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In underwater optical wireless communication (UOWC), a channel is characterized by abundant scattering/
absorption effects and optical turbulence. Most previous studies on UOWC have been limited to scattering/
absorption effects. However, experiments in the literature indicate that underwater optical turbulence (UOT)
can cause severe degradation of UOWC performance. In this paper, we characterize an UOWC channel with both
scattering/absorption and UOT taken into consideration, and a spatial diversity receiver scheme, say a single-
input-multiple-output (SIMO) scheme, based on a light-emitting-diode (LED) source and multiple detectors is
proposed to mitigate deep fading. The Monte Carlo based statistical simulation method is introduced to evaluate
the bit-error-rate performance of the system. It is shown that spatial diversity can effectively reduce channel fading
and remarkably extend communication range. © 2015 Chinese Laser Press
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1. INTRODUCTION

Underwater exploration has always been a very attractive topic
to researchers worldwide, because tremendous unexplored
undersea resources will be good complements for the
shortage ofland resources [1]. High-speed underwater wireless
communication (UWC) is essential for efficient underwater
exploration. However, due to strong water attenuation,
radio-frequency-based communication technologies that are
widely applied in terrestrial environments, are rarely used
for UWC [2]. Acoustic waves are traditionally used for estab-
lishing relatively long-range wireless underwater links. Re-
cently developed single-carrier and multicarrier modulation
techniques [3-5] have significantly improved traditional modu-
lation counterparts, in terms of communication range and data
rate. Their data rates are of the order of tens of kilobits per sec-
ond. But there is still demand for high-rate communication at
short distances, such as in sensor networks of for diver
communication Meanwhile, the large apparatus of an acous-
tic-based UWC system is highly energy consuming and incon-
venient for operation. It is imperative to explore new and
alternative means for real-time high-rate UWC, especially along
with the advancement of underwater unmanned vehicles.

Underwater optical wireless communication (UOWC),
which uses the light transmission window of water in the
400-600 nm (blue/green) wavelength band, turns out to be
an appropriate solution for real-time high-rate communication
up to 1 Gbps in meters and 10 Mbps in hundreds of meters
[6-9], and allows underwater transmission of data, images,
and even video.

However, UOWC is also subject to great challenges since
the optical beam is attenuated significantly by the scattering
and absorption effects of water’s molecular and suspending
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particles, such as chlorophyll, water soluble salts, and miner-
als. Multiple scattering will increase the path loss and expand
the impulse response, which causes intersymbol interference
when transmitting high data rates or over long distances
[6,10]. It is thus important to accurately characterize the
UOWC channel and optimize channel utilization. Extensive re-
search has been carried out on this topic. The authors of
Refs. [11,12] studied the impulse response for the line-of-sight
(LOS) UOWC channel, and Ref. [13] reports study of the
change of polarization state as the light propagates in the scat-
tering channel.

In addition to scattering/absorption effects, the UOWC suf-
fers from serious underwater optical turbulence (UOT), which
is physically the refractive index fluctuation of water with ran-
dom variations of temperature and pressure. The UOT will
cause fluctuation (scintillation) of received signals and result
in link outage. Yet, unfortunately, to date the UOT is still an
undeveloped field in UOWC. Preliminary studies about UOT
were carried out in Ref. [14] for the underwater optical image
system, and it showed that turbulence greatly degrades image
quality by causing wandering and scintillation of the image.
These effects are actually unavoidable in UOWC and will
greatly degrade communication quality, as well.

In this paper, we will specifically study UOWC channel
characteristics with both scattering/absorption and turbu-
lence taken into consideration. In order to reduce the signal
scintillation caused by UOT and to mitigate channel fading, we
propose to use a spatial diversity receiver, namely, a single-
input-multiple-output (SIMO) system. The system bit-error-
rate (BER) performance will be evaluated.

The paper is organized as follows. Section 2 presents
the signal propagation model of UOWC in the UOT and
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scattering/absorption channel. Section 3 introduces the pro-
posed SIMO scheme. In Sections 4 and 5 we perform numeri-
cal and analytical studies of BER performance under different
conditions such as turbulence, communication range, and
receiver diversity. Section 6 concludes this paper.

