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Shore-to-Sea Maritime Visible Light Communication

Hyeong-Ji Kim

Department of Information and Communications Engineering, The Graduate School,
Pukyong National University

Abstract

A new wireless technology known as visible light communication (VLC) came into
limelight with the advent of light emitting diodes (LEDs). VLC is a communication method
using LEDs, where blinking of an LED is used for communication and illumination
simultaneously. LED communication offers innovative wireless technologies in terms of
communication speed, flexibility, usability and security. Unseen by the human eye, this
variation is used to carry high-speed data, thereby creating wireless communication network
using existing light resources in order to achieve low-cost communication. Currently the
widespread use of LEDs in maritime applications presents a multitude of opportunities for
visible light based maritime communications. Conventional maritime wireless
communications rely predominantly on radio frequency (RF), which suffer from high cost
with low transmission speed and scarce operation spectrum. To overcome these limitations
in maritime communications, VLC can be considered an alternate technology in maritime
environments. This thesis provides a detailed analysis of VLC under various atmospheric
and sea conditions, which will eventually lead to significant improvement in communication
range as well as link performance in maritime environments, thus leading to a low-cost,

high-speed wireless link in the shore-to-sea maritime VLC (MVLC) system.
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In the first study, for providing an efficient VLC link for maritime environments, it is
important to analyze the effects of transmission under sea states (spectrum of sea waves due
to blowing wind, atmospheric turbulence, etc.). Computer simulations are conducted based
on the Pierson-Moskowitz (PM) and JONSWAP (JS) spectrum models with various sea
states for analysis. The transmission system presented for shore-to-sea communication
considers unique properties of maritime environments where wave height, wind speed, etc.
exist.

Secondly, the thesis presents a MVLC scheme using color clustered multiple-input and
multiple-output (MIMO) for satisfying International Association of Lighthouse Authorities
(IALA) requirements for maritime buoyage system. Selection combining is performed at the
receiver, producing diversity effect within that color cluster. The simulation results show the
maritime link quality analyzed in terms of coverage distance and bit error rate (BER)
performance provides an efficient MVLC and also offers sufficient illumination from high
power LEDs.

The next study is a novel time-code diversity (TCD) scheme using the delayed versions
of the original signal and orthogonal Walsh codes for MVLC system. The proposed TCD
scheme has an advantage of simplicity to achieve a reasonable diversity gain resulting in a
significant performance improvement, compared with related schemes such as adaptive
optics and forward error correction for maritime environments.

In the later part of the thesis, a multi-hop decode-and-forward (DF) relay based VLC
system is proposed to provide an efficient maritime link covering a longer distance with

adequate performance in maritime environments. The performance of the proposed multi-
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hop VLC system over maritime channels with DF relay is further improved using receiver
diversity with combining techniques.

The quality of a VLC link in the troposphere is strongly influenced by weather
conditions such as fog, rain and snow. Thus, the final study in the thesis work focuses on
analyzing the link quality of MVLC system under foggy conditions. Investigation of
communication link under fog condition is important for a MVLC system, as it causes
severe loss of signals as compared to signal fading phenomenon. Computer simulations were
conducted considering fog condition to analyze MVLC system in terms of BER and coverage

distance.
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1. Introduction

1.1. Visible Light Communication

Visible Light Communication (VLC) refers to optical wireless
communication system that carries information by modulating light in the
visible spectrum from 380 to 780 nm along with providing illumination [1, 2].
VLC transmits data by intensity modulating optical sources, such as light
emitting diodes (LEDs) and laser diodes, flashing of the light actually
happen much faster that human eyes can detect. Interest in VLC has grown
rapidly with the growth of high power LEDs in the visible spectrum. The
motivation to use the illumination light for communication is to save energy
by exploiting the illumination to carry information and in comparison to
radio frequency (RF) technology, while using the existing infrastructure of
the lighting system. The necessity to develop an additional wireless
communication technology is the result of the almost exponential growth in
the demand for high-speed wireless connectivity.

The first works advancing this possibility were published by Pang and
Nakagawa, reporting the usage of LEDs to communicate in both indoor and
outdoor environments. Emerging applications that use VLC include: a)

indoor communication where it augments WiFi and cellular wireless

1



communications [3]; b) communication wireless links for the internet of

things (IOT) [4]; ¢) communication systems as part of intelligent transport

systems (ITS) [5]; and d) wireless communication systems in hospitals [6].

1.2. Motivations and Research Objectives

In the study of this research, following aspects are considered for the

maritime VLC (MVLC) systems.

The conventional maritime wireless communications at sea rely
mainly on satellite links that are expensive and relatively slower
than high frequency (HF) and very high frequency (VHF). RF
based maritime communication systems satisfy communication
and navigation needs at the expense of high cost and low
transmission speed. Moreover, it suffers from insufficient
dedicated operation spectra. For this reason, maritime
communications need an advanced technology to satisfy the
demand of high speed transmission for sea users.

To provide an efficient VLC link for maritime environments, it is

important to analyze the effects of transmission under various



atmospheric conditions and sea states (spectrum of sea waves due
to blowing wind, atmosphere turbulence, etc.).

To use already available infrastructure like lighthouse as
transmitter, beacons and buoys as receiver, for communication

purpose.

With these motivations, the study in this thesis considers the following

objectives.

ii.

1.

To consider the maritime condition for VLC.
To improve performance of MVLC using:
- Color clustered Multiple-input and multiple-output (MIMO)
- Time-Code Diversity (TCD)
- Multi-hop relay
To improve throughput and link quality of VLC systems, for

high-performance transmission in maritime environment.

