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Abstract

This paper investigates how to increase communication distance of underwater wireless optical communication system. In
order to analyze the communication distance of UWOC, the performance of optical transmitter and receiver, underwater
channel characterization and modulation schemes were discussed. The communication link model was established based the

on Beer-Lambert Law. The suitable transmitter power and the maximum communication were achieved in order to achieve
communication rate to 1Mbits/s and bit error rate to 10 .This paper not only provides comprehensive understanding of
UWOOC, but also aims to provide a theoretical foundation for designing the underwater wireless optical communication
system and optimizing the system parameters.
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Optical communication through water has been considered
as the most viable approach to provide high data rate.

1. Introduction Several studies have shown the demonstrations of

. L underwater wireless communications in laboratory or
Underwater wireless communication (UWC) refers to experimental field. In 1992, the researchers in Naval
transmitting data in an unguided water environment Undersea Warfare Center proposed an optical
through the use of wireless carrier, i.e. radio-frequency (RF) communication system  using Ar+ laser and
waves, acoustic waves and optical waves [1]. Considering Photomultiplier tube (PMT) which can achieve 50Mbits/s
the limited bandwidth of RF and acoustic, the interest data transmission over 10m [7]. In 2000, an array of 22
towards to optical wireless communication has increased. LEDs and a silicon-based photodetector (PIN device) were
Due to the severe attention of sea and the limited adopted to transmit data over 5m [8].In 2008, Arnon
knowledge of ocean optics, the early research of reported an UWOC system using the green laser with the
underwater wireless optical communication (UWOC) was wavelength of 520nm [9].1t can transmit data at 100bits/s
not appreciated. However, the finding of the blue-green over 120m and at 100Mbits/s over 50m .In 2015, a high-
light transmission window in water and the high bandwidth speed underwater optical communications link that
advantage made breakthroughs for UWOC. The relevant operates at a data rate of 4.8Gbits/s over a distance of 5.4m
researches have proved that the attenuation of light by has been demonstrated by scientists in Saudi Arabia and
water results from two independent processes, absorption Taiwan [10]. Baghdady et al presented the direct
and scattering [2-5]. The relatively_low attenuation occurs modulation of blue laser diodes for underwater optical
at the wavelength of blue-green light (450~570nm) [6]. communication utilizing wavelength, polarization and

space division multiplexing [11]. It showed an eight
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channels system with a collective data rate of 10Gbits/s
over 2.96m with an average BER below the FEC threshold.
Although UWOC made a series of progress in
bandwidth, communication distance remains as a non-
ignorable constraint. The existing terrestrial free space
optical channel models are not suitable for underwater
environment. Therefore, a reliable channel model and
relevant technologies must be proposed and studied. In
order to derive channel models for UWOC system, we
should understand the basic principle of optical
propagation and the key technologies. UWOC system
contains five key technologies, which are listed below.

o High power optical signal transmitting techniques.

e High sensitivity weak optical signal receiving
techniques.

e Modulation techniques

e PAT (pointing, acquisition, tracking) techniques.

In order to extend the communication distance, the
performance of optical transmitter and receiver,
underwater channel characterization and modulation
schemes were discussed.

The rest of the paper is organized as follows. UWOC
channel model based on Beer-Lambert Law is analysed in
section 2. The performance of optical transmitter and
receiver are presented in section 3. The suitable modulation
schemes applied in UWOC are given in section 4. Finally,
several system parameters of UWOC are considered and
summarized in section 5.

2. UWOC Channel Model

The optical properties of sea water are mainly influenced
by the soluble or particulate matters in seawater.
Statistically, there are almost 80 different matters with
different concentrations. The attenuation of light by water
results from two independent processes, absorption and

scattering. Thus, the attenuation coefficient c(/I) can be
expressed as

c(A)=a(2)+b(A). (1)
Where a(4) is the absorption coefficient, b(4) is the
scattering coefficient. A is the wavelength.
2.1. Absorption effect
Absorption is an energy transfer process in which photons
lose their energy and convert into other form, such as
chemical (photosynthesis) and heat. The absorption can be

expressed as the summation of absorption coefficient of
various constituents

a(2)=a, (4)+acpou (4)+a,, (A)+a,(2). (2

D EAI

Where a,(4) is the absorption of pure seawater,
acpou (4) Is the absorption of coloured dissolved organic
materials, a, (1) is the absorption of phytoplankton, and
a,(4) Iis the absorption of non-pigment suspended

particles.

Many researchers have measured the absorption of pure
seawater, which is tabled in [12].

The author of [13] state that the phytoplankton
absorption is mainly caused by photosynthesizing of
chlorophyll. The phytoplankton absorption coefficient can
be expressed as

2 (1) ={a, (1) +a, (1)In[a,, (440) | a,, (1) (3)

Where a, (440) is the phytoplankton absorption
coefficient at a reference wavelength of 440nm, a, (1)

and a (4) are the empirical coefficient with different

wavelengths.

