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Abstract— In underwater optical wireless communications
(UOWC) the channel impulse response is essential in
characterizing the link. In this paper we investigate the impulse
response of the single input multiple output UOWC link using
Monte Carlo simulation for different types of waters. We simulate
the bit error rate (BER) performance for the proposed intensity
modulation direct detection SIMO UOWC links for multiple
receivers with a linear combining scheme by considering
absorption, scattering, turbulence and all major noise sources.
We show that, the clear, coastal and harbor waters display the
best to the worth BER performance, respectively.

Keywords—Underwater optical wireless communications
(UOWC), impulse response, single-input multi-output, scattering,
turbulence

I. INTRODUCTION

More than 66% of the earth surface is covered with water,
which has been used for communications in a range of
applications including submarines, pollution monitoring, off-
shore oil industry, disaster detection and early warning, etc. In
contrast to the terrestrial wireless radio frequency (RF)
communications, the transmission medium in underwater
communications is severally affected by a number factors
including (i) marine environment — shallow coastal water to
deep see or oceans; (ii) noise and ambient conditions; and (iii)
limited bandwidth and power resources. These lead to severe
attenuation, multipath and frequency induced dispersion,
Doppler spread, etc. The dominant communications schemes
used in under water have been based on the wireless
technologies of RF, acoustic (sonar) and optical. The RF and
acoustic waves suffer from high attenuations (3.5-5 dB/m and
0.1-4 dB/m for RF and acoustic, respectively) medium to low
transmission data rates (Mbps and tens of kbps over short
distances, respectively) as well as high latencies (in the order
of second). Whereas, the underwater optical communications
(UOWC) offers very high transmission data rates (i.e., > 200
Mbps over a transmission range of up to 100 m), low
attenuation (at the blue-green 450-580 nm transmission
window), low latency and enhanced security, which has
become very attractive in recent years. However, UOWC link
performance are affected by temperature fluctuations,
scattering, dispersion and beam steering [2].

In previous studies it has shown that, absorption and
scattering of the light beam will result in the energy loss and
changes in the direction of photons [1]. The light scattering
effect, which is shown using the impulse response (IR),
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illustrate the temporal behavior of UOWC and the main effect
limiting the data rate [3]. The effect of scattering in the turbid
seawater, which leads to inter symbol interference (ISI),
degrades the system performance (i.e., the bit error rate (BER)
and the needed channel bandwidth) [4]. As for the IR, a
number of models have been reported for UOWC links. In [4],
a line-of-sight (LOS) UOWC channel model was proposed in
order to reduce the scattering effect by means of optimizing the
aperture diameter and the FOV. In [5], a channel model based
on Monte Carlo and Henyey-Greenstein (HG) for non-line-of-
sight (NLOS) UOWC was proposed. A two-term HG model
using a channel simulator for modeling of angle scattering was
proposed, which was more accurate than HG model [6]. Also
simulated was the IR for a single input and single output
(SISO) UOWC link based on Monte Carlo for different water
types and transmission link distances [6]. Tang considered a
double gamma functions to model the channel IR, which fitted
well with Monte Carlo simulation for coastal and harbor sea
waters. The authors also designed a zero-forcing (ZF)
equalization to overcome the ISl and improve the system
performance [7]. In [8], the IR of the multiple input and single
output (MISO) UOWC link based a weighted symmetric
Gamma polynomial and adopting Monte Carlo simulation as
well as a uniform circular array light sources was reported.

In order to combat the effects of atmospheric turbulence in
optical wireless communications (in this case free space
optics) space diversity techniques with multiple apertures at
the transmitter (Tx) and/or at the receiver (RX) can be
effectively utilised to combat attenuation, but not phase
distortion experienced by the propagating photons (i.e., optical
beam front) as reported in [9], [10]. In [3], @ multiple and input
multiple output (MIMO) UOWC system using a weighted
Gamma function polynomial to model the IR and considering
the effects of absorption, non-scattering, single and multiple
scattering was reported. In [11], based on the statistical
simulation method the BER performance of SIMO UOWC
using a light emitting diode (LED) and multiple detectors to
mitigate deep fading was investigated. However, the authors
did not consider the IR and all important noise sources
(including the background light induced shot noise) for the
proposed system.