1.3. Chapter Organization

The remaining chapters in this thesis are outlined as follows. Chapter 2

mtroduces

conventional maritime wireless communication for MVLC. In

Chapter 3 maritime environment is analyzed under sea state and atmospheric



turbulence for MVLC. Chapter 4 describes the VLC system designed for
maritime environment. The MVLC system is analyzed for fundamental
performances such as power reception and channel dispersion. The
simulation based studies are presented in Chapter 5. Chapter 6 concludes the

study considering all the experimental analysis.



2. Maritime Wireless Communication

2.1. Current Maritime Wireless Communication

Conventional maritime wireless communication operates in various RF
bands, e.g. VHF operates with cellular mobile telecommunication systems
(GSM, UMTS, etc.) and satellite communications systems (INMARSAT,
VSAT, etc.). The radio types for sailing vessels are defined by International
Maritime Organization (IMO) and International Telecommunication Union
(ITU) [7]. Further, IMO defined the maritime wireless communication
according to technology and communication coverage for Global Maritime
Distress and Safety System (GMDSS), as in Table 2.1 [8].

Table 2.1. IMO definition of sea area

Sea Area  Technology Communication Coverage
Al VHF Coast (20~30 miles)

A2 MF Offshore (about 100 miles)
A3 INMARSAT/HF 70°N and 70° S

A4 HF, MF, VHF The remaining sea areas

e-Navigation is a concept of maritime safety and security formulated and
launched by IMO [9]. In particular, it will go into some depth on the need for

shore to sea digital communication technology.
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Inmarsat/VSAT & GNSS/SARSAT etc.

e

} 3 i
Land commercial

Figure 2.1. Maritime communication for e-Navigation conception

In Singapore, a project called TRI-media Telematic Oceanographic
Network (TRITON) based on IEEE 802.16 implemented a mesh network for
maritime communication using onshore stations, ships and buoys as
communication nodes with the objective to develop a system for high-speed
and low-cost maritime communications in narrow water channels and
shipping lanes close to the shore [10].

European Space Agency (ESA) introduced Wired Ocean Project [11].
The intent of this project is to establish, on a commercial basis, cost-effective
broadband IP-based communications services to ships. But the cost is still
expensive and size of the terminal, especially stabilized Ku-band equipment,

both receive-only and VSATSs (Very Small Aperture Terminal).



2.2. Limitation of Conventional Maritime Communication

Maritime wireless communication is, however, differentiated from its
terrestrial counterpart, because service environments are distinctly different.
Global maritime communication between sea users and the rest of the world
is technically developed and provided, but at a high cost. It is based on the
electronically collected maritime data information on-board and ashore to
enhance berth to berth navigation and related services at sea and also to
protect the marine environment. Sea users need a high-speed and low-cost
maritime wireless communication like on land. However, current wireless
communications at sea mainly rely on satellite links that are relatively slow
than HF and VHF or on expensive Inmarsat. Like on land, sea users also
need a high-speed, low-cost maritime wireless communication and special
service (Mobile Telemedicine in maritime [12], Container Tracking [13],
etc.). Therefore, new technology is needed to improve existing maritime

communications.



2.3. Maritime Visible Light Communication (MVLC)

In various areas of VLC in maritime environment, a few interesting
reports have been documented. The underwater VLC was presented in [14].
In maritime environments, VLC can be applied to existing infrastructure
such as lighthouses and maritime transceivers (marine beacons, buoys). Most
of the lighthouses that use electric lamps are switched to LEDs nowadays,
because life span, efficacy and power consumption of an LED are far better
than conventional electric lamp. As part of a pioneering initiative, the
Lighthouse Sub Project [15] started activity from September 2007 for the
realization of the long-distance VLC using an existing LED lighthouse. The
project was able to record a transmission rate of 1,200 bps at a distance of 1
km and a transmission rate of 1,022 bps at a distance of 2 km by using image
sensor based VLC. However, this project was conducted in silent sea
conditions and fails to perform a study on the feasibility of MVLC under
various sea states. Thus, further investigations under various ocean and
atmospheric conditions are necessary to establish a comprehensive MVLC

system.



3. Description of Maritime Environments

Maritime communication environments have a unique property where sea
surface movement is usually observed and subsequently periodic degradation
exists. It is mainly characterized by this sea surface movement, together with
radio propagation and Fresnel effect [16]. With the motivation for providing
an efficient VLC link for maritime environments, it is important to analyze
the effects of transmission under various atmospheric conditions and sea
states (spectrum of sea waves due to blowing wind, atmosphere turbulence,

etc.).

3.1. Sea Wave

Sea waves are generated by the effect of wind over the ocean surface.
The sea spectra are used to provide an insight into the movement of sea
surface in oceanography and ocean engineering. The waves are described
only with a characteristic wave height (e.g., the significant wave height) and
a characteristic period (e.g., the significant wave period or the peak period,
i.e., the inverse of the peak frequency of the spectrum) or with a universal
one- or two-dimensional spectrum [17]. The most accepted and renowned

mathematical models for the analysis of sea spectra are one-dimensional

9



spectrum: the Pierson-Moskowitz (PM) spectrum and the JONSWAP (JS)
spectrum.

The PM spectrum is given by [17]

et 1]

(3.1)
where ap, 1s energy scale, f'is the wave frequency in Hz, g is the gravitational
acceleration, and f,.., is the peak frequency. The peak frequency depends only
on the wind speed. The PM spectrum is assumed that if the wind blew
steadily for a long time over a large area, the sea waves would come into
equilibrium with the wind.