2. UNDERWATER OPTICAL WIRELESS
PROPAGATION MODEL

When propagating through the underwater channel with scat-
tering/absorption and UOT, both attenuation and fading will
be added into the transmitted signals. Under this condition,
the signal light intensity that can be received should be ex-
pressed as

L=1,-P -1, )

where I, is the transmitted signal intensity, P, represents the
mean attenuation (path loss) caused by scattering/absorption
effects and beam expansion, which reduces the mean irradi-
ance of the light beam, and [ signifies the normalized channel
fading, which satisfies a certain probability distribution func-
tion (PDF) f(I) under the influence of UOT. In the following
two sub-sections, we will discuss the factors of f(I) and P,
respectively.

A. UOT Model

As is well known, atmospheric optical turbulence (AOT) has
been extensively studied for several decades in free-space op-
tical (FSO) communications, and both theories and experi-
mental studies have been well developed. Since the
physical mechanism of UOT is similar to that of AOT, i.e., they
are both caused mainly by the random variations of temper-
ature and pressure of the medium [15], the classical theory of
AQOT can naturally be used for studies of UOT. According to
the theory of AOT, the spectrum density of the medium, which
is the Fourier representation of the variation of refractive in-
dex, is the primary indicator of the property of the optical tur-
bulence. Following the classical Kolmogorov spectrum model
of AOT, the spectrum density of UOT can be expressed as [14]

OE (k) = Ky 11/3, @

where K5 = ye /3 (y expresses the strength of temperature
gradient and ¢ is the kinetic energy dissipation rate) is the con-
stant that determines the turbulence strength, and it is similar
to C2 in AOT [ 16]. For underwater conditions, its value ranges
from 107* to 108 m2/3, several orders larger than the C2
value in AOT. This is because K5 and C2 are physically in cor-
relation with the refractive index variation (An) of the
medium, and for underwater conditions, An is typically sev-
eral orders larger than that in the atmosphere [17]. It should be
noted that Eq. (2) represents only the spectrum density of the
medium in the inertial turbulence region, and it ignores the
effects of the inner scale and outer scale of turbulence [18].

Optical turbulence will result in the random fluctuation of
received light intensity, which is quantitatively represented
by the PDF and scintillation index. For AOT, three PDF mod-
els are commonly adopted, namely, lognormal distribution,
K-distribution, and Gamma-Gamma (GG) distribution [19],
where the former two models are suitable for weak turbu-
lence and the latter applies from weak to strong turbulence.
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In practical applications of UOWC, the front end of a detec-
tor is usually an optical lens with a specific aperture dimen-
sion that is much larger than the light’s transversal coherent
length. Under this condition, the fluctuation of received light
will be remarkably weakened by the aperture averaging effect
[19]. Large numbers of field experiments have shown that,
considering the aperture averaging effect, the PDF of received
light intensity in AOT can be well represented by the lognor-
mal distribution function even for strong turbulence condi-
tions [20]. Analogously, the PDF f(I) for the UOT channel
can also be expressed as the lognormal function

S =

L. (_ (n(I/Io) - u)Z)’ -

Io\2r 206°

where [, is the mean received light intensity, y is the mean
logarithmic light intensity, and o is the scintillation index
defined by

o2 = -7 )

Here, () is the mean operator. Normalization of Eq. (3) leads to
u = —6%/2. For a plane wave, 6> can be expressed as [19]

0.4902

5 — exp [ 0.5152
(1 + 1.11652/%)7/6

(1 + 0.695.2/%)5/6

]—1, ®)

where 62 is the Rytov variance. Based on the traditional FSO
theory of AOT, in combination with the UOT spectrum model
defined by Eq. (2), it can be expressed as [19]

27\ 7/6
53237.31{3(7”) L/, ©)

where 1 is the wavelength and L is the migration length of the
light beam.

