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ABSTRACT

We provide a detailed description of depth-dependent effects that affect the propagation of light in underwater optical wireless
communication links. Absorption and scattering properties of water are evaluated for realistic chlorophyll profiles versus depth
for all the visible spectrum, with particular attention to the wavelengths corresponding to practically feasible laser sources.
Results show which visible wavelength is the less affected by propagation loss in specific water conditions, thus being the most
suitable to improve the performance of vertical links in underwater optical wireless communications. The developed model is
useful also to optimise the distribution of optical channels in systems based on dense wavelength division multiplexing tech-
nology, according to the type of water and the depth reached in the vertical communication link.

1 | Introduction

Underwater optical wireless communications (UOWC) have
raised an increasing interest for different applications, such as
environmental monitoring, exploration, security, and defence
[1-3], and are emerging as the new frontier for 6G and beyond
networks [4]. In this scenario, it is of great importance to
develop reliable models of the underwater optical wireless
channel, in order to realistically evaluate the performance of the
proposed solutions.

A common model for the underwater optical channel relies on
the classification of water based on its purity or turbidity [5, 6],
by defining four water types, each associated with a set of values
for the parameters describing absorption and scattering

phenomena that affect the light propagation. Although this
model is simple and easy to apply, it is mostly well suited for
horizontal links (i.e., when transmitter and receiver are at the
same depth). In fact, it does not take into account variations in
the water characteristics which happen when changing depth.
Disregarding these effects can lead to incorrect conclusions
when the transmission crosses multiple layers of water with
different properties. For these reasons more realistic models,
taking into account depth-dependent water characteristics, have
been proposed in the literature [7-10].

Commonly adopted solutions using visible light in underwater
optical wireless links are based on blue and green lasers to
exploit the relatively low absorption affecting the propagation of
light in the wavelength range from 450 to 550 nm [11, 12]. In
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particular, most works in the literature adopt a green source,
operating at a wavelength around 532 nm. This choice is
convenient not only for the performance improvement of
UOWC links, since green light is one of the less affected by
absorption in the water, but also for the system implementation,
given the availability of reliable green lasers. However, for a
detailed description of light transmission in the water, absorp-
tion should be considered together with other impairments.
Moreover, it is necessary to analyse how all these phenomena
are influenced by light wavelength, water properties, especially
its level of turbidity, and depth [9, 13]. Hence, the selection of
green as the operating wavelength for UOWCs should not be
taken for granted. A comprehensive analysis of light propaga-
tion underwater, taking into account all the cited factors, can
provide more precise information about the most suitable
wavelength to use for the communication link, which should be
combined with the availability of optical sources and detectors.
Recently, new visible fibre lasers have been demonstrated in
literature [14-16]. For example, a novel cyan laser has been
proposed as a feasible option for UOWC [14]. Moreover, a cost
effective dense wavelength division multiplexing (WDM)
emitter, made by combining seven lasers in the blue-green range
with a fine wavelength spacing of 2 nm, has been proposed [12].
The WDM technology, already widely used in fibre-based and
free-space optical communication systems, can be successfully
exploited also for UOWC [17], in particular for turbidity-tolerant
high-speed communication links [12].

In this paper, we study the behaviour of a vertical underwater
link when visible light is transmitted. We express in a unified
framework the main wavelength- and depth-dependent effects
that characterise light propagation in water. The influence of
wind-induced air bubbles and foam [18] has been neglected,
being its impact on light propagation limited, even in the
presence of strong wind, and not wavelength-dependent [19].
Also the seawater refractive index changes as a function of
salinity and temperature [20] have not been included in the
framework, since these variations are not significant in the in-
tervals of depth relevant for UOWCs [21]. Notice that all the
effects mentioned up to now are directly related to the physical
properties of the transmission medium, that is seawater. Other
impairments more related to its stochastic behaviour, such as
turbulence [22] and pointing errors due to random movements
of the waves at the sea surface [23, 24|, are neglected in the
current model and left for future analysis. The proposed
framework has been used to compute the attenuation coefficient
and the power loss of the channel at different wavelengths in
the visible spectrum, with the aim of showing the best choice
according to the particular water conditions and the link char-
acteristics. We demonstrate that the commonly adopted green
light is not necessarily the best one, and that significant losses
can originate from this suboptimal choice. Results also provide
useful design guidelines for possible WDM configurations that
minimise the effect of the impairments on the visible light
propagation, by quantifying the available bandwidth to accom-
modate multiple adjacent channels with comparable losses.