On the other hand, the JS spectrum is based on non-linear and wave-wave
interactions for very long times and distances by analyzing data collected
during the Joint North Sea Wave Observation Project [18]. The JS spectrum

is given by [17]

E(f)= a.,5g2(27r)"4f"5 eXp[%(ff j :|Vb

(3.2)

0.22 ) ) )
where a, =0.076 Uy + b = exp _l(f/fpeak —1j _
fpeak g 2 o
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The values of the energy scale parameter a,, the peak enhancement factor
y, and peak width parameter ¢ are called the shape parameters. As these
parameters change, the sea state spectrum changes. When /' < f,.., then o is
equal to the left peak width denoted by ¢,. When "> ..., then ¢ is identical to
the right peak width denoted by o,. Furthermore, U, is the wind speed
measured by anemometer installed on weather ships at the height of N m
above the sea surface. Since the JS model has a sharper peak than the PM
spectrum, a peak-enhancement function j” is added to enhance its peak.

In addition, it is observed that the JS spectrum model has shown to be
universally applicable for idealized fetch-limited conditions and also
arbitrary wind conditions in deep water, including storms and hurricanes [17].
This experimental model is known to be more realistic than the PM spectrum
model.

Sea surface moves all the time and thus renders link quality unstable. The
sea wave movement continuously changes both maritime transceiver
orientation and height, thus changing the maritime transceiver gain and
received signal power.

Since the real-time data is not available for our study, we have employed

sea state data generated from the PM and JS spectrum models described

11



earlier. Table 3.1 shows the sea state parameters [19, 20]. The sea state
conditions mentioned in Table 3.1 are a result of reflective nature of sea
surface and wave height, which are measures of roughness of the sea
parameters. Figure 3.1 shows the exemplary sea surface of the sea state 5 for
PM and JS spectra.

Table 3.1. Sea state parameters.

Sea Wind speed  Average Wave period  Significant wave height

state (m/s) (sec) (m)
4 8.33 4.6 1.2
5 11.11 6.2 2.5
6 13.89 74 4.5
7 16.67 10 7.1
8 22.23 12.4 14.3

At lower sea states, 1.e. state 0 to 3, the sea conditions are mild, and hence
the signal distortion is negligible at the receiver. While at higher states, sea
conditions are hostile with relatively high waves and rapid moving winds.
These would result in scattering of incoming signals, thus causing the signals

to be extremely impaired at the receiver [21].

12
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100
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Figure 3.1. Sea surface from the spectra under sea state 5: (a) PM, (b) JS.
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3.2. Atmospheric Turbulence

The atmospheric turbulence degrades the performance of a VLC link,
because it causes fluctuation in both the amplitude and the phase of the
received signal which vary randomly according to signal fading. Therefore,
the wireless optical channel acts like a fading channel and its behavior can be
modeled accurately using the appropriate statistical distribution on the
atmospheric turbulence conditions.

The fading strength depends on the link length, the wavelength of the
optical radiation and the refractive index structure parameter, an, of the
channel. The turbulence channel model is mathematically tractable and it is
characterized by the log irradiance variance ¢;>. The log irradiance variance

o/ can be calculated as [22]

o, =123C° K"
(3.3)

where K is the wave number (27/L), L is the distance between the transmitter

and receiver of the optical wireless channel.

3.2.1. Log-Normal Turbulence Model
Atmospheric turbulence is usually categorized into regimes depending on

the magnitude of the index of refraction variation and inhomogeneity. The

14



log-normal distribution is generally used to model the fading associated with
the weak atmospheric turbulence regime [23]. In the following analysis, the
weak turbulence is assumed and thus the log-normal atmospheric model is
used for the evaluation. The probability density function of log-normal

distribution of the received irradiance, /, is given by [23]

P(1) - (In(/1)+g, /2)2} >0

;gxp{
\ 27r0,2 1 2012
(3.4)

It is characterized by the log irradiance variance ¢/, a mean value of ¢,/2,

and signal irradiance without scintillation 7.

3.2.2. Gamma-Gamma Turbulence Model

For weak to strong turbulence conditions, a suitable statistical distribution
for modeling the irradiance fluctuations is Gamma-Gamma [24]. The
probability density function (PDF) of the Gamma-Gamma distribution as a

function of 7, is given by [24]

_2Aap) [
P(I) = T B) I K, ,2\apl) 1>0.
(3.5)

where K,() is the modified Bessel function of the second kind of order n,

and I7-) represents the gamma function. If the optical radiation is assumed to

15



be a plane wave, the two parameters a and S that characterize the irradiance

fluctuation PDF are related to the atmospheric conditions by

2 -l 2
a{exp( 0.490° },ﬁ{exp( 0.510

(1+1.116,%7)7¢ (1+0.690,"°)*¢
(3.6)

Table 3.2 gives the normal gamma-gamma turbulence parameters in
turbulence conditions [25].

Table 3.2. Weak to strong turbulence regimes.

Parameter Turbulence regime
weak moderate strong
o 0.2 1.6 35
o 11.6 4.0 4.2
10.1 1.9 1.4

16



4. MVLC System Design

Figure 4.1 shows the proposed system in which communication coverage
area can be increased at a very low-cost of implementation. The network is
formed by neighboring ships, marine beacons and buoys. Maritime
transceivers are located to connect to the terrestrial networks via VLC link.
Lighthouses are assumed to operate as base stations. The lighthouse consists
of power LEDs that provide coverage to a very large area, while maritime

transceivers consist of an LED array and photodetectors (PDs).

