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ARTICLE INFO ABSTRACT

Keywords: Free space optics (FSO) system has received much interest in recent years as a technology that exhibits cost-
Power divider/holographic beam splitter effective, better security, license-free, and comprehensive capacity access techniques for transmission of Giga
(holo‘gre_nm) data rate. However, despite all the many advantages demonstrated by its signal, alignment distortion from
S;zsr:leléfused building sway, atmospheric disturbances from aerosol, scattering, turbulence, and scintillation have shackled the
Bit error rate (BER) development of the high-speed FSO link and made it less attractive. These atmospheric disturbances have led to
Eye height the cultivation of spatial diversity techniques for its performance improvement. This work proposes applying a

polarized quasi-diffused system with a power divider/holographic beam splitter as a spatial diversity scheme
instead of using multiple transmitters. The idea of both analytical and simulation design is considered. The
proposed model with power divider/holographic beam splitter has shown a very high maximum quality factor,
improved received power, better bit error rate (BER), and eye height depicting the link visibility as compared to
the conventional point to point single input single output (SISO) 1TX/RX FSO system for the same transmitted
power and link range. The results and data were collected through the help of optisystem software. The obtained
results show better performance of an FSO link by using a single transmitter with multi-beam spots from a power

Maximum quality factor

divider/hologram instead of using multiple transmitters as a spatial diversity scheme.

1. Introduction

Free space optics (FSO), known as fiber-free or fibreless optics, is an
optical communication technique that propagates light in free space,
meaning air, outer space, vacuum, or something similar to wireless
transmission of data for telecommunication and computer networking
[1]. It is a line-of-sight technology that currently enables optical
transmission up to 2.5 Gbps of text, video, and voice data through the
air at long distances in the order of kilometers, allowing optical con-
nectivity without installing fiber-optic cable or securing spectrum li-
cense [2]. FSO can be considered a technology that bridges the existing
gap between wireless technology and fiber optics technology with ad-
vantages such as high data rate, secure link, cost efficiency, and
insusceptibility to electromagnetic interference. The 'last mile' from
fiber optic is a challenge in practically laying down the optical fibers
and the cost involved. Also, it operates between the 780-1600 nm
wavelength bands, which are wavelength/frequency bands of interest
in telecommunications. It is a technology that requires low divergence
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optical signals, which can be produced by using either light-emitting
diodes (LEDs) or lasers (light amplification by stimulated emission of
radiation) [3]. With all the advantages, it is essential to know that FSO
system can encounter significant losses during the transmission process
due to in-homogeneities in the atmospheric contents (molecules or
particles) and adverse weather conditions. Hence, spatial diversity
techniques have been proposed as a breakthrough to facilitate a high
data rate with acceptable performance [4].

Salah Mahdi Hamzah and Ibrahim A. Murdas et al. [5] proposed a
system that combines dense wavelength division multiplexing (DWDM)
and multiple-input multiple-output (MIMO) techniques. The authors
used a fork component as a source of multiple transmitters to produce a
prototype transmission system to transmit optical signals through the
atmosphere with more minor atmospheric disturbances by mitigating
the attenuations during the transmission process. The method
improved transmission range and signaled quality when using the
DWDM-MIMO technique compared to combines dense wavelength di-
vision multiplexing single input single output (DWDM-SISO). The
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Figure 1. The Block Diagram of the Proposed Polarized Quasi Diffused FSO System Model with Hologram/power divider.

