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Abstract: In underwater optical wireless communications (UOWC), scattering of the propagating
light beam results in both intensity and phase variations, which limit the transmission link range and
channel bandwidth, respectively. Scattering of photons while propagating through the channel is a
random process, which results in the channel-dependent scattering noise. In this work, we introduce
for the first time an analytical model for this noise and investigate its effect on the bit error rate
performance of the UOWC system for three types of waters and a range of transmission link spans.
We show that, for a short range of un-clear water or a longer range of clear water, the number of
photons experiencing scattering is high, thus leading to the increased scattering noise. The results
demonstrate that the FEC limit of 3 x 1073 and considering the scattering noise, the maximum link
spans are 51.5, 20, and 4.6 m for the clear, coastal, and harbor waters, respectively.
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1. Introduction

In underwater environments, where we are witnessing a growing number of fixed
and mobile devices, robots, sensors, etc., there is the need for reliable and advanced
communication networks offering several data rates, low latency over a short to long
transmission range for commercial, scientific and exploration applications [1,2]. For un-
derwater communications, there are three main technologies. (i) Acoustic waves, where
the transmission data rate is limited to tens of kbps over one km link range and <kbps for
longer distances due to the surface-induced pulse spreading and frequency-dependent
attenuation [3]. In addition, due to the low propagation speed of acoustic waves (i.e.,
1500 m/s), the transmission latency is high, particularly for longer ranges; thus, establish-
ing real-time communications and achieving synchronization becomes challenging [4,5].
(ii) Radio frequency (RF) waves, which suffer from high attenuations (i.e., 3.5-5 dB/m) and
offer moderate transmission data rates (up to 100 Mbps over short distances) [3]. Since the
seawater with a high salt level is a conductive transmission medium, the RF waves can
only propagate a few meters at very low frequencies (i.e., 30-300 Hz). However, in fresh
waters, RF wave propagation is much better when utilizing large-sized antennas or higher
transmit power [6]. Note, (i) and (ii) are widely used in underwater communications
for a range of applications; however, they have limitations, which can be addressed by
adopting a third option based on optical wave propagations. The underwater optical
wireless communications (UOWC) technology offers much higher data rates (i.e., in the
order of Gbps) [1,7], lower latency (compared with acoustic waves) [8], lower attenuation
(at the blue-green (450-580 nm) transmission band), and higher-level of security at the
physical layer due to well-confined light beams in point-to-point communications [9,10].

The Underwater channel suffers from both absorption and scattering. The former
is due to the energy dissipation of propagating photons, which are converted into other
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forms (e.g., heat, chemical, etc.) along the transmission path. Whereas the latter is due
to photons propagating direction, which is changing randomly because of (i) interaction
with the water particles with sizes comparable to the carrier wavelength (i.e., diffraction);
and/or (ii) changing refractive indices (i.e., refraction). In turbid waters, especially coastal
and harbor, the transmitted photons will experience multiple scattering [11,12]. In [13], it is
shown that the multiple scattering and system geometries affected the temporal dispersion.
They simulated the channel loss due to the multiple scattering under the different field
of views (FoVs) and apertures for the ocean, coastal, and harbor waters; also, the BER
performance is depicted. In [14], the impacts of moving microalgae on the received signal
in a short-range UOWC link was investigated by means of experimental measurements,
where the random contributions of the scattered light on the moving microalgae were
summed up at the receiver (Rx), thus resulting in increased total signal variance. In [15],
the 500 Mb/s UOWC system performance was investigated by considering the shot noise,
dark current noise, thermal noise, and background noise, and it was shown that link spans
of 40 and 10 m with the transmit power levels of 47 and 27 dBm for the coastal and harbor
waters, respectively were achievable at the forward error correction (FEC) BER limit of
3 x 1073. In [16], it is shown that for the clear and coastal waters, the maximum link ranges
achieved were 30 and 18 m, and 41 and 26 m for the transmit power levels of 0.1 and
1 W, respectively for the FEC BER limit of 3 x 1072 and a data rate of 100 Mb/s. In [17],
an experimental 622 Mb/s VLC system employing a water tank (50 x 34 x 34 cm?) was
reported with the received power levels of —32 and —21 dBm for clear and harbor waters,
respectively at the FEC BER limit of 3 x 10~2. However, in these works, the scattering noise
was not considered. Absorption and scattering, which have been extensively studied for
different water types, can be modelled using Monte Carlo (MC) numerical simulations to
determine the channel impulse response (IR) [18-20].