BS : Base Station
= MT: Maritime Transceiver

Figure 4.1. MVLC network

17



4.1. MVLC Channel Model

The study considers a maritime channel model where sea surface moves
all the time and thus renders unstable link quality. The sea wave movement
continuously changes both maritime transceiver orientation and height, thus
changing the maritime transceiver gain and received signal power. Figure 4.2
shows the maritime channel model under sea states and atmospheric
turbulence. It consists of the lighthouse and maritime transceivers placed

over the sea.

Figure 4.2. Maritime channel modeling.

Simulations were conducted to investigate the link performance for the
proposed shore-to-sea MVLC link. It is worth noting that the transmitted

optical power from relay was considered in accordance with the values

18



defined in International Association of Lighthouse Authorities (IALA)’s
manual [26].

Table 4.1. Simulation parameters of the MVLC system

Parameter Value

Source Transmitted optical power (All LEDs) in lighthouse ~ 400 W

Number of LEDs in lighthouse 100
LED half angle 60°
Luminous intensity (All LEDs) 12732 cd
Type of PD Si PIN
Height of the lighthouse 50 m
Height of the light source in lighthouse 48 m
Receiver Detector physical area (each PD) 3x3cm’
Receiving plane dimension I0mx 10 m
Field of view 50°
Refractive index of a lens at receiver 1.2
MVLC Sea state [4,5,6,7,8]
Channel Pierson-Moskowitz,
Sea spectrum model
JONSWAP
Log-Normal,

Atmospheric turbulence model
Gamma-Gamma

19



4.2. MVLC Receiver

Plane of observation

Figure 4.3. Receiving plane (10 m x 10 m)

The receiving plane is assumed to be 10 m x 10 m over a maritime

transceiver as shown in Figure 4.3.

10°

1 15 2
Distance (km)

Figure 4.4. BER performance comparison relative to PD physical area.
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The simulation performed for various apertures of PDs under sea state 5
with log-normal turbulence based on the JS model. Observing the results
from

Figure 4.4, it can be said that with the increasing aperture of the PD, the

effect of atmospheric turbulence can be reduced.

21



5. Performance Analysis of the MVLC System

As described in Chapter 1, the target of this study is to develop a high-
performance MVLC system with the fulfilled objectives given. In order to
materialize the objectives, several simulations were performed on the MVLC

system described in Chapters 3 and 4.

5.1. Shore-to-Sea Transmission in MVLC

Shore-to-sea maritime communication using visible light transmission is
proposed. As it is based on LEDs for data transmission, it offers a low-cost,
high-speed and low power consumption communication system for maritime
users. The proposed transmission scheme considers unique properties of
maritime environments where wave height, wind speed, etc. exist. Computer
simulations are conducted based on the PM and JS spectrum models with

various sea states for analysis.

5.1.1. Shore-to-Sea Visible Light Transmission
Since the real-time data is not available for the present study, we employ
sea state data from PM spectrum model and JS spectrum model for

performing simulations as it was developed from real measurements of

22



various sea parameters. This model is based on new theory of sea behavior
assuming that if the wind blew for a long time over a large sea area, the
waves would come into equilibrium with the wind. This is the concept of a
fully developed sea.

The sea waves are often portrayed as having a normal sine wave nature,
however, by actual experiments they are described as a Trochoid [27]. At
lower sea states, i.e. state 0 to 3, the sea conditions are mild, and hence the
signal distortion is negligible at the receiver. While at higher states, sea
conditions are hostile with relatively high waves and rapid moving winds.
These would result in scattering of incoming signals, thus causing the signals
to be extremely damaged at receiver [21].

Sea surface moves all the time and thus renders link quality unstable. The
sea wave movement continuously changes the maritime transceiver
orientation and height, thus changing the maritime transceiver gain and
received signal power. Figure 5.1 shows the present maritime channel model
under consideration. It consists of lighthouse and maritime transceivers

placed over the sea.
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(b)
Figure 5.1. Shore-to-sea channel model: (a) Sea state 4, (b) Sea state 8.

5.1.2. Performance Analysis
Simulation has been carried out to investigate the link performance for

the proposed shore-to-sea MVLC system. Performance is evaluated in terms
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of bit error rate (BER) against signal-to-noise ratio (SNR) values with
respect to distance between lighthouse and maritime transceivers. We
obtained the BERs for the proposed MVLC system by using the sea state
data from PM and JS spectrum. In line of sight (LOS) channel, the light from
transmitter is directed towards the receiver where we measured SNRs and

BERs.

e

K
R0

y (m) 5 5 x (m)

(a) (b)
Figure 5.2. Simulated proposed channel with PM spectrum: (a) SNR, (b) BER.
Figure 5.2 shows the performance of the proposed channel model for PM
spectrum under sea state 5, where transmitter and receiver are separated over
a distance of 1 km. Figure 5.3 shows the performance of the channel between
the transmitter and the receiver at the distance of 1 km apart with sea state 5

of JS spectrum.

25



II', 2,
IIIIII’
I '

s

y (m) 5 -

(a)

10

10

10

BER

10

10

10-1!1

S<S

\
oo \\\\\

st gua \\

$“‘ “\\\\\\‘

(b)

/
i

i/

%

—8—Sea state 4, PM Spectrum
—+—Sea state 6, PM Spectrum
—e—Sea state 8, PM Spectrum
—v—Sea state 4, JS Spectrum
—=+—Sea state 6, JS Spectrum
——o—Sea state 8, JS Spectrum

0.5 1

1.5 2

Distance (km)

Figure 5.4. BER performance of the MVLC system under different sea states.