number of transmitters used in the DWDM-MIMO influenced the dif-
ference. In [6], the authors investigate the maximum transmission
range at a bit rate of 10 Gb/s and quality factor for FSO orthogonal
frequency division multiplexing (OFDM) system. The use of
DWDM-OFDM as a spatial diversity technique with dual-polarization
was analyzed to monitor the performance of the FSO system under
the effect of atmospheric attenuation, which serves as a factor limiting
the propagation of the optical signal. The investigation shows improved
transmission range and quality factor for the FSO-OFDM system, but the
implementation is practically shaking. Also, in [7], the authors pro-
posed an FSO optical relaying assisted transmission to increase the link
range and optimize the BER. The method proposed processes and a
forward optical signal transmitted at intermediate relaying nodes. The
simulation and experiment investigating the performance of optical
amplify and forward (OAF) relaying shows that differential phase
shifting keying (DPSK) with a balanced receiver has a 3dB receiving
sensitivity advantage over on-off keying (OOK). However, the OAF
relaying node is adopted to extend the FSO transmission distance, but
atmospheric attenuations were neglected. [8], the authors analyzed the
use of the multiple-input multiple-output (MIMO) technique to mitigate
the adverse effect on the FSO system with turbulent atmospheric
channels using multiple laser sources and multiple optical detectors.
The analysis shows that increasing the number of transmitters increases
the system performance, neglecting the undesirable increase in system
noise due to the number of transmitters and receivers added. Therefore,
the novelty of polarized quasi diffused system technique is to use two or
more orthogonal polarizations to carry optical signal in free space
through different defined paths simultaneously with the use of power
divider/holographic beam splitter, designed to give multi-beam spots
from one source instead of using multiple transmitters or receivers,
serving as additional sources of system noise. Also, the polarized diffuse
system radiates optical power over a wide solid angle to ease the
pointing error and shadowing effects of point-to-point FSO links. The
transmitter does not need to aim at the receiver since the radiant optical
power is assumed to radiate in different directions towards the receiver.
Hence, the diffuse channel does not exhibit fading because the receiver
photodiode detectors integrate the optical intensity field over an area of
million square wavelengths. This leads to no change in the channel
response even if the photodiode is moved a distance in the order of the
wavelength.

2. Methodology analysis
2.1. Proposed polarized quasi-diffused system model
The block diagram of the proposed model, whose theoretical analysis

is discussed below, is represented in Figure 1. The analysis followed step-
by-step modeling of the system.

Where; LP stands for a linear polarizer, CW is a continuous-wave
laser, PBS is a polarization beam splitter, MZ is Mach-Zehnder modu-
lator, PM is phase modulator, PBC represent polarization beam combiner,
PD is photodiode detector, BER is bit error rate analyzer, LPBF is low pass
Bessel filter, OA stands for optical amplifier and TIA represent trans-
impedance amplifier. In the software, the power divider represents the
holographic beam splitter, shown in Figure 1. In practical cases, a holo-
gram is a unique computer-generated holographic device (CGH) that
represents a sort of diffraction grating with a fringe bifurcation forming
the “fork” structure [9].

2.2. Transmitting units

The proposed polarized quasi diffused transmitter comprises the
following components:

i. Pseudorandom bit sequence generator gives the data information
to be transmitted.
ii. Beam splitter.
iii. The non-Return to Zero (NRZ) component generates the non-
return to zero code signals.
iv. Mach Zehnder (MZ) optical modulator modifies the intensity of
the output light signal from the PBS.
v. Power divider/holographic beam splitter divides the input signal
into several output signals.
vi. CW Laser generates the power to transmit the light signal
vii. Linear Polarizer polarizes the light from the laser into two
orthogonal components.

A

Figure 2. Field configuration of a linearly polarized wave.
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viii. Phase modulator (PM), used to modulate the optical light signal.

For a laser beam propagating over an atmospheric channel, the polari-
zation is considered the most stable characteristic of all parameters [10].
The field amplitude is projected along the horizontal x and vertical y axes as
shown in Figure 2 and can be described by the parametric equations as:

E, :Axexpﬂw(‘)’k"))_c @

Ey =A, expj(W(t)*kzw)y (2)

where: Ay and A, correspond to the amplitude of the electric field pro-
jected on the X and y-axis, respectively. ¢ stands for the phase difference
between E, and E,, which yields the shape of the electric field. The light
is linearly polarized along the X or y-axis if the A, or Ay, component is zero
and the phase difference is 0 or n. In this work, we assumed that the light
is linearly polarized along the X-axis given a phase difference of zero, and
it gave the transmitted signal by:

P. .
_Tepr[W(er;(t)] 3)

2

Considering the effect of a balanced 50/50, two beams splitter [11],
as shown in Figure 3.Where; ‘0’ and ‘v’ are transmitted optical compo-
nents of the splitter signals in ‘u’ and ‘v’ directions, respectively.