B. Underwater Scattering/Absorption Channel Model
Light scattering/absorption from underwater suspended par-
ticulates and the expansion of emitted light beams are the
two primary factors that result in path loss of the UOWC chan-
nel, and they are also the major topics of previous studies for
characterizing the UOWC channel. The Monte Carlo (MC) ray-
tracing method is an effective way to obtain the channel prop-
erties, such as path loss and impulse response [21,22]. For the
scattering/absorption channel, the channel characteristics are
largely determined by the optical properties of water and by
the system parameters of the UOWC links, such as the beam
divergent angle, communication range, and field of view
(FOV) of the receiver. In this paper, we will use the MC
ray-tracing method and largely follow the simulation proce-
dures of Refs. [21,22] to evaluate the path loss performance,
namely, P, in Eq. (1), of the UOWC channel.

3. SCHEME OF SIMO-UOWC

As in traditional FSO communication and wireless communi-
cation, UOT and multiple scattering will cause deep fading of
received signals and communication outage. To mitigate
deep fading, in this section we introduce a spatial diversity
receiver and propose a SIMO transceiver scheme for UOWC.
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In traditional wireless communication, spatial diversity has
been widely used to avoid deep fading. To achieve the best
performance, the subchannels of the SIMO system should
be independent of each other, i.e., the receiver separation
should be larger than the transversal coherent length p,, de-
fined as the distance between two transversal positions where
the correlation coefficient is less than 1/e. So, p, is a key
parameter of the system. Again using the traditional FSO
theory of AOT together with the UOT spectrum model, p,
in the SIMO-UOWC system can be obtained [19]:

(44 2K (2”) L) o 0

Based on Eq. (7), the coherent length of a light beam versus
the propagation length in UOT of different turbulence
strengths can be obtained, as shown in Fig. 1, where 1 is
530 nm. We can see that p, decreases gradually with propa-
gation length and turbulence strength, and it is much less than
1 cm when the propagation length is larger than 30 m in mod-
erate to strong turbulence. That means the independent fading
subchannels can be obtained once the transversal distance be-
tween detectors is larger than 1 cm. This is not difficult to real-
ize in field experiments and applications.

The proposed schematic diagram of the SIMO-UOWC trans-
ceiver system is shown in Fig. 2, where the detectors are dis-
tributed as a concentric circle on the receiving plane. For
practical application and cost considerations, the ordinary
light-emitting-diode (LED) with a certain beam divergence
is used as the light source. To enhance the aperture averaging
effect and meet the diversity requirement, the dimension of
each receiving optical lens is set as D = 3-5 cm, and the
central distance between adjacent lenses is d = 5-10 cm. It
should be noted that an optical lens with an extremely large
aperture is very difficult to manufacture in reality, which is
why we use the combination of aperture averaging and spatial
diversity here. Previous studies [23] showed that the
differences of mean light intensities received by different de-
tectors are insignificant provided every detector is in the light
cone of the transmitter, i.e., the transmitter and all detectors
form LOS subchannels.

For the combining scheme at the receiver, we will consider
maximum ratio combining (MRC) which is based on the

‘\ : : oK =1e-12]]
. —eKg=1e-13
bS8 : : : : ——K,=te-14 }
£ \ ' X
£ 107k A : e
= T
o R
2 & i VU )
8 B TSNS SO
bug s
10° e P ; -
v > SNPNE, B
4”‘%_%%‘ P
0 5 10 15 20 25 30 35 40 45 50

Propagation length (m)

Fig. 1. Coherent length versus propagation length as a function of
UOT strength.
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Fig. 2. Proposed SIMO transceiver system for UOWC.

maximum likelihood decision rule [24], selection combining
(SC), and equal gain combining (EGC). They will be studied
in detail in the next section.

4. BER PERFORMANCE UNDER
TURBULENCE

In this section, we use the MC statistical simulation method to
evaluate the BER performance of the proposed SIMO-UOWC
system with different combining schemes. We consider the
intensity-modulation/direct-detection (IM/DD) links using
on-off keying (OOK). The receivers are the photon detectors
that transform the light into electrical currents. The output of
each detector can be expressed as

r=n, +1) +n, ®

where 7 is the optical-to-electrical conversion coefficient, I, is
the received signal light intensity expressed by Eq. (1), I, is
ambient light intensity, and » is the additive white Gaussian
noise with zero mean and variance of N/2 (I is the thermal
noise power spectrum defined by N, = 4KTB/R, where K is
the Boltzmann constant, and R, T, and B are, respectively, the
receiver resistance, temperature in Calvin, and the electrical
receiver bandwidth). It has been proven that, for underwater
scenarios, the dominant noise is electrical thermal noise [25].
The interference from I, is insignificant and can be effectively
filtered out by the optical filters. Therefore, in this paper we
will consider only thermal noise.