The paper is structured as follows. In Section 2, the main effects
that impact on the propagation of light in water are described
for all the wavelengths in the visible spectrum as a function of
the depth-dependent chlorophyll concentration, whereas in

Section 3 we report results showing the attenuation suffered by
visible light in different realistic water conditions, taking as a
reference six wavelengths corresponding to different colours.
Moreover, we extend the analysis to the whole visible light
spectrum, thus identifying the available bandwidth for a WDM
configuration, useful to ensure a higher data rate to the link.
Finally, in Section 4 we draw some concluding remarks.

2 | Light Propagation in Water
2.1 | Chlorophyll Concentration

The performance of underwater communication links are
significantly affected by chlorophyll concentration, which is the
prevalent component of phytoplankton, a group of microor-
ganisms characterising key elements of every water ecosystem.
Phytoplankton rely on photosynthesis to obtain energy and,
hence, they live in the surface layers of water (the so-called
photic zone), and their concentration tends to decrease as the
depth increases, due to the limited availability of sunlight to fuel
their photosynthetic processes. Nonetheless, microorganisms
also need nutrients, which are more easily available in deeper
water. The deep chlorophyll maximum (DCM), which is a peak
in chlorophyll concentration, represents the equilibrium be-
tween sunlight and nutrients, and it corresponds to the water
layers with the highest presence of phytoplankton and chloro-
phyll. DCM's depth is typically between 15 and 120 m,
depending on the surface concentration of chlorophyll and on
the specific characteristics of the type of water [7, 9, 25].

The chlorophyll profile as a function of depth C.(z) can be
modelled as a Gaussian curve which includes five numerically
determined parameters. Its general form is defined as fol-
lows [7]:

Cc(z) = BO + SZ +

(V2
(Z 2Gzzmdx) ] (1)

h
€X]
oz P [

where By is the background chlorophyll concentration on the
surface, S is the vertical gradient of concentration, which is al-
ways negative due to the slow decrease of C.(z) with depth, h is
the total chlorophyll above the background levels, and zZmax is
the DCM depth. The standard deviation of the chlorophyll
concentration, o, is computed as’

h
g= y
V27[Ce(Zmax) — Bo — SZmax]

©)

The parameters used in this paper to calculate (1) and (2) are
reported in Table 1 for the warm water scenario [7]. The chlo-
rophyll concentration C. as a function of depth z obtained for
two surface values, a low and a high one, that is Cyyut = 0.5
mg/m?3 and Cgyr = 2 mg/m?3, respectively, is shown in Figure 1.
We notice that, as predicted by (1), the chlorophyll concentra-
tion exhibits a peak at a depth zm.x, Which will significantly
impact the propagation of signals in the first metres of the
communication link from surface to underwater. Obviously, the
higher the surface chlorophyll concentration Cgyy, the higher
the overall chlorophyll concentration C. at any depth.
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TABLE 1 | Parameters of the considered warm water type [7].

Surface chlorophyll concentration

Court <1 Ing/In3 Court 21 mg/m3

By (mg/m3) 0.094 0.292

S (mg/m*)  —0.0087B, + 0.0004 —0.0052B, + 0.0002
Ce(Zmax) 0.9Csuit + 0.334 1.03Csurr + 0.383
(mg/m?)
h (mg/m?) 28.5Cc(Zmax) + 23 28.5Cc(Zmax) + 23
Zmax (M) 20 14.1
2.5 :
m—Usurf = 0.5 mg/m3
— Curf = 2 Ing/m3
2 4
"5t ]
~
20
E
3] 1 B b
@)
0.5t |
0 | \ —a
0 50 100 150 200
z (m)

FIGURE 1 | Chlorophyll concentration versus depth for different
values of the surface concentration Cgys in the warm water scenario
in [7].

