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[1].V. V. Nikishov and V. 1. Nikishov, Spectrum of turbulent fluctuations of the sea-water refraction index, Int. J. Fluid Mech.
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X. Y1 and I. B. Djordjevic, Power spectrum of refractive-index fluctuations in turbulent ocean and
its effect on optical scintillation, Opt. Express 26(8), 10188-10202 (2018).
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X. Yiand L. B. Djordjevic, Power spectrum of refractive-index fluctuations in turbulent ocean and its effect on
optical scintillation, Opt. Express 26(8), 10188-10202 (2018).
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J. R. Yao, H. J. Zhang, R. N. Wang, J. D. Cai, Y. Zhang, and O. Korotkova, Wide-range prandtl/schmidt
number power spectrum of optical turbulence and its application to oceanic light propagation, Opt. Express
27(20), 27807-27819 (2019).
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J. R. Yao, H. J. Zhang, R. N. Wang, J. D. Cai, Y. Zhang, and O. Korotkova, Wide-range prandtl/schmidt

number power spectrum of optical turbulence and its application to oceanic light propagation, Opt. Express
27(20), 27807-27819 (2019).
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[1]. Toselli I, Andrews L C, Phillips R L, Ferrero V. Atmospheric Propagation 1V, 2007: 65510E.
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[1]. Pochapsky T E, Malone F D. Spectra of Deep Vertical Temperature Profiles[J]. Journal of Physical Oceanography, 1972,

2(4): 470-475.
[2]. Ichiye T. Power Spectra of Temperature and Salinity Fluctuations in the Slope Water Off Cape Hatteras[J]. Pure and

Applied Geophysics, 1972, 96(1): 205-216.
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J. R. Yao, H. T. Wang, H. J. Zhang, J. D. Cai, M. Y. Ren, Y. Z, and O. Korotkova, Oceanic non-Kolmogorov optical
turbulence and spherical wave propagation, Opt. Express 29(2), 1340-1359 (2021).
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Laser Source

Plane Wave Fluctuations in intensity and phase\__)
Spherical Wave Wavefront ‘ 4
Gaussi souree | RS
aussian o W < .
Beam | B Ly D
t A S o | .
\ A k./.
Underwater turbulence ©( Receiver

Performance Analysis
Average SNR

L

E‘é

Average BER

EIEKESE

Power Spectrum

Yao, Olga, et al. (2020)
Yao, Zhang, et al. (2019)
‘_ Yi & Djordjievic (2018)
' Elamassie, Uysal, et al.
(2017)

Scintillation Index
Geometric Optics
Approximation
Rytov Theory
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Power Journal Characteristics Laser Source Approach Sl <BER>
Spectrum
Linear combination of Plane wave N N
Nikishov J. Fluid temperature, salinity, = Spherical wave Rvtov
(2000) Mech and temperature- y aperture- J
salinity coupling firstly ~ Gaussian beam P
averaged
Yao, Zhang OE Easy to find the Plane wave Extended J N
(2017) analytical solution Spherical wave Rytov
Elamassie, Unstable ocean Plane wave aperture-
Uysal (2017) SO turbulence stratification Spherical wave Ry averaged v
Yi OE Fit well with DNS data Plane wave Rvitov N
(2018) and Kraichnan model  Spherical wave y
Yao, Zhang Applicable to any Pr/Sc :
(2019) OE aumber Spherical wave Rytov \
\/
Yao, Olga Relate Pr, Sc, and dr to Plane wave \
(2020) JOSAA <T> and <S> Gaussian beam YV AQ \

corrections
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Detector

; —| Oceanic Turbulence
Laser Diode <‘_ ehanne]
' Lens Gaussian
Modulator Lens Demodulator '
| l 4
Input Signal Output Signal
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Power Distribution Modulation .
Journal Laser Source Performance Analysis
Spectrum Model format
Elamassie 2020 . Spherical Outage Probability
[Anisotropic] JOSA ML wave LB Average Channel Capacity
Elamassie 2020 . ,
[Anisotropic] OE Malaga Plane wave IM/DD Average Channel Capacity
Elamassie 2020 IK Plane wave OOK Outage Probability
[Anisotropic] AO Spherical wave BER
e 2020 : Rectangle-
Nikishov oC GG Gaussian beam QAM Average BER
. 2021 Outage Probability
Nikishov 1JCS EGG IM/DD Average BER
_ Outage Probability
Nikishov 2021 FSO: GG IM/DD Average BER

WCL UWOC: EGG Average Channel Capacity
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e The channel model is ideal.

The transceiver platform may
not remain horizontal due to
the influence of water flow, etc

3.13 EEEKFE(E
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Limitations

PR

| RTERR

Analysis was performed only for e
specific depths, and the variation
of temperature salinity with
depth was not considered.

Not applicable to scenarios such
as underwater uplink or downlink
data transmission.