In UOWC systems, there are several noise sources, including background noise,
thermal noise, dark current noise, and shot noise, which are modelled as the additive white
Gaussian noise (AWGN). Note, the background noise strongly depends on the operating
wavelength and geographical locations due to (i) diffused extended background light;
and (ii) ambient light (i.e., Sun or other stellar (point) objects); and (iii) scattered lights,
which could be the dominant noise in most cases. This effect can be diminished by using
optical filters [21]. In general, deep oceans are less noisy than harbor waters due to no
light penetration [22]. However, there is an additional noise, which we refer to it as the
scattering noise. It is a channel-dependent noise due to random variation of the number of
photons being collected at the Rx for a fixed transmit optical power level.

There is some work to model shot noise and thermal noises. In [23], the general
formula of shot noise was derived considering time-varying photon rates, and the signal-to-
noise ratio (SNR) in nonstationary light signals is defined. In this work, it was mentioned
that under which conditions the well-known formula can be applied. In [24], a method
to calculate the thermal noise due to photon fluctuations for individual detectors and the
correlation of these fluctuations among various detectors is introduced.

In this work, an analytical model for the scattering noise is introduced, which has not
been investigated before to the best of the author’s knowledge. Moreover, the effect of
scattering noise on the UOWC system performance is investigated by estimating the BER.
We consider a UOWC link for three types of muddy waters and a range of transmission
link spans using MC simulations to determine the scattering noise coefficients.

The rest of this paper is organized as follows. In Section 2, the system model of UOWC
is illustrated. In Section 3, the UOWC channel model is presented; in Section 4, the model
of scattering noise is calculated. In Section 5, simulation and numerical results are given,
and in Section 6, the paper is concluded.

2. System Model

Figure 1 shows the schematic system diagram of UOWC. At the transmitter (Tx),
a pseudorandom binary sequence (PRBS) of length 27 — 1 in a non-return to zero (NRZ)
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format is for intensity modulation of the light source (i.e., a laser diode in this case).
The modulated light beam is transmitted over the free space channel via a telescope. At the
Rx, the incoming optical signal is applied via a telescope to an optical Rx, which is composed
of a photodetector and a trans-impedance amplifier, via a telescope. The regenerated
electrical signal is passed through a low pass filter and a decision circuit to recover the
transmitted binary sequence. The noise sources considered are shot noise, thermal noise,
dark current noise, background noise, and scattering noise. For more information on the
laser, photodiode model, etc., refer to [25].

Transmitter Underwater Channel Receiver
1 1
1 1
3 ol ~ 1 . ! L
PRBS Laser > Telescope | Channel > Telescape - Optl‘c_al N Low pass N Dfelsn?n N BER
generator x(H | () 1 | receiver filter circuit tester
1 1
1 1
1 1
)
. ' n(n
N, N'are derived Scattering noise Scattering o?
from MC simulation. coefficient(#) is noise
calculated.

Figure 1. System model.