Figure 5.4 shows the analysis of the MVLC system under the sea state 4,

6 and 8. Overall, the JS model outperforms the PM in terms of BER. The JS

model for sea state 6 shows a performance of 10~ at the distance of

approximately 1 km. However, the BER performances at a larger distance
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between the transmitter and the receiver are poor, thus requiring higher LED

power.

5.2. Shore-to-Sea MVLC using Color Clustered MIMO

Shore-to-sea visible light communication using color clustered MIMO is
presented in this section. The proposed MVLC offers a low-cost, high-speed
wireless link for shore-to-sea maritime communications. Each color cluster is
comprised of 50 red, green and blue (RGB) LEDs and is modulated using
on-off-keying (OOK). Selection combining (SC) is performed at the receiver,
producing diversity effect within that color cluster. In this paper, we employ
sea states data from both PM and JS spectrum models under log-normal
turbulence conditions. Based on the simulation model, the maritime link

quality is analyzed in terms of coverage distance and BER performance.

5.2.1. Color Clustered MIMO VLC

Figure 5.5 ! =& 9&£& & + 15 (a) portrays the MVLC
system under consideration. The lighthouse shown in Figure 5.5 Q5! =
YES 25 5 glsUYTh(a) consists of a power LED array that provides

coverage to a very large area. The maritime transceivers are composed of an
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LED array for transmission and photodetectors and filters for reception. A
VLC link is established between the lighthouse and the maritime transceiver,

considering sea state and log-normal turbulence.

White RGB LEDs

r i N

Cluster R Cluster G

(a) (b)

Figure 5.5. Color-clustered MVLC system (a) Conceptual design, (b) RG
LED array.

The maritime system comprises various marks such as lighthouses,
maritime transceivers, laser markers etc., which act as visual aids for ships
and boats. Providing illumination and direction to ships are another aid of
lighthouse and maritime transceivers. For this purpose, we designed a power
LED array that consists of two color clusters, i.e. red and green, of LEDs as
shown in Figure 5.5 & 7! FZ 9E& & 5 ¢gl5UYTh(b). Each color
cluster consists of 50 RGB LEDs where data bits for communication are

modulated and transmitted using individual color from LEDs. The red and
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green colors used in the proposed scheme for color clustered MIMO are in
line with the maritime buoyage system defined by IALA.

Figure 5.6 shows the block diagram of the transmitter used in the
proposed system. Input binary sequence is divided into two parallel streams,
one for each color cluster. The data stream is modulated in each cluster by
using the OOK modulation scheme, where each LED in a cluster transmits
the same data stream. At the receiver in Figure 5.6, the three photodetectors
in each color cluster are installed in addition to the color filter. The received
signal from each photodetector is compared with the signals received from
the other photodetectors (i.e. SC) [28]. Thus, the color clustered MIMO
method increases diversity gain and contributes to a significant improvement

in the performance of the proposed MVLC system.

Red Filter Beacon/Ship 1
| PDs; || OOKDemod.
PD;; || OOK Demod.
PDg; [ OOK Demod.
00K Red LED PDg,_|->[ OOK Demod. : L]
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! PDs, || OOK Demod. Bidi
ombining
! Sea Waves PDg; [ OOKDemeod. |7
1 *
‘ : Atmospheric
I Turbulence PD > OOK Demod. - 3
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00K GreenlED | | . PDg, [~>_OOK Demod. ombining
‘ | =
Mod. Cluster 1. PDy; [ OOK Demod.
——————————————————— & Switch
Lighthouse PDy, |>{ OOKDemod. election
PDg; |- _OOK Demod. SmbminG
PD;; |>| OOKDemod. |7

Green Filter

Beacon/Ship 2

Figure 5.6. Block diagram of the proposed system.
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5.2.2. Performance Analysis

Simulations have been carried out to analyze the link performance of the
proposed shore-to-sea MVLC using color clustered MIMO. Performance is
evaluated in terms of BER with respect to distance between lighthouse and
receivers. Figure 5.7(a) shows the analysis of a conventional MVLC system
under various sea states and log-normal turbulence using the OOK
modulation technique. It can be observed from the simulation results that the
JS spectrum model with sea state 4 only appears appropriate for
communication up to approximately 1 km using the underlying LED and
photo detector combination, whereas the performance severely degrades in
PM spectrum model. It is also observed that at higher sea states the
transmission channel condition becomes hostile from high wind speed, wave
height, etc., resulting in degraded performance as shown in Figure 5.7(a).

Figure 5.7(b) shows the analysis of the MVLC link using the color
clustered MIMO. It is apparent that the BER performance of the proposed
scheme is significantly improved compared with the conventional MVLC
based simple OOK transmission. In particular, the JS spectrum model offers
a BER of 107 at a distance of 1.5 km for sea state 4. At this performance

criterion, the conventional VLC achieves a distance of 1 km. Therefore, the
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proposed color clustered MIMO scheme can increase the distance of
transmission in MVLC environments without increasing the transmission
power. As the distance increases, it is obvious that the BER performances
degrade. This degradation can be compensated using powerful error

detection and correction coding.
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Figure 5.7. Performance analysis of MVLC link: (a) Conventional VLC,
(b) Color Clustered MIMO based MVLC.

