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Keyword: purpose. Three types of water namely clear, coastal and turbid water are
being used in the simulation. It is shown that the effect of scattering on the
Channel bandwidth path loss cannot be accurately modeled by the existing channel model; ie.
Monte Carlo Beers-Lambert (BL) law. It has been shown that the distance at which the
Scattering regimes unscattered light drops to zero can be used to estimate the transition point for
Transition point the scattering regimes in case of diffuse links. The transition point for diffuse

links in coastal water and turbid water can be estimated to be around 22 m
and 4 m respectively. Further analysis on the scattering order probability at
different scattering regimes illustrates how scattering is affected by beam
size, water turbidity and distance. From the frequency response plot, it is
estimated that the bandwidth of several order of GHz can be achieved when
the links are operating in the minimal scattering region and will reduce to
several hundreds of MHz when the link is operating in multiple scattering
region.
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1. INTRODUCTION

Optical wireless communications (OWC) which offer high bandwidth (~GHz), but only over short
ranges (<200 m) is seen as a complementary technology to the acoustic technology for underwater
applications. Historically, research on using lasers for undersea communications has started as early as the
1970s [1]. Specifically, wavelengths in the blue/green region have been used as they exhibit the minimum
attenuation underwater. Recently, data rate of up to 5.5 Gbps has been demonstrated over the range of 26 m
[2]. Despite the high data rate achieved by a laser based links, they face a considerable challenge to maintain
accurate pointing and tracking since laser beams are highly collimated. Thus, several investigations to
develop a diffuse system based on LED to ease the strict pointing requirements have been conducted. An
experiment using an omnidirectional transmitter at 40 Mbps over 10 m has been reported in [3].

One of the main challenges to implement an underwater OWC (UOWC) is the effect of scattering
that causes temporal dispersions which eventually limit the bandwidth of the links. Many works have been
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done to understand and characterise the effect of scattering. In [4], a categorisation of the energy transport
region for the blue-green pulsed laser through fog in the atmosphere has been proposed. In [5], [6], an
equation is used to estimate the transition point from an unscattered region to a multiple scattering regions,
which is beneficial to predict the distance where the bandwidth will be limited. It is predicted that the channel
bandwidth of several order of GHz can be supported when the link is operating in minimal scattering region
where unscattered light dominates. An experimental work conducted in [6] has shown that the transition
point obtained for collimated beam matched the work in [4]. Several papers also highlighted the importance
of identifying the operating region of underwater links [7], [8]. For example, in the design of relay assisted
communication or multi-hop cooperative communication, it is crucial to determine the placement of the relay
nodes in order to optimize the overall end-to-end links. Thus, this paper will focus on the simulation of
diffuse links to investigate the scattering behavior in three types of water as none of the previous work
investigates the scattering regime for the diffuse links. The remainder of this paper is organised as follows:
Subsection 1.1 and 1.2 present a brief introduction to underwater optical properties and channel model.
Section 2 describes the proposed system based on Monte Carlo (MC) simulation. Afterwards, numerical
results and key findings are discussed in Section 4. Finally, Section 5 concludes the work.

1.1. Optical properties

The two major optical properties that attenuate water are absorption and scattering. Absorption is a
process when the photon energy is lost due to the transfer of energy during the interaction with water
molecules and particles. Scattering is a process where a photon’s path is deflected due to the interaction with
a particulate matter in water [9].This process causes spatial dispersion that reduces the signal-to-noise ratio
(SNR) due to the light from the source spreads out in space and causes a reduction of the number of photons
collected at the receiver. Additionally, scattering also causes temporal dispersion which results from different
time of arrival of photons at the receiver. This will limit the channel bandwidth available for communication
due to the introduction of inter-symbol-interference [10]. Both of these effects are wavelength dependent and
are generally represented by the attenuation coefficient ¢ which is the summation of absorption coefficient a,
and scattering coefficient b. Coefficient values for different water have been established in the literature and
are shown in Table 1 [11], [12].

Table 1. Optical Properties of three Types of Water

Water type a(m) b (m™) c(m?)
Clean water 0.114 0.037 0.151
Coastal water 0.179 0.219 0.398
Turbid water 0.366 1.824 2.19

1.2. Channel model

One of the challenges in underwater environment is to establish a universal analytical model to
predict the performance of UOWC links. While the work on this aspect continues, several researchers have
utilised Beer-Lambert (BL) law due to its simplicity. By using BL law, the received power can be calculated
as [9].