E,(t) = [ul[V]exp™ ") + [u]|v]exp ™) )
= ZCOS((/)V - (/]u) =0

T
Py — Py = 5

In this paper, we assumed ¢, = 0, which implies. ¢, = %

Invoking the analysis to the block diagram, the applied signal from
the linear polarizer is decomposed into two orthogonal components with
equal amplitude by the polarization beam splitter. The decomposed op-
tical signals along the U and V axes of the PBS is given as [10]:

E, (t) :Eu(t) + Ev(t) 6]

where;

E Pr  oiwra0]g

E,(t)= 5 exp sl (6)
ult)

Figure 3. Configuration of a balanced 50/50 beam splitter.
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The emitted electrical field of the optical carrier E,(t) linearly polar-
ized is split equally by the PBS and fed into two identical Mach Zehnder
(MZ) modulators that hold the information bits. At the output of each
MZ, the optical signals will experience both constructive and destructive
patterns depending on the phase difference of 0 and %, respectively.

Hence the transmitted optical field at the output of the polarization
beam combiner is expressed by [12];

Et(t) = \/%exp(“’(f)*"‘r(f)ﬂ){m(t)ﬁ +(1- m(t)?} ®

where; y is the modulation function, y € (0, z) for by € (1,0) The vector
m(t) is expressed as;

m(t)=Y = brectr(t—kT) 9)

where: by = (0,1) = transmitted bit, T represents symbol period, and
rectangular pulse shaping function and rectr(t) denotes the rectangular
pulse shaping function and is equal to one (1) for t € (0,7) and zero
elsewhere. The hologram/power divider then splits the beam into several
beams (N, =1, 2,....... N) each with a characteristic of the original beam
except for its power and angle of propagation. In this work, we used two
plane-polarized spatially coherent waves at the input of the power
divider/holographic beam splitter to create sinusoidal interference, giv-
ing the transmittance of the hologram towards the optical adder as;

- 1 Ne=4
B0 =D iy Sa 0

where S; represents the spot size and is given by [13]:

4DA —
Sz=—E(t) (11
X

giving the transmittance of the hologram as:

- 144D [ [Pp ~ -
Eh(t):ﬁtziz1 ﬂx< zT‘exp<W<f>+<ﬂc<f>+r>{m(t)u+(1m(t)v}> 12)

where:

Sz = spot size

x = input beam size

A = wavelength

D = working distance and is related to the inter-spot distance by

d = Dtanés

d = distance between diffracted spots (inter-spot distance) and the
optical axis

6; = angle between diffracted spots and the optical axis.

Note, the input beam size is determined by various design parameters
specific to the application at hand and is usually at least three times the
size of the period in the diffractive optical element (DOE). The period in
the DOE is given by [13]:

mi
" sina

13
where;

A = period of DOE

m = diffractive order

A = wavelength

o = separation angle between beams
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2.3. Channel model

The primary impairment in FSO system communication considering
the propagation channel is the turbulence-induced fading. Experimental
studies have shown that the lognormal distribution can be used to sta-
tistically characterize the fading in the FSO system in weak atmospheric
turbulence conditions. In other words, the lognormal model is a statis-
tical model proposed to describe irradiance fluctuation in FSO system
under weak turbulence conditions. Hence in this work, we configured the
FSO channel in the optisystem software to obey the lognormal channel
model for the laser wave propagating through the channel.

Therefore, invoking the variable transformation, the lognormal
Probability density function (PDF) can be given by [14]:

2
1 <lnI + 0‘12/2>
P(I)= - I>0 1
I ool P 07 JI> 14

where I = exp(X) is the channel gain, X is the Gaussian Rytov variance
(RV) having mean y and variance o;2, respectively. Also, o; is the scin-
tillation level whose typical value is less than 0.5 for FSO system [15].