As is well known, for a SISO system, the mean BER for the
IM/DD-OOK system in a fading channel can be expressed as

_ [ nly
P = A f(IT)Q( \/Wo)dlr, ©

where Q(-) is the Gaussian @ function, and f(/,) is the PDF
expressed by Eq. (3) with the mean received intensity I, de-
pending on the transmitted signal intensity I, and channel at-
tenuation P;. In obtaining Eq. (9), the transmission
probabilities of on and off are assumed to be the same, and
the decision threshold is I,,/2.

Following Eq. (9), the BER expressions of the SIMO-UOWC
system under different receiver combining schemes can be
obtained. For the SIMO system with MRC receivers, the mean
BER can be expressed as [24]

M
2 n

i=1

/ 1)@ a,. 0

\ /2MN0
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where I; is the light received by the ith detector and M is the
number of detectors. For EGC, it changes to

M
[ R
Do = /0 f(Ir)Q(M M;I)df (11

For the SC receiver, the mean BER is

= nl,
P = L f(h)@(—m)du, (12)

where
I, =max(Iy,1Is,....I5). (13)

For the three combining schemes listed above, the MRC
needs to have full knowledge of the SNR level of every receiv-
ing branch, which usually requires a complicated transceiver
system. The EGC is easy to realize and is most commonly used
in real applications. The SC receiver is the least complicated
since it processes only one of the diversity apertures (the
aperture with the maximum received intensity).

In the following, we will consider the dependence of the
mean BERs expressed by Egs. (10)—(12) on the mean SNR
at the receiver. The real propagation properties of light in
the UOT and attenuation channel will be ignored and will
be studied in the next section. In reality, calculation of
Egs. (10)—(12) is usually quite tedious since there are no
closed forms for the lognormal channel. Previously, much ef-
fort was spent on their analytical simplification, and usually
some approximations should be used [24]. In this paper, we
will introduce the MC statistical simulation method to get
the mean BER of the fading channel as below. For each indi-
vidual receiving branch, namely the jth branch, we launch
large numbers of samples, 1, samples, of the received signal
intensity I,.;;(¢ = 1,2, ...n,) that satisfies the PDF of f(I,), in
which the mean intensity [, essentially determined by I,
and P,, is properly chosen to get the SNR of each sample
as follows:

2[2

2n-14..
SNRU = ’7]\70er . (14)

The mean SNR can be obtained by averaging over all samples:

Z Z SNR;. (15)

To get the BER of the SIMO system, we combine samples
from all receiving branches, respectively, by using the MRC,
EGC, and SC schemes, respectively, to form a combined sam-
ple I,.;. The BER for each combined sample can be obtained
from

’ﬂm
BER, = —). 16
1, Q( TNO) (16)

The mean BER of the system can then be obtained by aver-
aging the total n, combined samples:
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Table 1. Simulation Parameters

A ¢ FOV D d
System parameters 530 nm 20° 60° 5cm 10 cm
Receiving electrical n R T B

parameters 0.35 A/W 1 MQ 300 K 150 MHz

1 Ng
BER = — ) "BER;. (17)

s =

For a SISO system, we set M = 1in Eq. (15) and I,.; = I,
in Eq. (16).

The receiver electrical parameters used in all simulations in
this paper are given in Table 1. The simulation results of the
mean BER in terms of the mean SNR for different combining
schemes with receiving branches M = 3,5 are given in Fig. 3,
where K3 = 1072 m~2/3, indicating strong UOT. To achieve
the same BER, the required mean SNR for the SIMO system
can be remarkably reduced compared with that for the SISO
system, and this reduction increases with branch number M
(approximately 10 dB for M = 3 and 15 dB for M = 5). The
BER-SNR curves of the MRC and EGC schemes almost over-
lap each other except under the high SNR condition, where
MRC outperforms EGC. They both outperform SC.