P = P, exp(—c(2)2) @)

Where Pq is the transmitted power, z is the path length and c(1) is the beam attenuation coefficient.
The beam attenuation coefficient, c(1) is calculated using

c(4)=a(4)+b(1) )

Where a(A) is the absorption coefficient and b(A) is the scattering coefficient. It can be seen from
Equations (1) and (2) that the BL law only considers the attenuation due to the absorption and the scattering
and does not consider any re-scattered light that contributed to the received power. As a result, it
underestimates the power received in the high scattering environment as some of the re-scattered light will be
collected by the receiver. Furthermore, BL law only applies to collimated beams in LOS links. Another
alternative in modeling the underwater channel is by using MC numerical methods which is regarded as a
powerful tool due to its flexibility and accuracy. Several works using MC simulation in modeling and
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characterization of the UOWC have been reported. An investigation on the path loss and the channel
bandwidth performance of collimated links has been reported in [5], [13] and [14]. It is shown that a MC
simulation can predict the performance and capacity more accurately. Similarly, several works on modelling
diffuse links have been reported. For example in [15] and [16], MC simulation has been utilised to model the
impulse response which was used to verify the analytical equation of the impulse response proposed.

2. RESEARCH METHOD
2.1. Simulation setup

In this paper, MC simulation is used to model the diffuse links where the light beam is modelled as
the continuous propagation of a large group of photons. A set of probability rules and random variables are
used to model the initial beam distributions, path length and scattering angle. For a detailed description of
Monte Carlo simulation, readers can refer to [5] and [17]. Three types of water have been considered in this
simulation: clear water, coastal water and turbid water. The distance between the source and the receiver was
varied between 1 m to 50 m. Two sizes of beam divergence for diffuse sources are used namely 15° and 30°.
Other simulation parameters were set as listed in Table 2. To simplify the simulation, the effect of turbulence,
background radiation, noises and surface waves has been neglected.

Table 2. Simulation Parameters

Parameter Value
Wavelength 514 nm
Beam width 3mm
Collimated source beam divergence (full-angle) 1.5 mrad
Diffuse source beam divergence (full-angle) 15°, 30°
Receiver aperture diameter 10cm
Receiver field-of-view (FOV) 180°

3. RESULTS AND ANALYSIS
3.1. Path loss performance

Figure 1(a) shows the path loss performance for collimated and diffused links in clear water and
coastal water as the distance is varied from 5 m to 50m. For turbid water, a separate plot has been presented
as the maximum distance studied is up to 20 m only. Firstly, it can be seen that, both in clear water and
coastal water, the path loss performance for diffuse links did not match BL law due to the huge power loss
caused by the spreading and geometric loss. A totally different behaviour is observed for turbid water, where
the path loss performance is better than what is predicted by BL law for a distance greater than 5 m as shown
in Figure 1(b). This is because, in MC simulations, both unscattered and re-scattered light are collected at the
receiver which results in larger received power.
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Figure 1. Path loss performance of various beam sizes in (a) clear and coastal water and (b) turbid water
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3.2. Percentage of unscattered light

Figure 2 shows the percentage of the unscattered light that contributed to the total power reception
as the distance is varied. It is apparent that the unscattered light dominates in all types of links in clear water
with collimated link showing almost 100% contributions. However, scattering has shown a significant impact
when diffuse links are used in both coastal and turbid water as the percentage of unscattered light is less than
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50% even for short distance (10 m). In contrast, collimated link still shows high contributions of unscattered
light in coastal water up to 50 m.

From this plot, the distance at which the unscattered light drops to approximately zero is proposed to
be used as the transition point between the minimally scattering and the multiple scattering region.
Apparently, in clear water, all three beams show a high percentage of unscattered light up to a distance of
50 m. Thus, the transition point for clear water cannot be determined as the study is limited to 50 m. More
simulations can be done at a longer distance to investigate this in the future. Alternately, in coastal and turbid
water, it can be seen that the transition point for both the diffuse links are estimated to be 22 m and 4 m
respectively. This is slightly shorter than the transition point for the collimated link which is found to be 50 m
and 7 m for coastal water and turbid water respectively.
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Figure 2. The percentage of the unscattered light that contributes to the total power reception