2.4. Receiving units

The receiving end of the proposed FSO link comprises a polarization
splitter, photodiode (PIN), a low-pass filter (Bessel filter), trans-
impedance amplifier, electrical subtractors, 3R regenerator, and a visu-
alizer (BER analyzer). The photodetectors have a gain of 3dB, each with a
responsivity of 0.85A/W and a dark current of around 10nA. An
avalanche photodiode (APD) can also be used for long-distance free-
space optical data transmission because of its merits of producing high
amplification for low or weak light signals. The received signal un-
dergoes further processing steps by passing it through a low pass Bessel
filter of the cutoff frequency of 75% of the bit rate to limit its bandwidth.
3R regenerator regenerates the electrical signal of the same original bit
sequence. Then, the modulated electrical signal from the 3R generator is
expected to be similar to that produced by the transmitter to achieve the
optimum BER evaluation. The output of the 3R regenerator is then
connected to the BER analyzer, which gives the maximum Q-factor,
minimum BER, eye height, and threshold.

Following the process from Eq. (12) of the hologram/power divider,
the received optical beams at the optical adder is given by;

= 1 —n~=44DA Pri ~ ~
EO=32 0 o (\/ e O ()i + (1 - m(t)v}) 15)

where;

d? L
Pr=————Pre
[d: + (LO)]
[16] d, is the diameter of the receiver aperture (m), d; is the diameter of
transmitter aperture (m), 6 is the beam divergence (mrad), Pr = received
power, Pr = transmitted power, L. = link range, o = coefficient of
attenuation and ¢,= phase noise of receiver.

The term %[ is added to ensure that the overall power conforms to
conventional single input single output (SISO) TX/RX FSO system [17].
The received signal is superimposed onto the polarization splitter (PS)
and passes through to the optical adder receiver. Then the optical
orthogonal signals are decomposed into two received signals Ey(t) and
E,(t) given by [10]:
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— 1 N.=44DA Pr; W ~
EO=82 e (\/ 5 o “”“'““”{m(t)u}) e

_ 1n44Di [ [Pr . _
EO=§2u <\/7Texp< OO {(1 —m(t)v}) a7

Hence, the photodetectors detect the output sum from the polari-
zation beam splitter optical fields of the two orthogonal signals and
provide an electrical current proportional to the received optical
power. The output of the two photodetectors followed by TIA each is
connected to a single input low pass Bessel filter. Following the optical
to electrical signal conversion, the signals c,(t) and c,(t) at the output
of the two identical PIN photodiode (PD) detectors are expressed by

[12]:
1 4DA P, 2
q(r)—{MZZ’;“Rﬂxn s m<t>}+nx<r> (18)
1 4D} p, :
Ni=4 i
Cy<t>—{MZH R\ <1m(t>)}+ny<t) a9

where: R stands for the responsivity of the photodiode, n,(t) and ny(t)
represents the background radiation and thermal noise, also known as
system noise terms which are assumed to be statistically independent and
are modeled as AWGN with zero means and variance 6,2 = %No, with N,
standing for double-sided noise power spectral density representing the
background noise and thermal noise. n denotes the optical efficiency for
the two-beam splitter given by [13]:

8

== (20)

n

We assumed an undistorted signal, giving the detector output to be:

6ut)= (Rt mie) (o) 1)
60)= (R0 ) 1 = mie) + my (0 22)

Hence the instantaneous electrical signal of the subtractor is given by
[10]:

C(t) = Cu(t) — Gy (2) (23)
C(t) = % (2m(t) — 1) +n(t) 24)

where n(t) is the zero Gaussian with variance % . The output signal is
then transferred to a low-pass Bessel filter with a bandwidth equal to the
bit rate. The Bessel filter has a transfer function given by [18]:

(25)

where: a is the parameter insertion loss, N is the parameter order.
do = 53 being the normalizing constant and.
By (s) is the nth order Bessel polynomial of the form given by:

N .
By(s) = k;)dkskdk = % , S :j(f}%) for f, being the filter

cutoff frequency defined by the parameter frequency and w;, denotes the
normalized 3dB, which can be approximated as:

Wy ~ /(2N —1)ln 2
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Therefore, the output from the low pass Bessel filter is defined by 1 o (v— bnﬁf)2
[101: Py(vip) = —m—= / exp| — 2 |dv 29
: Nz 20,

2RADNP,
1 /7 7$ + nygr form(t) =0
= t)*hygp(t) = 26
ViTT /0 (7 huar(® =3 o pipyps (26)
B + nggr form(t) =1

where: T is the symbol period, c(t) is the output signal of the subtractor,

hrgr(t) is the impulse response of the low pass Bessel filter, and n;gr ~ |0,

2 o . N .
- } is the white Gaussian noise.