5.3. Time-Code Diversity (TCD) Scheme for MVLC
This chapter presents a novel TCD based shore-to-sea maritime data
transmission system using visible light in maritime environments to

overcome the limitations of conventional maritime wireless communications.
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We first analyzed the MVLC on the basis of unique properties of a maritime
environment, i.e. sea states and atmospheric turbulence using JS spectrum
models. In order to combat maritime fading conditions that significantly
degrade the performance and coverage distance, we propose a TCD scheme
in which the delayed versions of the original data are retransmitted using
orthogonal Walsh codes. This TCD scheme is found to be superior in that it
offers three orders of magnitude in terms of BER performance, compared

with non-TCD conventional transmission scheme.

5.3.1. TCD Scheme for MVLC

d(t)

Light

N m() m'(t) Optical Source
W driver
circuit

Sea Waves
+

Atmospheric
Turbulence

N
x(t)

cos2nf t

(a)

32



(% D De.cisif)n d(t)
circuit

Photo
()ptical & detector

Color Filter [ - ¥(t)
N oty
. Receiver T
h

Sea Waves
+

Atmospheric
Turbulence

—H PR

(b)

Figure 5.8. Block diagram of the TCD scheme: (a) Transmitter, (b) Receiver.

In order to improve the performance of the MVLC over various sea states,
we propose a TCD, in which the original signal and its 3 delayed versions are
transmitted by employing orthogonal Walsh codes of length 4. The value of
delay, 7, can be decided on the basis of maximum coverage distance, d. In
this case, the value of 7 is calculated to be 10 ps, i.e. 7 = d / ¢, where d = 3
km and ¢ = 3 x 10®m/s. In other words, the delay of 1 bit is assured since the
bit duration and the value of 7 is identical, i.e. 10 us. This transmission
strategy would yield diversity gain through the reception of multiple
transmitted signals. The block diagram of the transmitter for the proposed

TCD based VLC system is shown in 25! Fx dEES & &
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5 UYTh(a). The data and its three delayed versions are spread using

orthogonal codes. After spreading, the composite signal is formed by adding
all the signals from the direct path and its delayed versions. This composite
signal is transmitted by LEDs after multiplying with the frequency f.. Then,
the signal propagates through the channel and suffers from various sea states
and atmospheric turbulence conditions as noted earlier. The transmitted

signal is given by

m'(t) = id(t —(—D7)c,cos2n £ t.
= (5.1)
where d(-) € [0,1] and t represents the path delay shown in /! Z=
YES 2S5 F gl5YH(a). ¢ represents code sequence separated by the
code fori €[1,2,3,4].

At the receiver, an optical filter is installed prior to the PD for reducing
the effect of ambient light noise and sunlight [29]. The block diagram of the
receiver is shown in 27! FZ YES 2 4 gIFHUh(b). The received
signal is then passed through coherent demodulator to recover the low pass
signal. The filtered signal from the demodulator is then fed to receive the

original data by multiplying with respective orthogonal codes. The decision
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circuit will then estimate the data. In this way, the demodulated and
estimated data is compared with originally transmitted to produce the BER.

At the receiver side, the received signal can be modeled as [30]

y(8) = RI[1+Cm(0)]+n(z) .
(5.2)

R denotes the PD’s responsivity, / is the received optical irradiance, { is
the modulation index and n(t) is the additive white Gaussian noise (AWGN)
whose variance is ¢° and this variance is computed from o”=(0,)*+(0,)>. 6,°
is the background noise composed of a shot noise because of the radiation
from sky and sun, and ¢, is the total thermal noise at the receiver.

The sum of the demodulator outputs is then fed into the decision circuit
as shown in & 7! FZX &S 2H& 5 UFYTh(b). At this point, the

electrical SNR can be described as

P
SNR=—"
o
(5.3)
The average received optical power, P, is given by
AL,
P =— t)dt.
= j g ()
(5.4)
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where A4 is the symbol amplitude and 7 is the symbol duration. g(¢) is the

pulse shaping function that is included in the optical driver unit.

5.3.2. Performance Analysis
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Figure 5.9. BER performance comparison of OOK and TCD MVLC systems

with the sea states and log-normal turbulence from JS model.

We performed a comparative study between a representative transmission
scheme of VLC, i.e. conventional OOK and the proposed TCD scheme. We
also used the previously defined MVLC channel i.e. the JS spectrum model
under log-normal turbulence conditions. The results of this comparative
analysis are shown in Figure 5.9. It is remarkable that the proposed scheme

based on TCD produces approximately a BER performance of 10” at a
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distance of 1 km. Even when the distance is increased, it still outperforms the
conventional OOK scheme. Overall, it is found that the TCD offers three
orders of magnitude in terms of BER performance, compared with the OOK
transmission scheme. Therefore, the proposed TCD can be regarded as an
excellent performance-enhancing scheme applicable to the MVLC

transmission scenarios.

5.4. MVLC Links Employing Multi-hop Relay

This chapter presents a multi-hop relay VLC system for maritime
applications. MVLC systems suffer from limited coverage distance due
inherently to the usage of LEDs and PDs. The proposed system employs a
multiple decode-and-forward (DF) relays to extend coverage distance in
maritime environments. The multi-hop relay based MVLC is analyzed under
a maritime channel modeled by the JS spectrum and gamma-gamma
distribution. It is found that the use of relays in maritime environments can
extend the coverage distance significantly and also improve the performance.
In addition, the performance of the system is analyzed using various

combining techniques at the receiver to enhance the performance. The
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maximal ratio combining (MRC) technique is found to provide superior link

quality under maritime environments.