CDOM consists of various dissolved organic matters. It
presents highly absorptive and less scattering to the blue-
green wavelengths. In the blue-green light transmission
window, the absorption coefficient of CDOM can be
expressed as

Acpom (4) =acpom (440)exp[ S(440-2)]. (4)

Where apq,, (440) is the CDOM absorption coefficient

at a reference wavelength of 440nm, S is a scale
coefficient for wavelengths which is always set to 0.014.
Non-pigment  suspended particles have similar
absorption property to CDOM. The absorption coefficient
of non-pigment suspended particles can be expressed as

a, (4)=a, (440)exp[ S’(440-1)]. (5)

Where a, (440) is the non-pigment suspended particles

absorption coefficient at a reference wavelength of 440nm,
S’ is a scale coefficient for wavelengths which is always
set to 0.011.

Fig. 1 shows whole absorption curve and the absorption
curves due to various matters discussed below.
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Figure 1. Absorption spectra of seawater

2.2. Scattering effect

Scattering is caused by variations in the refractive index
that changes the propagation direction of photons. The
scattering can also be expressed as the summation of
absorption coefficient of various constituents

b(’?’):bW(ﬂ’)+bphy (ﬂ')ern (ﬂ') Q)

Where p, ( ﬂ) is the scattering of pure seawater, by, (4) is
the scattering of phytoplankton, and b, ( ﬂ)is the scattering

of non-pigment suspended particles. Compared with
absorption, scattering is deeply influenced by its
concentrations.

As the absorption of pure seawater, the scattering of
pure seawater can be found in [12].

The scattering of phytoplankton can be expressed as

by, (2)=(550/2)xB,CI%. @)

phy

Where g_ is a scale coefficient, and ¢, is phytoplankton

concentration. Measured data of chlorophyll concentration
in seawater collected by NASA is between 0.019mg/m?®
and 32.79mg/m?.

The scattering behaviour of non-pigment suspended
particles can be approximated by Mie scattering.
According to the size of non-pigment suspended particles,
it can be classified into the large particles and small
particles. The scattering of non-pigment suspended
particles can be expressed as

bn (ﬂ’) = bgmall (;l‘) Csmall + blgrge (ﬂ’) Clarge ' (8)

Where
b2 (2) =1.151302 x (400/ 4 )" - ©)
bl (1) = 0.341074 x (400/2)" - (10)
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C,,ai IS the concentration of small particles in mg/m?,
Ciarge 1S the concentration of large particles in mg/m®. The

concentration of small particles is between 0.01 mg/m? and
3 mg/m3.And the concentration of large particles is
between 0.01 mg/m?® and 10 mg/m?®.

Fig.2 shows whole absorption curve and the absorption
curves due to various matters discussed below.

0.025

T T

—Whole

Pure water

Phytoplankton
Man-pigment suspended particles [|

(RN o] U NP UP PP o

0015 -

o
o
T

Scattering coefficient/nr!

0.005 -

0 i I i i I i ;
350 400 450 500 550 600 650 700 750
Wavelength/nm

Figure 2. Scattering spectra of seawater

2.3. Propagation model

According to Beer-Lambert Law, the optical propagation
through water can be described by the exponential
attenuation model.

P =Re ", (11)

Where P, is the power of transmitted light in watts, z is
the transmission distance in meter, p is the power of light

r

after transmitting distance z, c¢(4) is the attenuation

coefficient discussed below.

Account for the geometric attenuation, transmitter
efficiency, and the receiver efficiency, the propagation
model can be modified as

P =PRnmn, (D,/( D, +gz))z a2z, (12)

Where 7;, is the transmitter efficiency, 7, is the receiver
efficiency, D, is the receiver aperture size in mm, D, is

the transmitter aperture size in mm, @ is the divergence
angle of light source in degree.

3. Performance of Optical Transmitter
and Receiver

The system design for UWOC is shown in Fig.3.1t consists
of transmission, channel, and receiver. The source is
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modulated on the optical carrier, which converts the
electrical signal into light signal.

Then the beam is collimated and transmitted by the
optical transmitting antenna. After propagating through
water, a fraction of optical beam is collected by optical
collecting antenna and passing photoelectric detector
which converts the weak light signal into electrical signal.
The electrical signal is demodulated by a signal processing
unit and the original signal is recovered.
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Figure 3. System design for UWOC

3.1. Transmitter

Based on the underwater channel analyzation, the choice of
LED or laser vary in blue-green spectrum. Generally, LED-
based systems have less influence on the complex
underwater environment compared to laser-based systems
due to the lager divergence. In order to increase the
transmission distance, laser is a better choice owing to its
high optical power.

Generally, the output of laser in blue-green spectrum
ranges from 10mW to 10W. Several typical characteristics
of laser in blue-green spectrum is shown in Tab. 1.

Tablel. Characteristics of laser in blue-green
spectrum [14]

The receiver in UOWC should provide wide FOV, high
gain and high SNR. Although photomultiplier tube (PMT)
provides high sensitivity and high frequency response, its
lager size and high power become limited factors.
Semiconductor consists of PIN photodiode and avalanche
photodiode (APD). PIN possess unity gain, low cost, fast
response time, yet APD shows a large internal gain and
high quantum efficiency.