A decision is made in favor of the amplitude level close to v;, which is
2RADNPg RIDWPR g0 tho
X X

monitored within the range of b,, =
transmission of ‘1’ and ‘0’ respectively.

Assuming independent and identical distributed transmission,
meaning the signal level is balanced on the time axis, and the spectrum is
transformed by filtering to a white noise signal or a signal where all
frequencies are equally present, the probability density function of the
instantaneous SNR (error probability) is given by [8].

1 ® v—m)
F(v)—i\/m/0 exp< T2 )dv (27)

where F(v) is the probability density function, ,2 and o, are the noise
variance and standard deviation, respectively.

Hence the probability density function which is used to determine the
error probability in an FSO system in which the logic 1 pulses all of
amplitude v for a Gaussian output with mean and variance of b,, and 6,,°
respectively, is given by [8]:

and by = —

2
Py (va) = a"”) dv (28)

1
_ el —
V276 0,? /ﬂx, Xp( 20,2

Similarly, for logic O pulses, all amplitude v (no pulse register at the
decoding time) has a mean and variance of b,y and o,4* respectively. The
probability of error is equal to the probability that the noise will exceed
the threshold voltage, which is mistaken for a 1 pulse is given by:

where P; (vs) and P, (vy) denote the probability of error in the presence
of 1 bit and 0 bit, respectively.
The total error probability is given by:

1 1
7P1 (V[h) + 7P0(Vth (30)

FV)= 5 SPovin)

If assumed that the probability of 0 and 1 pulse are equally likely,
then the BER becomes [8]:

1 (e (Qz/z)
BER=——| ———~ 31
V2r Q (81)

_ Vaboy _ bonvy _ Donby

where Q = l”aff - 'funth T Oon 0oy
The average BER condition on the received irradiance for FSO signal
propagating through the turbulence lognormal channel can be obtained

as [17]:

)2
P(I)dvdI (32)

1
BER=——— S S
V2ro,2 /0 /0 &P 02

Performing some mathematical expression transformation, the BER
can be further expressed as:

BER= - (erfc<|b°" V"") +erfc (7"’”16_;0& {>> (33)

1 2RADnPy
BER=3 erfc( o, ) (€2)]
The closed-form approximation is given by:
1 Q
BER =_erfc| — 35
2(J5) 9

where Q = Zﬁ;’i% represent the average optical signal-to-noise ratio.
n



A.B. Sahr Brima et al.

Heliyon 7 (2021) e08248

FS0C e
=2
Asirgion= 15 ditkm

FSOC v |

St
Frsaey 4 Gilz Rerwe=2
Pheem=0 Abtnugin= 15 dBkem
ol A
Paarky Rarctm B SNRZ P G sty (- o *

Bt~ Bt it afl deicts 2 Powe Contie 2 el ok
f*é. ! & Agaruton= 15 dken
Pukizaion Sty g —

CWlamr lmrPiazr  Devmnge=0 Pt Cantir O 2 s N
Froesey= 1580 rm Devaarnge= 0 Dusiczrie= 0 - o : _,.O@_,
Py =20 dim e Ocky = 9000 N z e
(- E e
o 3 FS0CHse 3
WZMabist APtz ofdeioted pove Gt 3 =2 kn
Astragin= 15 dBlon
SER fesdyze
Caoideatans=NO
40D gt VS
Lo PmsBesaliks R Aagua!
& b ” Cubl fepuney =75 Syrieat e |
= =1, L —— Comope Vi 2
} St Strrtr
Quicifndde  Pkizain St 1
Gin=208] Deiaange=0
Noisrigan=14 6B 1A
: 3 Trringriresdrei e g
i @ D Por Oy Vi
-re PN Proudl: 1
g Pewer Mot 2

Figure 5. Simulation schematic layout of the proposed polarized quasi-diffused FSO system with hologram/power divider.