5.4.1. Multi-hop Relay based MVLC

l ——————————— > ﬂ -------- > D---» see ---»D -------- "?‘%
® B BN
Source 1 L Ry Destination

l Light house
A Maritime Transceiver

<= Ship
Figure 5.10. Multi-hop relay MVLC system.

A MVLC multi-hop (maritime transceiver) communication system using
DF relays is shown in Figure 5.10. The intensity modulation/direct detection
(IM/DD) link using OOK is considered. The source is a lighthouse that
communicates with the destination terminal through R, i = 1, 2,-, N—1,
optical maritime transceivers. These act as relay nodes, all being in
equidistance. Assuming that there are k hops and (N—1) DF relays between
the source and the destination, 7y is the received signal at hop & and is given
by

ro=xnl, +n, k=1 N.
(5.5)
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where x € {0, 1} represents the information bits, # is the optical-to-electrical
conversion coefficient. Note that hop £ is referred to as the link between (k
—1)" relay and k" relay. For k = 1, I; denotes the irradiance from the
transmitter (lighthouse) and for & = 2 through N, I represents the irradiance
from the (k —1)" relay at the K" receiver, and ny is AWGN with zero mean
and variance of N,/2. It can be assumed that the presence of ambient light in
PDs can be ignored under the Gaussian noise approximation [31].
Furthermore, although the ambient light is a major source of interference
particularly during the daytime, it can be significantly reduced using optical
filters over the PDs in practical VLC implementations [31, 29].

The equivalent end-to-end SNR, i.e. the SNR (u) at the receiver, can be

written as [32]

(5.6)
where i =(nl)*/N, is the instantaneous SNR at the K" hop.
Assuming that all hops have the same statistical behavior, an

approximated BER can be calculated by [33]

BERz%(l—(l—2BERk)N) :
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(5.7)
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Figure 5.11. PD array-based VLC.

One of the possible methods of reducing atmospheric turbulence is the
use of aperture averaging [34]. In the aperture averaging, the receiver
aperture needs to be far greater than the spatial coherence distance of the
atmospheric turbulence in order to receive several uncorrelated signals. This
condition is only achieved in FSO when the aperture size is on the order of
centimeters since the spatial coherence distance is on the order of centimeters
[35]. Hence, we utilized a PD array whose area is 3 x 3 cm® (2 x 2 PDs, each
with an area of 1.5 x 1.5 cm®) and performed receiver diversity techniques.
In order to exploit diversity gain over an array of PDs, three combining
schemes were employed in the present work and compared in terms of

performance: SC, equal gain combining (EGC) and MRC [36].
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To derive a closed-form analysis, we first develop a statistical model for
the combined electrical SNR at the receiver. Among the considered
combining schemes, the SC is the simplest since it processes only one of the
diversity apertures or specifically the aperture with the maximum received
irradiance (or electrical SNR). Therefore, the selection is made according to

I =max(/,1,,--,1,).
(5.8)

The received signal and average SNR at the output of SC receiver can be

expressed as

r :xfflsc+nk, k=1,--- N

(5.9)

o (ol i
sc 4N

o

(5.10)
For the case where EGC is implemented at the receiver, the received

signal and SNR can be expressed as

4
Foe =x7i721k,m +n,  k=L--,N.
m=1

(5.11)

2 4 2
n
= —_— [ 5 k:l’---’Z\/_
HEGe 16N, [z k,mj

m=1

(5.12)
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In the case of MRC, the combined signal and SNR are given as

4
rMRC:? {Z[,fm +n,, k=1---,N .
m=1

2 4
n 2
=——>1 k=1,--- N
Hayre 4N0mz—; kom

(5.13)

(5.14)

5.4.2. Performance Analysis
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Figure 5.12. Comparison of BER performance over each gamma-gamma

turbulence strength

Figure 5.12 shows the comparison of BER performances over each
gamma-gamma turbulence condition at a larger distance between the

transmitter and the receiver. It is found that the BER of the system increases
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with the increase of the value of Rytov variance (from weak to strong
turbulence). It is also observed that the BER performances at a larger
distance between the transmitter and the receiver are poor. Therefore, a few
compensation techniques are required, such as partially coherent beam,
aperture averaging, adaptive optics and spatial diversity [34].

10"
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S % —e—1x4_EGC
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& 10°
m
10* 5
10°
0 2 4 6 3 10

E,IN, (dB)

Figure 5.13. BER performance relative to the received power level

Furthermore, we performed a comparative study with the PD array based
diversity combining techniques. Figure 5.13 depicts the BER performance
comparison among the combining techniques over the sea state 4 and the
weak turbulence condition. At a SNR value of 10 dB, the average BERs of
the diversity combining techniques are better than 10™, while the BER of the

non-diversity scheme is just 10™. Note that for a fair comparison, an identical
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PD area of 3 x 3 cm’ for all PDs was considered for the diversity schemes.
By the same token, the PD area for the non-diversity scheme (1 x 1 in Figure
5.13 and

Figure 5.14) is also ensured to be 3 x 3 cm’, although it appears to be
impractical.