3. UOWC Channel Model

Channel modeling in a communications system is critical since it plays an important
role in the design, implementation, and evaluation of the link under investigation. A prac-
tical and robust method for modelling the underwater channel is MC simulation, where
a statistical method is adopted to evaluate the channel characteristics by generating N
photons and then tracking the interactions of each photon with the medium and its trajec-
tory. Note, N photons are transmitted simultaneously through the water, and each emitted
photon is assigned with four basic features such as photon’s position, propagation time,
transmission direction, and weight, which is also known as the intensity. The trajectory
of photons can be tracked through the channel from the Tx to the Rx. Compared with
the analytical solutions of radiative transfer equation (RTE), the MC approach is more
flexible for various link geometries without the restrictions on the scattering angles and
therefore is widely employed in simulation of light propagation in a dispersive medium,
e.g., beam propagation in the seawater [26,27]. MC numerical method with respect to
the absorption and scattering effects has been reported in several recent works [11,28,29].
In [30], they evaluated the continuous-variable quantum key distribution method over
an underwater link by using MC simulation. They showed that the performance evalu-
ated by MC simulation is more accurate due to considering the contribution of scattered
photons and the system transceiver parameters compared to Beer’s law which depended
on wavelength and distance [31]. In [19], the channel capacity for various link distances,
water types, and transceiver parameters were evaluated using MC simulation, and it was
shown that the UOWC bandwidth for the clear, coastal, and harbor waters are in the order
of hundreds of MHz, tens of MHz and MHz, respectively. The scattering will cause the
coherent wavefront to be attenuated and dispersed, which leads to the reduced SNR and
lower transmission data rates due to inter symbol interference.

Note, during optical signal propagation, some non-scattered and scattered photons
will randomly arrive at the optical Rx, which will result in scattering-induced noise, which
is introduced in the next section. In this work, the UOWC channel is modelled using
MC simulation, which is used to obtain the parameters for determining the scattering
noise coefficient.
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4. Scattering Noise Model

Here, we introduce the scattering noise, which is due to the corpuscular nature of
photons’ transport, within the context of UOWC and outline the analytical model for the
first time. Photons propagating in a real channel (i.e., water) will experience multiple
scattering, which is considered as a random process, thus arriving at the Rx with delays
compared with those propagating along the line-of-sight path. Therefore, photons with the
random arrival time being collected at the Rx for a given fixed transmit optical power (i.e.,
photons per pulse) will have a Poisson distribution. The variation about the mean number
of photons is the noise, which reflects itself as the channel-dependent scattering noise.

We distinguish between the scattered and non-scattered photons received at the
detector. The photocurrent at the detector due to the scattered photons-induced noise is

given as:
N-N'

= ) qi(t—t)), o
=1

where £} is the random arrival time of the jth scattered photon, g is the electron charge (i.e.,
1.602176634 x 10719 C), N is the total number of received photons, and N’ is the number
of photons not undergone scattering (N and N’ are determined from MC simulation).
The Autocorrelation function is given as:

1 T T N—N' N—N'
R(tl):TlEﬂoT ZT I(HI(t+t)dt = hm ?/ Z 5(t—1tj) Z 6(t—ty+t')dt. (2)
-2

The non-zero value for the first delta function is at t = ti, which is substituted in the
second delta function in (2) to obtain:

TNN’N N’

R(¥) = lim 7/ 2 5t —£)5(tj — ty + ) dt. 3)
_7 ]‘/7

T—oo T

Note, the integration of the first delta function is equal to 1, thus we have:
R(#) = lim 1 Yo X gty +t). 4)

For j = j' (i.e., t; = t;7), we only have g25(t'), which will contribute (N — N')¢5(t') to
the autocorrelation function.

N-—N'
4%

N—-N’
R(Y) = Jim L= NP + ; ( — ty + 1)), 5)

—e T J=1iA
Wiener-Khintchine theorem states that, the noise spectrum is Fourier transform of the
autocorrelation function in (5), thus the one-sided power spectral density (PSD) is given by:

+oo
_z/ e 2 gy £ > 0. 6)
Fort; # ty, (second termin (5)), the delta functions will occur at randomly distributed
nonzero values of ', which with suitable averaging contributions from the delta functions to

Fourier transform in (5) will vanish and therefore not considered. Thus, the autocorrelation
function can be written as:

7o(t). @)
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The mean photocurrent due to N photons received over a time interval T is defined as:

1= IN _ p_4N
1= = = T = = (8)
Substituting for T in (7) we have:
— ! _
Rt = NN g5, ©)
N
By substituting (9) in (6), we have the PSD, which is given as:
_— / _ _
PSD = ZN NN gl =2xql,0 <x <1, (10)

! . . . . .
where ¥ ;\]N is the scattering noise coefficient.