2.5. FSO link challenges

One of the major impairments of the FSO link, which may lead to
signal degradation and system failure, is atmospheric attenuation which
usually occurs due to aerosol/absorption and scattering. The major
causes of these attenuations are snow, fog, rain, and dust. The most
common is fog attenuation, formed because of the condensation of water
vapors present in the atmosphere. Hence fog attenuation can be predicted
depending on the size of the atmospheric particles, visibility of the link,
and the type of scattering. Visibility can be considered as the degree to
which things may be seen. Therefore, according to Kim's model [19],
atmospheric attenuation can be given by;

) -4

~3.9120
Vv

A

550 (36)

Coefficient of atmospheric attenuation (o)

(
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where: V is visibility (km), q is the size of scattering particles, and A is the
wavelength (nm). Kim's model allows the parameter q to take different
values which varied according to various weather conditions.
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1.6 v > 50km
q=4¢ 13 6km < v < 50km (39)
0.585V5 v < 6km

Therefore, for different weather conditions, this research work cal-
culates the attenuation value using a transmitting signal of 1550nm
(wavelength of atmospheric transmission window) at a distance L (km).
Moreover, in this research, Kruse's model is considered for the various
attenuation calculations because of its clear advantage of giving better
atmospheric attenuation approximation over Kim's model, as shown in
Figure 4.

3. Proposed system simulation design

FSO system comprises the FSO transmitter, FSO channel, and the FSO
receiver. In practice, the FSO system experiences different attenuations in

Table 1. Simulation parameters of the proposed polarized quasi diffuse FSO
transmitter model.

different weather. In this work, we consider three atmospheric attenua-
tion conditions. That is, clear, haze, and fog with attenuations values of
0.43 dB/km (i.e. 6Km < visibility(v) < 10km according to Kruse's
model), 4.3 dB/km (1Km < V < 6Km) and 7.84 dB/km (OKm < V <
0.5km) respectively with special attention to light fog, because attenu-
ation at this weather condition highly degrades the FSO system perfor-
mance. The simulation setup for analyzing and characterizing the
performance of the proposed polarized quasi diffuse model with holo-
gram/power divider and polarized system without hologram/power
divider is shown in Figure 5 and Figure 6, respectively. This simulation
considers different visualizers like the power meter with the unit in dBm,
BER analyzer, which shows the maximum Q-Factor and minimum bit
error rate (Min BER). The proposed system is evaluated by comparing it
with the conventional single input single output (SISO) 1TX/RX FSO
system, as shown in Figure 7.

3.1. Simulation parameters
.Please refer Table 1.
4. Results and discussion
The work analyzed the performance of the proposed quasi-diffused

FSO systems model with hologram/power divider and polarized system
without power divider/hologram. Simulation results values for

=M -Proposed polarized quasi-diffused system with hologram/powerdivider|

Parameters Values

Optical frequency 1550nm

CW laser power 20 dBm

Beam divergence 2mrad

FSO channel Lognormal
Modulator Mach Zehnder, Phase Modulator
Link range 1-5km

Optical detector PIN
Responsivity 0.85

Filter Type Low pass Bessel Filter
Filter order 4

Polarizer Linear Polarizer
Hologram/Power splitter Four spots
Polarization Beam splitter (PBS)

Polarization Beam combiner (PBC)

Optical Adder

3R regenerator

BER analyzer

Data rate 10Gbps
Pseudorandom bit sequence (PBRS)

Non-return to zero (NRZ)

trans-impedance amplifier bandwidth 1GH,

Optical amplifier gain 20dB
Transmitter aperture diameter 5cm

Receiver aperture diameter 20cm
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Figure 8. Maximum quality factor versus link Range (km).
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Figure 9. Maximum quality factor versus link range (km).