However, to the best of authors’ knowledge, no works have
been reported on the IR based on Monte Carlo approach and
on the BER performance of the SIMO UOWC link by
considering all important noise sources. Note that, making an



optical lens with an extremely large aperture size is
challenging. Therefore, in this paper we consider the IR of
intensity modulation/direct detection (IM-DD) SIMO UOWC
system by using a combination of aperture averaging, spatial
diversity and a linear combining schemes based on Monte
Carlo for various types of waters, detectors’ positions and link
spans. To evaluate the link performance, the BER of the system
considering absorption, scattering, turbulence and all noise
sources is calculated.

The rest of this paper is organized as follows. In section Il
the system model for SIMO UOWC is presented, in section 111
simulation and numerical results are given and in section IV
we conclude the paper.
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Fig. 1. System model

Il. SYSTEM MODEL

As shown in Fig. 1 we consider the IR of SIMO UOWC
SIMO link, where each M™ free space link is equivalent to a
SISO link. In Fig. 1, a light source as the Tx is centered at the
x-axis and M photodetectors (PDs) are wrapped in linear arrays
with d distance between each Rx and located on a plan at L
distance from the center. The system is composed a single light
source at a wavelength of 517 nm and a divergence angle of 0.5
radian as the Tx and M detectors of similar apertures size and
field of views (FOVs) at the Rx. Considering the location of
each PD, the IR is determined by means of Monte Carlo. In
Monte Carlo approach N photons are transmitted
simultaneously through 3 types of waters and each emitted
photons are assigned with four basic features such as photon’s
positions, propagation time, transmission direction and the
weight, which is also known as the intensity. Photons
interacting with particles in the water will experience a change
of direction and loss due to both scattering and absorption. At
the Rx side a photon can be detected when its position and the
arrival angle are within the Rx’s aperture and FOV and its
weight is higher than threshold level [12]. For the proposed
link, the total IR can be computed as:

M
heotar = Z hy +hy + -+ hy (1)

N=1
where hy is the channel IR from the Tx to the N Rx, N =1,
2..., M. Each IR is the temporal behavior of the SIMO UOWC
link between a Tx and each Rx. In this work, the fading
behavior of the free space channel is characterized using log-
normal distribution for the line of sight propagation link. The
strength of turbulence is best represented by the index-of-

refraction structure parameterC;2, which its value ranges from

10~1* to 10~ m~ /3 for underwater conditions as in [13].

The regenerated electrical signal at the M™ optical Rx,
which is composed of a PIN photodetector and a
transimpedance amplifier, is given as:

yu() = x() @ hy(t) +ny(t) 2

where x(t) is the intensity modulated transmitted optical signal
carrying the information data a €{0, 1}, hy,(¢t) is the channel
transfer function between the Tx and the M Rx, n,,(t) is the
additive white Gaussian noise (AWGN) (i.e., representing
background, dark current, thermal and signal shot noise
sources) with zero mean and variance of No/2 (where N, is the
noise spectral density) and @ represents the convolution
operation. Note, we have used a non-return to zero (NRZ) on
off key (OOK) signal for IM of the light source (in this case a
laser). Note that, we have used the system model given in [11],
where all considered noise sources are described in detail. In
this work, we consider the link performance under weak
turbulence, which is modelled as lognormal distribution [14],
[15].