Thus, APD is a suitable choice for UOWC to increase
transmission. Several typical characteristics of APD in
blue-green spectrum is shown in Tab. 2.

Table 2. Typical characteristics of APD in blue-green
spectrum [15]

Effective Quantum

Model photosensitive .
efficiency

area(mm)

S2384 D 3.0 42~77 %
S2385 D 5.0 42~77 %
S12023-05 ®0.5 42~77 %
S12023-10 ®1.0 42~77 %

Model Wavelength Output Divergence
(nm) power (mW) angle (9
MSL-W-457 457 500~2000 0.07
MSL-FN-473 473 1~100 0.07
MSL-R-532 532 1000~5000 0.09
MSL-FN-556 556 1~200 0.07

3.2. Receiver

O EAI

Note: The quantum efficiency rises with the increase of
wavelength, e.g.42%@450nm and 77%@556nm.

4. Modulation Schemes

The selection of modulation is a key step for UWOC
system. Generally, modulation schemes are divided into
two categories: Intensity modulation and coherence
modulation. Due to complexity and cost, Intensity
modulation and direct detection (IM/DD) techniques are
implemented.

The most common modulation schemes considered for
UOWC consist of on-off-keying (OOK), Pulse Position
Modulation (PPM) and Differential phase shift keying
(DPSK). The bit error rate performance for different
modulation schemes is given in Tab. 3.

Table 3. Bit error rate performance for different
modulation schemes [16]

Modulation Bit error rate
schemes
O0OK %erfc[%]
DPSK erfc[\/i][l—ferfc D
1-k k
L-PPM { erfc{ \/_«/_]Jr—erfc[—\/_«/rﬂ
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Where S is the SNR, equal to the average number of
photons-per bit (PPB) received and k is set to 0.5 in this
study.

To establish the relationship between the modulation
schemes and received optical power, the photons-per-bit
(PPB) is deduced as [17]

PPB=P /hVR. (13)

Where P. is received optical power in watts, h is Planck's

constant, v is frequency of the light, R he data rate in bits
per second. In this way, the bridge between bit error rate
and received is built.

5. Numerical Result

To calculate the UWOC link power several parameters
taken into account as geometric loss, link margin, received
power and bit error rate. This part illustrates the effects of
channel attenuation and geometric loss on the performance
of UWOC system.

Channel attenuation depends on attenuation resulted
from of ocean and the wavelength of transmitted light
assuming that Assuming power of transmitted light is
1W,divergence angle is 0.09< transmitter aperture size is
1.5mm, receiver aperture size is 3mm, and transmitter
efficiency is 90%.The detected power can be illustrated in
Fig.4.
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Figure 1. Detected power versus wavelength

No matter how far the transmission distance is, the
attenuation at the wavelength of 500nm to 560nm has little
effect on the optical power, and the wavelength at 540nm
is the optimum choice. Compared with the laser products
discussed above, MSL-R-532 and MSL-FN-556 can be the
candidates of transmitter.

According to Eg. (12), the geometric loss can be
expressed as

2 EAI

7. =(D, /(D +62))’. (14)

That means geometric loss is influenced by the transmitted
distance, transmitted aperture, divergence angle and
receiver aperture. For MSL-R-532 and MSL-FN-556, there
are two differences in divergence angle and the transmitted
power. Fig.5 illustrates the geometric loss versus the
divergence angle.
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Figure 2. Geometric loss versus divergence angle

Geometric loss is proportional to divergence angle,
which suggest that when the divergence angle increases,
geometric loss enhances. That means geometric loss effect
can be minimized by using smaller divergence.
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Figure 3. Detected power versus distance for MSL-R-532
and MSL-FN-556

Fig.6 demonstrates Detected power versus distance for
MSL-R-532 and MSL-FN-556. This figure shows that the
transmitted power can be the more critical factor. MSL-R-
532 is suggested to maximize the distance for UWOC.

The selection of modulation is a key step for UWOC
system. Due to complexity and cost, Intensity modulation
and direct detection (IM/DD) techniques are implemented.
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Using equations for BER, we can plot the performance
using various modulation versus the distance at 1Mbits/s,
which is shown in Fig.7.
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Figure 4. BER versus distance

It is shown that DPSK and 8-PPM provide better BER
performance. But it consumes large power and more
complex to implement in embedded device. OOK and 2-
PPM are implemented for its simplicity.

The numerical results indicated a point-to-point line-of
sight link could achieve 1Mbits/s at 150m with 1W of
transmitted power.

6. Conclusion

This paper investigates how to increase communication
distance of underwater wireless optical communication
system. The main factors that affect the communication
distance for UWOC are channel characterization, spread
characteristics of the beam, and modulation. Considering
the channel and system parameter, the communication
distance is about 150m at the data rate of 1Mbits/s.
Enhancing transmission power, using optical antenna,
employing high sensitivity photoelectric detector and
forward error correction can be considered sequentially to
increase transmission distance.
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