maximum Q-factor versus link range is illustrated in Figures 8, 9, and 10.
Also received power versus link range, and eye height versus link range
for the proposed polarized quasi-diffused FSO system with hologram/
power divider and polarized FSO system without power divider/holo-
gram together with the conventional SISO 1TX/RX FSO system are
shown in Figures 11, 12 and 13, and Figures 14, 15 and 16, respectively.
In order to verify simulations results and system performance, a com-
parison of the performance of the proposed polarized quasi-diffused FSO
system model with power divider/hologram and polarized FSO system
without power divider/hologram is made with that of the conventional
single input single output (SISO) 1TX/RX FSO system using the same
simulation parameters shown in Table 1. Hence the simulation plot for
the polarized quasi-diffused FSO system model with hologram/power
divider and polarized FSO system without hologram/power divider
shows substantial agreement with the conventional SISO 1TX/RX model
with the same system parameters. However, under the same atmospheric
conditions and system parameters, the performance of the proposed
polarized quasi diffused model with power divider/hologram shows a
much better performance metric than the conventional SISO 1TX/RX

M - Proposed polarized quasi-diffused system with hologram/power divider
|—® - Proposed polarized quasi diffused system without hologram/power divider
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Figure 10. Maximum quality factor versus link range (km).
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Figure 11. Received Power (dBm) versus link range (km).

FSO system together with the proposed polarized system without holo-
gram/power divider. In addition, the proposed polarized system's per-
formance without hologram exhibits a slight improvement over the
conventional SISO 1TX/RX FSO system.

Table 2 shows min BER versus link range under light fog conditions.
Bit error rate (error rate) represents the number of error bits present in
the number of received bits of data in a telecommunication system due to
distortion, noise, or interference. The bit error rate (BER) depicts the
percentage of bits with errors relative to the total received bit in a
transmission in communication engineering. Hence as shown in Table 2,
min BER for light fog atmospheric conditions with an increase in link
range is much appreciable with the proposed polarized quasi-diffuse
model with power divider/hologram. And slightly better with the
polarized system without power divider/hologram than the conventional
SISO 1TX/RX FSO system.

The quality factor (Q-factor) can be considered as a measure of how
noisy a pulse is. It provides a quantitative description of receiver
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Figure 12. Received power (dBm) versus link range (km).
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Figure 13. Received power (dBm) versus link range (km).

performance. In other words, it takes into consideration the impairment
of the transmission signal. Polarization, noise or nonlinear effects, etc.,
can lead to undesirable signal degradation and ultimately cause high
transmission bit error. The quality factor must be high for better system
performance, which gives a lower bit error rate (BER). Hence quality
factor versus link range (km) for the different attenuations is shown in
Figures 8, 9, and 10. From these figures, we can see that the Q-factor plots
versus link range for the polarized quasi diffused system with power
divider/hologram show a better performance metric than the polarized
system without hologram/power divider and that of the conventional
SISO 1TX/RX FSO system. Therefore, the proposed polarized quasi
diffused system is promising for achieving better Q-factor under the
various atmospheric attenuations compared to the polarized system
without hologram/power divider and that of the conventional SISO 1TX/
RX FSO system.

Figures 11, 12, and 13 show plots of received power (dBm) versus link
range (km). The power at the receiver of an FSO system depends on several
conditions like the link distance (range), bit rate, wavelength, and
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Figure 14. Eye height versus link range (km).
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Figure 15. Eye height versus link range (km).

atmospheric attenuation. In this research, the results of the received power
were calculated at different link ranges and attenuations using the optical
transmission window of 1550nm with the help of the power meter, a
component in the optisystem software. The received powers versus link
range results under three different atmospheric attenuation values for the
three systems is shown in Figures 11, 12, and 13. From these figures, it can
be seen that the increase in link range for the three systems under the
different atmospheric attenuations results in lesser receiver power, which
shows degradation in the performance of the system. However, the effect
of atmospheric attenuation on the received power for the polarized quasi
diffuse model with power divider/hologram is much less severe and
slightly less severe with the polarized system without hologram compared
to the conventional SISO 1TX/RX FSO model.

The eye height refers to the opening in the eye pattern, which shows
the quality of the signal. The more eye-opening, the lesser the error, and
therefore better system performance can be achieved. Figures 14, 15, and
16 show the eye height (a.u) versus the link range (km) under clear, haze,
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Figure 16. Eye height versus link range (km).
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Table 2. Min BER versus link range (km) under light fog condition.