The total received signal is given by:
y(@) = y1(8) +y2(8) + -+ yu () ®)

I11.SIMULATION RESULTS

All the key system parameters adopted in the simulation of
the proposed scheme are given in Table I, which are adopted
from the current literature. Monte Carlo approach is used to
determine the IR of the system. The simulation procedure is
best explained with reference to the flow chart depicted in Fig.
2. Here we consider 1x3 and 1x5 configurations based on Fig.
1. Fig. 3 shows the IR for clear, costal and harbor waters for 1,
3 and 5 Rxs, respectively. As expected the clear water shows
the best IR over a longer transmission range followed by the
coastal water. Whereas, in the rich turbid environments such as
the harbor water with a higher level of scattering the normalized
power level is much lower than coastal and clear waters with
higher levels of fluctuations. The IR for higher number of Rxs
is improved due to increased number of captured scattered
photons. Note that, for the IR the power is normalized to the
transmit power.

Figs. 4 shows the BER performance as a function of the
transmit power for three types of waters for M = 1, 3 and 5.
From Fig. 3 we observe the followings: (i) links with higher
number of Rxs (i.e., M = 5 in this case) offer the best BER
performance for all three cases due to being able to capture
higher number of photons and combating multipath (scattering)
induced channel fading; (ii) the clear water displays the best
performance over longer transmission spans; and (iii) the
harbor water shows the worst case scenario with a higher power
level requirement compared to Figs. (a) and (b). For example,
at a BER of 1073 which is below the forward error correction
limit of 3.8x1073, the power penalties are 0.5 and 4 dBm for
coastal and harbor waters, respectively compared to the clear
water for M = 5. For the clear water the additional transmit
power required for 3 and 1 Rxs are 0.3 dBm and 1.5 dBm,
respectively compared to the 5 Rxs, whereas for the harbor
water the additional power requirements are marginally higher
by 0.8 and 2.5 dBm for 3 and 1 Rxs, respectively compared to
5 Rxs.



Table I- System parameters

Parameter Value
Laser wavelength (A) 517 nm
Laser beam divergence 0.5 rad

Data rate 100 Mbps
Low pass filter bandwidth (B) Data rate/, =50 MHz
Photodetector responsivity 0.34 AW
ATransimpedance amplifier gain 10dB

C,? 10713 m %/
Attenuation coefficient for harbor 219m™?
Attenuation coefficient for coastal 0.398 m™!
Attenuation coefficient for clear 0.151m™*
Albedo (wo =2 ,b = 083
scattering coefficient) for harbor

Albedo for coastal 0.55

Albedo for clear 0.245

The spacing between Rxs (d) 2m

Rx’s FOV 100°

Radius size of aperture (r) 02m

Table 11- The BER values for SIMO links for three types
of water and a range transmission spans for a transmit power

of 28.45dBm
Water Distance BER for 3- BER for 5-
type (m) Rx Rx
Clear 23 3.94x1077 7.15x1078
Coastal 15 2.41x1075 3.38x107¢
Harbor 10 0.040373425 | 0.005191226
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\i

Noises of each RXs are added

M
y@®) =y'() + Z ny+ny+-+ny
N=1

O
N

The power y(t) is received by a PIN photodiode and
the power is changed to current by PD responsivity

o)
N

Y

The bandwidth is limited by a low pass filter

)
/

Y

The current is changed to voltage by a transimpedance
amplifier

a
Y

In decision circuit the voltage is compared with
threshold voltage and all bits are reconstructed

\

In BERT the BER is calculated

Y )
AN

End

Fig. 2: The flow chart of the proposed model.
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Fig. 3: The impulse responses for SIMO for: (a) clear water In this paper, we presented the impulse response for UOWC
with L = 23 m, (b) coastal water with L = 15 m, and (c) SIMO link with receiver diversity for 3 types of water based on

harbor water with L=10 m. Monte Carlo simulation. In the simulation of the impulse



response and the BER performance for the proposed link for
clear, coastal and harbor waters considered absorption,
scattering, turbulence, and all the key noise sources. We
showed that, for the UOWC SIMO link with 5 receivers the
BER performance is enhanced compared with 3 and 1 receivers
due to capturing more scattered photons. The clear water of
coursed offered the best performance since the propagating
optical beam experience lower levels of channel fading
compared with the coastal and harbor waters.
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