Finally,

Figure 5.14 shows the BER performance relative to the number of hops
between the transmitter and the receiver with the combining techniques. The
distance between the transmitter and the receiver is set to 5 km. It is clear
that there is an increasing gap in terms of BER over the considered
combining techniques as the number of hops increases. However, it is found
that the proposed multi-hop relay based maritime system with the MRC
technique provides the best link quality under the maritime environments; it

achieves a BER of approximately 10~ with 4 relays for the transmission.
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Figure 5.14. BER performance relative to the number of hops with diversity

combining techniques

5.5. MVLC in Fog Conditions

Performances of a MVLC link and visibility range are adversely affected
by weather conditions like fog, rain, clouds snowfall etc. and atmospheric
turbulence like scintillation. With the motivation for providing an efficient
VLC link under sea states affected by fog conditions, a realistic analysis of
MVLC is presented using JS spectrum model with sea state parameters
applied, along with Kim's model for fog attenuation characteristics. This
section presents a simulation based model in which the maritime link quality

is analyzed in terms of coverage distance and BER performance.
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5.5.1. Analysis Fog Conditions for MVLC

For clear or foggy weather Kim’s model based on the visibility range
estimate is employed to compute the attenuation. Mostly used value of the
transmittance threshold level (7%) is 2% along the propagation path. The

attenuation for Kim model is given by [37]

-9 -q

a= —ln(ﬂh)(ij - 202 '912(ij [dB/km] .
v (550 Vo550

(5.15)

where V' stands for visibility, A in nm stands for wavelength, ¢ is the size

distribution of the fog droplets and rely on various visibility range values.

Figure 5.15 shows different color wavelength attenuation under fog

condition.
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Figure 5.15. Kim model for visibility for 7 of 2% and a range of RGB LED.
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5.5.2. Performance Analysis

FOG Condition

Figure 5.16. Shore-to sea transmission channel modeling: Sea state and fog
condition.
We performed simulations in a MVLC environment having the proposed
LED setup as shown in Figure 5.16. The reception is performed at various

distances, 1.e. at 200 m to 1,000 m.
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Figure 5.17. Comparative analysis of BER performance for MVLC link:
(a) Utilizing various color wavelengths in thin fog, (b) Under various fog

conditions using red color wavelength.

Figure 5.17(a) shows the comparative analysis of MVLC link using RGB
LED when the sea state is 5 and fog condition is thin fog condition (visibility
range: 1900~2000 m). It is apparent from Figure 5.17(a) that the BER
performance of the red color wavelength is better than other color
wavelengths. Additionally, the simulations are also performed to obtain BER
performance with respect to increasing distance under various fog conditions
using red color wavelength, when the sea state of maritime environment is
sea state 5. Figure 5.17(b) shows the BER comparison under various fog

conditions.
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6. Conclusions

In this thesis, we presented the performance of the MVLC system in
various maritime environments. The MVLC system encompasses visible
light transmission using LEDs and photodetectors for the transmission
between shore and sea. The heavy reliance on RF communication networks
would create bandwidth insufficiency for high-resolution sensors and
equipment and also would be unable to provide capability for jamming.
Therefore, the MVLC can be an attractive candidate for advanced maritime
broadband communications.

In the first study, VLC system is proposed for maritime environments and
analyzed relative to distance, based on JS and PM sea spectra. Performance
evaluation has been conducted using the PM and JS models. The
performance relative to the sea states varies in terms of distance. It is shown
that the JS model appears to be more realistic and produce better
performance over a larger distance.

Secondly, the MVLC system with the color clustered MIMO is proposed
and analyzed relative to distance based on PM and JS sea spectrum models
under log-normal turbulence. The proposed system encompasses VLC using

LEDs and photodetectors for the transmission between shore and sea. The
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performances relative to the sea states and atmospheric turbulence vary in
terms of distance. It is found that at high sea states, a more rigorous
transmission scheme needs to be employed. Recognizing the limitations of
the existing maritime communication networks such as a lack of bandwidth
and the installation of expensive network infrastructure, the proposed color
clustered MIMO based MVLC can be an attractive candidate for an
advanced maritime broadband communication system. The results show that
the proposed system provides an efficient MVLC, while satisfying IALA
requirements for maritime buoyage system and also offering sufficient
illumination from high power LEDs.

In the third study, a MVLC system with the TCD scheme has been
proposed and analyzed based on the JS sea spectra under log-normal
turbulence. This TCD scheme is found to be superior in that it offers three
orders of magnitude in terms of BER performance, compared with non-TCD
conventional transmission scheme. The proposed scheme is robust and
efficient to overcome the effect of impairments present in maritime
environments with a BER of approximately 10” and a data rate of 100 Kbps

at a distance of 1 km.
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In the fourth study, a generalized multi-hop VLC system over maritime
channels with DF relays is presented. The performance of the proposed
multi-hop MVLC system was analyzed considering various noise parameters
in maritime environments, such as sea states and gamma-gamma turbulence.
Furthermore, in order to enhance the performance, the diversity combining
techniques were utilized. It is found that the MRC scheme gives a superior
BER performance at a 5 km distance with 4 relays installed at equidistance.

In the final study, a system is proposed for maritime environments and
analyzed relative to visibility distance, based on JS sea spectra under various
fog conditions. For clear or foggy weather Kim’s model is employed to
compute the attenuation. The proposed system encompasses visible light
transmission using LEDs and photodetectors for the transmission between
shore and sea, considering signal attenuation due to various fog conditions. It
can be concluded that, under various fog conditions, red color wavelength
gives better performance than any other color wavelength. Hence, usage of
red color for transmission in a maritime environment is most favorable. As
future work, the present study with fog conditions can further be extended
for heavy rain and atmospheric turbulence conditions to obtain the most

desirable VLC link in maritime environments.
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