Figure 4 shows the mean BER in terms of the mean SNR
for different turbulence strengths and different combining

Average BER

— SISO M=5 K%

~EGC Ay
——MRGC

1 I 1 I

5 10

15 20
Average electrical SNR (dB)

Fig. 3. Mean BER versus mean SNR for different combing schemes
with M =3 and M = 5.

Average BER

15 0
Average electrical SNR (dB)
Fig. 4. Mean BER versus mean SNR for different UOT strengths.
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schemes. Here M = 5. It indicates that, to get the same BER
level, the required SNR increases remarkably with turbulence
strength: the required SNR in a strong UOT channel
(K5 = 10712 m2/3) is 20 dB larger than that in a weak UOT
channel (K5 = 107* m~2/3), as shown in the figure.

5. BER PERFORMANCE UNDER
ATTENUATION AND TURBULENCE

In this section, we combine the scattering/absorption effects
and UOT of the UOWC channel to evaluate the communica-
tion performance of the proposed SIMO-UOWC system, i.e.,
we will consider both the path loss P; and fading of the chan-
nel. As stated in Section 2, path loss P; can be obtained by
using the MC ray-tracing method. The simulation system
parameters are given in Table 1, and clear ocean water with
the optical properties given in Ref. [22] is considered. Under
this condition, the scattering by suspended particles is not so
significant and UOT is the dominant factor in the channel. We
assume that the fading property of the channel is not influ-
enced by scattering/absorption effects, so the PDF of
Eq. (3) can still be used. This is similar to the case in which
a laser propagates in clear air where the optical turbulence
effect is dominant [16].

Figure 5 presents the simulation results of the mean BER
with varying propagation distance of light in water with strong
UOT (K5 = 1072 m~2/3) as functions of receiving branches
and of combining schemes. If we set the threshold BER to
be 109, the effective communication range for the SISO sys-
tem is less than 40 m, while for the SIMO system, this range
can reach more than 60 m for the MRC scheme. More receiv-
ing branches mean longer communication range.

Figure 6 shows the BER performance in different UOT
strengths. Here M = 5 for the SIMO schemes and the transmit-
ting signal power is I, = 1 W. For comparison, the result for
the SISO case under the traditional UOWC channel without
considering UOT is also shown. We can see that, for the SISO
system, the effective communication range in the non-UOT
condition is about 5 m longer than that in the weak UOT con-
dition, and they both extend to more than 20 m longer than
that in strong UOT. However, for the SIMO system, the
differences between weak and strong turbulence channels

Average BER
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T

1 0-3 / 4 i i i i
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Fig. 5. Mean BER versus communication range for different combin-
ing schemes under attenuation and turbulence. The transmitting
poweris I, =1 W.
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Fig. 6. Mean BER versus communication range for different combin-
ing schemes under different turbulence.

reduces to less than 10 m. These results indicate that the SIMO
system is an effective way to mitigate strong UOT.

Note that, in this paper we consider only the case in which
the scattering/absorption effects contributed by suspended
particles are insignificant and UOT dominates the fading char-
acteristics of the channel. While the scattering is significant,
such as in coastal or harbor waters, which are filled with large
amounts of suspended particulates, the scattering will be-
come dominant. Under these conditions, the fluctuation of re-
ceived light intensity due to channel fading will be greatly
smoothed by scattering [26]. Following the studies of scatter-
ing and the AOT channel in the atmosphere, it is conjectured
that the PDF of the received light intensity can be well ap-
proximated by the lognormal distribution, but with scintilla-
tion index ¢® much less than that given by Eq. (5). Further
studies on this topic will be carried out in the future.

6. CONCLUSION

An UOWC channel with both scattering/absorption and UOT
is characterized, and a SIMO scheme is proposed to mitigate
the deep fading of the turbulence channel. A statistical MC
simulation method is introduced to evaluate the BER perfor-
mance of the system. The simulation results show that, com-
pared with the SISO system, the required SNR reduction of
more than 15 dB and communication range increase of more
than 30 m can be obtained at a target BER of 10-6 by using five
receiving apertures. Using the SIMO system, an LED with 1 W
optical power can reach an effective communication range of
more than 60 m in a strong UOT channel, indicating promising
applications in LED-based UOWC.
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