Finally, the scattering noise variance is obtained by integrating (10) over the system
bandwidth BW, which is given as:

0% = 2xkqIBW. (11)

In the clear water, x is near zero for short link transmission distances, and therefore
the scattering noise can be ignored, whereas in the turbid and harbor waters, almost all
received photons will experience scattering, thus x approaches the unity.

5. Simulation Results

Table 1 shows three different water parameters of the albedo coefficient wy and
the attenuation coefficient c = a + b, where a, b are absorption and scattering coefficients,
respectively. These parameters are adopted to simulate the underwater channel for different
water types using MC simulation and the results are used to determine the scattering noise
coefficient for different water types.

Table 1. Water Parameters.

Water Type c(A)(m™1) Albedo (wg = b/c, b = Scattering Coefficient)
Clear 0.151 0.245
Coastal 0.398 0.55
Harbor 2.17 0.83

All the key system parameters adopted in the simulation of the proposed scheme
are given in Table 2. Note, simulation is done in Matlab, and the MC approach is used to
determine the IR of the channel. The laser is modelled by solving the rate equations as [32].
Two telescopes are considered and modelled in MC. At the Tx side, a telescope is used to
collimate the light, where the incoming light beam is randomly distributed based on both
the beam divergence and the beam width.

At the Rx side, a second telescope is used to focus the light on the photodetector,
with the generated photocurrent I = PR, where P and R are the received optical power
and photodetector’s responsivity, respectively. Following optical to electrical conversion,
the output of the transimpedance amplifier V = GI, where V and G are the output voltage
and the gain of the amplifier, respectively. The electrical signal is then passed through a
6th order low-pass Butterworth filter and a decision circuit (i.e., a threshold detector) to
regenerate the transmitted data stream. The BER is modelled as in [32], and details of all
the noise sources adopted here are given in [25].

Figure 2 illustrates the IR for the clear, coastal, and harbor waters for the link spans of
50, 20, and 4 m, respectively. Note, these link distances are selected for better illustration of
the effect of scattering. In dirtier waters or longer transmission link spans, the propagating
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photons will experience a higher degree of scattering (i.e., dispersion) and attenuation,
thus leading to increased BER.

Table 2. System Parameters.

Parameter Value

Laser wavelength (A) 517 nm
Laser beam divergence 0.75 mrad
Beam width 0.001 mm

Optical power 50 mW
Data rate 500 Mbps
Low pass filter bandwidth (BW) 300 MHz
Photodetector responsivity (R) 0.34 A/W
Gain of amplifier (G) 600 V/A

Rx’s field of view 180°
Radius size of aperture 10 cm

x10°

— clear
=== coastal
== "™ harbor

Normalized received intensity

8
4
x 10

Time (ns)

Figure 2. The impulse responses for three types of water: clear (50 m), coastal (20 m) and harbor
(4 m).

Figure 3 shows the scattering noise coefficient x, which is mentioned in (10), as a
function of the link range for the three types of waters based on the parameters in Table 1.
N and N’ are determined using MC simulation. Note, « increases with the transmission
link spans and b, which is the highest for the harbor water, where more photons experience
scattering. Figure 4 depicts the BER performance as a function of the transmission distance
for the proposed UOWC system with and without the scattering noise and for three types
of waters.

>
%

g
N

=
=
~

Scattering noise coefficient

=
)
-

] ear ||
== == coastal
== "= harbor

0 20 40 60 80 100
Distance (m)

Figure 3. The scattering noise coefficient(x) against the link distance for clear, coastal and harbor waters.