Light Fog condition (Attenuation = 7.84 dB/km)

Link Range (km) Proposed Polarized quasi-diffused Proposed polarized quasi-diffused Conventional SISO 1TX/RX system
system with hologram/power divider system without hologram/power divider Min BER
Min BER Min BER

1 0 0 0

1.5 0 0 0

2 0 0 0

2.5 0 0 0

8] 0 0 0

3.5 0 0 0

4 0 1.4E-160 2.83E-146

4.5 0 2.6E-60 1.15E-40

5 1.24E-237 4.0E-20 5.87E-12

2DEraph

log of BER

Time (bit pariod)

Figure 17. 3D graph of Time (bit period) versus Amplitude (a.u) versus BER of the proposed polarized quasi diffused FSO system with hologram/power divider under
light fog condition.

2DGraph

log of BER

Time (bit period)

Figure 18. 3D graph of Time (bit period) versus Amplitude (a.u) versus BER of the proposed polarized FSO system without hologram/power divider under light
fog condition.
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2D GEraph

log of BER

Figure 19. 3D graph of Time (bit period) versus Amplitude (a.u) versus BER of the Conventional SISO 1TX/RX FSO system under light fog condition.

and light fog attenuations, respectively, of the polarized quasi diffused
system with power divider/hologram, the polarized system without ho-
logram and the conventional SISO 1TX/RX FSO system. Also, from the
figures, we can clearly see that the plots of the eye height (a.u) versus the
link range (km) for the proposed polarized quasi diffused system with
hologram/power divider under the three different atmospheric attenu-
ations show a better performance metric compared to the polarized
system without hologram/power divider and that of the conventional
SISO 1TX/RX FSO system.

The 3D graphs in Figures 17, 18, and 19 show the systems' response
(distortion pattern of the received signals) under light fog atmospheric
attenuation over a desirably long transmission range. Hence, we can see
that the proposed model with a power divider/hologram shows less
received signal degradation (distortion) than that of the conventional
SISO 1TX/RX system and the system without power divider/hologram.
Therefore, the proposed model with power divider/hologram is prom-
ising in achieving better distortion less received signal for long trans-
mission range than the conventional SISO 1TX/RX system.

5. Conclusion

Free space optics (FSO) is a guaranteed technology soon to break the
limitations and challenges other wireless and fiber optic communication
technologies face. However, atmospheric disturbances like aerosol (fog),
scattering, turbulence, scintillation, etc., degrades the system performance
of the high potential FSO links. The simulation results obtained for the
polarized quasi-diffused FSO system model with power divider/holo-
graphic beam splitter, which serves as a spatial diversity scheme, show a
much better performance improvement for an FSO link using one trans-
mitter. A significant finding of this research is that maximum Q-factor,
lower bit error rate (BER), and less transmission losses (considerably high
received power) over suitable transmission range can be achieved under
adverse atmospheric weather by using the polarized quasi diffused system
with a power divider/holographic beam splitter without increasing the
number of transmitters or receivers. Hence, the clear advantage of the
polarized quasi diffuse model with power divider/holographic beam
splitter is that it enables one transmitter to radiate optical signal along
different polarization paths to minimize the effect of atmospheric distur-
bances. Therefore, we hope this research will serve as a valuable founda-
tion contributing to the emerging FSO technologies in the future to prompt
further efforts on the application of power divider/hologram to hybrid RF/
FSO communication for 5G networks. It is known that the RF link can
maintain reliable communication at a reduced data rate using the
millimeter-wavelength carrier, and it is additionally less affected by foggy
weather but highly prone to atmospheric effects like rain and scintillation.
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Whereas the FSO systems can provide a high data rate with advantages of
reliable security, no frequency regulation, and quick deployment periods,
its signal is also highly susceptible to atmospheric effects like fog, snow,
etc. In that regard, applying power divider/hologram hybrid RF/FSO
communication for 5G networks is promising. It will serve as a comple-
mentary focus for a better telecommunication system performance shortly.
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