3.3. Scattering order probability

In the previous section, it has been illustrated that the scattering is more significant in coastal and
turbid water as shown by the reduction of the percentage of the unscattered light. Thus, it is interesting to
investigate the nature of the scattering behaviour of the light that is collected at the receiver by finding the
scattering order which is defined as the number of times the received light has been scattered along their
propagation path. Unscattered light will have scattering order of 0 indicating that they are not scattered.
Three distances are chosen to represent the minimal scattering region, the transition point, and multiple
scattering region for both diffuse links as summarized in Table 3. Although we cannot demonstrate the
scattering behaviour for the three regions in clear water, we included the plot to show the scattering
behaviour of various links as distance is increased as shown in Figure 3.

Figure 4 and Figure 5 illustrate the scattering order histogram for different scattering regimes for
coastal water and turbid water respectively. The relation between scattering order with the beam divergence
sizes, distance and types of water can be found in the figure. Firstly, it can be seen that the probability of
higher scattering order increases at longer distance, particularly if diffuse links are used. This indicates that
the scattering is significantly affected by the size of the beam divergence. It is also illustrated that in the
minimal scattering region in both coastal and turbid water, a higher order of multiple scattering exists in
diffuse links compared to a collimated link. At the transition point, both diffuse links are dominated by lower
order scattering (n<5) while in multiple scattering region, most of the light has been scattered by more than
5 times. From the plot it is also apparent that the turbid water shows more scattering effect even when the
links are operating in minimal scattering region.

Table 3. Summary of select distance in Coastal and Turbid Water

Water Types Minimal scattered region Transition point Multiple scattered region
Coastal water 15m 22m 50 m
Turbid water 1m 3m 7m
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Figure 3. Scattering order histogram in clear water for various beam sizes at (a) 15 m, (b) 30 m and
(c) 50 m
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Figure 4. Scattering order histogram in coastal water for various beam sizes at (a) 15 m, (b) 30 m and
()50 m
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Figure 5. Scattering order histogram in turbid water for various beam sizes at (a) 1 m, (b) 4 mand (c) 7 m

3.4. Frequency response

In order to investigate the temporal dispersion of the links in various scattering regimes, the channel
bandwidth has been estimated using a frequency response plot (i.e. drops by 3 dB). In this plot, only
collimated link and a diffuse link utilizing the full divergence angle of 15° are shown to simplify the plot.
Figure 6(a), Figure 6(b), and Figure 6(c) show the frequency responses of both links in clear, coastal and
turbid water respectively. In clear water, the bandwidth supported by the links cannot be calculated due to the
fact that the light is dominated by the unscattered light indicating that a bandwidth in the order of GHz is
possible. For both coastal water and turbid water, it is shown that the bandwidth reduces from GHz range to
several hundreds of MHz when the operating regime changes from minimal scattering to multiple scattering
regions. It should be noted that at the transition point, several order of GHz can still be supported if a
considerable amount of unscattered and single scattered light are present.
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Figure 6. Frequency responses of various beam sizes in (a) clear water, (b) coastal water and
(c) turbid water

4. CONCLUSION

In this paper, MC based simulation has been utilised to investigate the nature of scattering behaviour
of a diffuse link in various types of water. Firstly, a more accurate path loss model can be obtained by using a
MC simulation compared to the simplified BL law. This is because MC simulation considers the re-scattered
light in the calculation of the received power. The percentage of unscattered light collected at the receiver not
only show how scattering plays an important role in transmission link but also provides an important
information in the prediction of the transition point between minimal scattering and multiple scattering
region. It can be said that a diffuse link can operate in minimal scattering regimes up to distance of 22 m in
coastal water and 4 m in turbid water. To understand this further, the scattering order behaviour of the links
has been evaluated at three regions in order to demonstrate how scattering is affected by beam sizes, distance
and water types. Finally, the channel bandwidth that can be supported in different regions has been
investigated. In minimal scattering region, bandwidth up to several GHz can be supported and reduces to
several hundred of MHz in multiple scattering region. It can be seen that by classifying the operating region
based on scattering order, a better method in predicting the performance of OWC links has been obtained. It
is also believed that the transition point proposed in this paper can be useful in the characterisation of the
analytical model reported in [7], where the exact distance at which the model is valid is unknown. Thus, the
results presented here will provide some insights into this issue.
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