSO link). Finally, the transmission ranges achieved by eight
users are 1300 m for Alexandria (100 m MMF cable + 1200
m FSO link), 1200 m for Pune (100 m MMF cable + 1100 m
FSO link), and 1600 m for Jeddah (100 m MMF cable + 1500 m
FSO link). Subsequently, our suggested model is recommended
to be used in high transmission hybrid wired/wireless networks
and in next generation PON applications like smart homes, and
smart health cares. It is imperative to conduct experimental
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demonstrations of our model to account for real-time losses and
intermodal crosstalk, and we suggest integrating other multi-
plexing techniques with the suggested model, like OCDMA and
OFDM, to enhance transmission capacity.
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