As shown in Figure 4, the scattering noise results in increased BER for all three types
of waters. However, this effect is less pronounced for the clear water compared with the
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coastal and harbor waters. This is mainly due to the coefficient, which is lower for the
clear water, see Figure 4a. Note, for the clear water and at the FEC limit of 3 x 103 and
considering the scattering noise, the received power is —20 dBm for the 52 m link distance,
which are comparable with [17,18]. For the coastal water, the scattering noise impact is
more evident, as depicted in Figure 4b, where the BER is higher compared with the case
with no scattering noise. In this case, the received power level at the FEC limit of 3 x 102 is
—19 dBm. For the harbor water, the BER performance is also affected by the scattering noise
and is marginally higher than the coastal water, see Figure 4c, with considerably reduced
link distance. Considering the scattering noise, the received power is —19 dBm at the FEC
limit of 3 x 10~3, which is almost the same as [18]. Note, at the FEC limit of 3 x 1073 and
considering the scattering noise, the maximum link spans are 20 and 4.6 m for the coastal
and harbor waters, respectively, which are marginally shorter than those reported in [16,17].
Higher scattering noise coefficient results in increased BER performance degradation.

10’
10” 10° -~
10” i
4 /'
10" 10 /
4 4
10 o ’
# =] = ’
2 = ) id
7
10° 10° 10 A
II
,’ = = Without scattering noise == == Without scattering noise 8 1 === Without scattering noise
10° (4 s Wi th scattering noise g s Wi th scattering noise 10 7 = Wi th scattering noise
----- FEC 10 R II ‘eees FEC
46 48 50 52 54 19 19.5 20 20.5 21 4.2 4.4 4.6 4.8 5
Distance (m) Distance (m) Distance (m)
(a) (b) ()

Figure 4. The BER performance against the link distance: (a) clear, (b) coastal, and (c) harbor.

Figure 5 illustrates the variance of the scattering noise and compares it with shot
noise as a function of the link distance. As shown, for dirtier water or the longer link
distances, the variance plots are almost the same for both noise sources. This shows that in
some conditions, scattering noise is comparable with shot noise and can not be neglected.
In dirtier waters or over longer transmission link spans, more propagating photons will
experience scattering, which will result in increased scattering noise coefficient «, see
Figure 3. As shown in Figure 5, the scattering noise variance increases with the distance
and becomes almost the same as shot noise variance based on (11). At longer transmission
distances, most photons experience scattering (i.e., x ~ 1), arriving at random times
producing scattering noise the same as shot noise in the photodiode which all the absorbed
photons in the photodiode produce carriers at random times. Thus scattering noise is equal
to the shot noise under these conditions.

1.2

== Shot noise m Shot noise
== == Scattering noise == == Scattering noise

Variance (Az)
e
© -
lad
n

Variance (Az)
=)
o
. 2
Variance (A")
-

0.4
= 0.5
~ -
0.2 ~——
S ——
18 19 20 a5 1 45 5
Distance (m) Distance (m) Distance (m)
(a) (b) (o)

Figure 5. The variance (shot noise and scattering noise) against the link distance for three types of
water: (a) clear, (b) coastal and (c) harbor.
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6. Conclusions

In this paper, we introduced a new source of noise caused by the number of photons
experiencing scattering along the propagation path. In dirtier waters or over longer
transmission link spans, this noise (i.e., the scattering noise) is more or less the same as the
signal-dependent shot noise. We determined the IR based on MC for three types of waters,
which is affected by both the scattering and absorption. We introduced the x coefficient
and show that it is a function of the transmission distance for the clear, coastal, and harbor
waters, where for longer link distances and dirtier waters, it approached the unity. For the
clear, coastal and harbor waters and beyond the transmission spans of 90, 40 and 6.5 m,
respectively, « also approached one. The BER as a function of the transmission distance
was compared for the links with and without the scattering noise as well as the shot noise,
thermal noise, dark current noise, and background noise. The results demonstrated that
for three types of waters, the scattering noise is not negligible; however, its effect is more
prominent in the coastal and harbor waters due to higher x coefficient. The variance of the
shot noise and the scattering noise for three types of waters was also calculated, where the
dirtier waters or longer link ranges both showed the same variances.
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