TREFH#IE

XIDIAN UNIVERSITY

{

.
)
2D

S

e The vertical link
is divided into
several layers

» Light Source

* Power
Spectrum

» Fading Model

Selecting

» Solve the
scintillation index of
each layer

» Obtain Total Turbulent Fading
Distribution by use of intensity

cascade

SRS RERARIRE

dy

t&'nnrcc’

N - BER
performance .
dy. i, + Capacity
e | - Outage
dy, af, j probability
Y |

e Determine

modulation )
modulation

format

Detector

Calculate the'PDF
of the SNR*

» Combining attenuation, turbulence,
and pointing error to get the total
fading distribution
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Distribution Modulation Performance
Journal Author Laser Source .
Model format Analysis
2022 Mohammad Ali : -
JOCN Khalighi Gaussian beam  Log-Normal OOK Outage Probability
2022 : , GG, EGG, Outage Probability
Arxiv Ziyaur Rahman Gaussian beam EW. IT OOK <BER>
2020 : Log-Normal <BER>
TWC Mohammed Elamassie Plane wave T PAM Ergodic Capacity
2018 Mohammed Elamassie Plane wave rr PAM <BER>
IEEE [C]
A Mohammed Elamassie e Log-Normal PAM <BER>

IEEE [C] Spherical wave
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Laser Source

/

Phase screen Set "

Sea surface

Optical
Transmitter

0 X
Z

Phase Screen |
Link Distance L

Power Spectrum ..+

Phase Screen 2

Scintillation Index "

\’]msc Screen N-1

PDF Model

Performance

Phase Screen N

Optical
Receiver /

X. Y. Ji, H. X. Yin, L. Y. Jing, Y. J. Liang, and J. Y. Wang, Modeling and performance analysis of oblique underwater optical
communication links considering turbulence effects based on seawater depth, Opt. Express 30(11), 18874-18888 (2022).
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Unreasonable Intensity Cascade

End-to-end analysis of wireless

optical channels is different
from multi-hop analysis of
wireless channels.

Unreasonable Depth Layering

» The variation of temperature

* Thus, intensity cascade is

unreasonable.
salinity with depth is not

uniform.
* Thus, equal depth layering is

unreasonable. Unreasonable Statistical Methods

+ The PDF of light intensity should not be
selected at the beginning.

It should be determined through multiple
simulation realizations
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(a) Single beam

Power Power ’
| -
= » ol =
> 0AM e T M g
: mode e ’
I ‘

(b) Multi-beam
! Power OAM Transmitter ' ) Power \ :bAM Receiver Power [
LA " { - ' ' :
' I OAM I ' i | Distorted - ' 0AM I A '
¢ ; 51 : . OAM 1, 1 E E '
" L ' ‘ ol Iz s ' - I '
B ' . - ' A ’
: 0AM I» ' 1 | Distorted - - OAM I, ¥ '
: —‘I_): 1 L | oaM i g { -
: 2 8 hlilalzlyls i Ly '
v/ ¢ ‘ - ' } A :
' | OAM Iy ' ' | Distorted T ' : | oam 13 '
: —>1 S nooo ;
- y & ' 4 Lilplzlyls ™ ! I 3
‘ I " ' N '
' OAM 1, : Distorted ' | oam 1, -
' I 1 : ¢ OAM I, t ! ' >

______________________ ‘ b Ll 1y Is7 ¢ '\___________________!4_,’

Multiplexing Propagation Demultiplexing
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Power OAM . . Performanc
Spectrum Journal Author Beams Propagation properties e Analysis
L'[’zzor,llg?g 2019 Dongyu BG MCF Channel

[Anisotropic] AO Yang Received probability of OAM modes Capacity
2019 Mode probability density of OAM modes
Nikishovs Waves  Mingyu PCMBC Normalized energy weight of OAM signal modes
[Anisotropic] Random  Chen Normalized energy weight of OAM crosstalk
Complex modes
Li, Zhang
[2019] 2%0 ZO”F?J‘”a PV OAM mode detection probability
[Anisotropic]
Elamassie 2021 Yixin DARR Received conditional probability of OAM signal Chann_el
OoC Zhang modes Capacity
"'[’zzoﬁg']‘g 2021 s;_r::gau Lommel— MCF Channel
[Anisotropic] Wan Gaussian OAM detection probability Capacity
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Fading Model

Determining the turbulent
fading distribution model

System performance

Solving Performance Metrics for
MIMO Systems

Attenuation Model

Determining the attenuation
model due to absorption and
scattering effects.

Fading Distribution

Water Waves

Obtaining the total fading
distribution of the integrated
Sources channel

Photo
Detectors

Fish Turbulence Generator Buhbles
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Journal Author Fading Type Modulation Format Performance Analysis Ref

2020 Prasad Naik

oC Ramavath Log-Normal OOK <BER> [1]
2018 Mohammad

TVT  Vahid Jamali Log-Normal BPPM <BER> [2]
R e 00K <BER> [3]

TOC Vahid Jamali

[1] Ramavath P N, Udupi S A, Krishnan P . High-speed and reliable Underwater Wireless Optical Communication system using
Multiple-Input Multiple-Output and channel coding techniques for IoUT applications[J]. Optics Communications, 2020, 461:125229.

[2] [1] Jamali M V , Nabavi P, Salehi ] A . MIMO Underwater Visible Light Communications: Comprehensive Channel Study,
Performance Analysis, and Multiple-Symbol Detection[J]. IEEE Transactions on Vehicular Technology, 2018, PP(99):1-1.

[3] [1] Jamali M V , Salehi J A, Akhoundi F . Performance Studies of Underwater Wireless Optical Communication Systems with
Spatial Diversity: MIMO Scheme[J]. IEEE Transactions on Communications, 2017, 65(3):1176-1192.
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