2.2 | Absorption, Scattering, Attenuation

Once the chlorophyll profile C.(z) has been quantified, it is
possible to compute the attenuation coefficient

e, 2) = a(X, 7) + b(A, 2), 3)

which is the sum of the wavelength- and depth-dependent co-
efficients for absorption a(4, z) and scattering b(4, z), being A the
wavelength of the transmitted light. The shape of absorption
and scattering spectra depends on the contribution of different
biological factors. For example, a(4, z) includes the absorption of
pure water and of chlorophyll, which is the main substance that
comprises phytoplankton, and the one of humic and fulvic
acids, which are the nutrients for phytoplankton. The absorp-
tion spectrum is the sum of these contributions multiplied by
their respective concentrations [9], that is

a(A, z) = aw(d) + afCe(z)exp( — k)

+ a)Ch@exp( — knd) @
0.602

+a(4, 2)(Ce(@)/CO)"™,

where ay(4) is the (wavelength-dependent) pure water absorp-
tion coefficient (m~1), af is the specific absorption coefficient of
fulvic acid, a) is the specific absorption coefficient of humic
acid, a(4, z) is the (wavelength- and depth-dependent) specific

absorption coefficient of chlorophyll (m~1), Ct(z) is the (depth-
dependent) concentration of fulvic acid (mg/m?), Cy,(z) is the
(depth-dependent) concentration of humic acid (mg/m?), k¢ is
the fulvic acid exponential coefficient, ky is the humic acid
exponential coefficient, and C‘C) is a reference normalisation
value (mg/m?). The constant quantities, which are not affected
by the wavelength, are reported in Table 2 [9]. The specific
chlorophyll absorption can be computed using the following
relation:

a%(4,z) = AQ)Ce(z) PP, (5)

where A(1) and B(1) are empirical constants, whose list is
available in ref. [27]. The values of these parameters for some
significant wavelengths in the visible spectrum, corresponding
to practically feasible lasers, are reported in Table 3 [26, 27].

The scattering spectrum is influenced by two main contribu-
tions: the first one is by pure water, and the second one by
particulate substances, which can be divided into small and
large particles, and have a different statistical distribution and
strength. The complete equation for scattering spectrum is
defined as follows [9]:

b(A, 2) = bw(A) + bYAICs(2) + bp(DCe(2), (6)

where by(1) is the (wavelength-dependent) pure water scat-
tering coefficient (m~1), b(s)(/l) is the (wavelength-dependent)
scattering coefficient for small particulate matter (m?/g), b3(1)
is the (wavelength-dependent) scattering coefficient for large
particulate matter (m?/g), Cs(z) is the (depth-dependent) con-
centration of small particles (g/m?), and C,(z) is the (depth-
dependent) concentration of large particles (g/m?). The wave-
length dependencies for the scattering coefficients of pure
water and of small and large particulate matter can be
expressed as [9]

by (1) = 0.005826 (400/1)*3%2, @)
b2(1) = 1.1513 (400/2)"7, (®)
b%(A) = 0.3411 (400/2)"°. ©)]

Regarding the concentrations C(z), Ch(z), Cs(z), and C,(),
needed to evaluate the previous equations, Haltrin proposed a
simplified model to find the relationship between the concen-
trations of different particulates and the chlorophyll one [8].
These concentrations were determined numerically in terms of
the chlorophyll one as

Cr(z) = 1.74098C¢(2)exp(0.12327C.(2)), (10)
Cn(z) = 0.19334C.(2)exp(0.12343C.(2)), 11)
Cs(z) = 0.01739C.(2)exp(0.11631C(2)), (12)
Cy(z) = 0.76284C.(z)exp(0.03092C.(z)). (13)

Notice that, from all these equations, if the chlorophyll con-
centration is known at any depth in the water, the absorption
and scattering coefficients can be computed as well.
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Figures 2a and 3a report the absorption coefficient a(4,z)
calculated with (4), for the warm water with low and high
value of Cgy, respectively. Different curves refer to results

TABLE 2 |
absorption [9].

Additional parameters for the computation of

Parameter Value

a? 35.959 m?/mg

ap 18.828 m?/mg

ke 0.0189 nm~!

kn 0.01105 nm ™!

cl 1 mg/m?
TABLE 3 | Wavelength-specific absorption parameters of water

[26, 27].

computed for specific colours, corresponding to possible
operating wavelengths of the feasible light sources in the
visible spectrum. We notice a peak at low depth in all the
curves, which corresponds to the DCM in the C. profile.
Interestingly, the height of the peak varies for the different
wavelengths. In particular, it is much more evident in the
a(1,z) curve for shorter wavelengths, such as cyan, and
especially blue. These light colours experience a significantly
lower absorption with respect to red and orange, regardless of
the water depth. For these longer wavelengths in the visible
spectrum the peak in the absorption coefficient profile is less
evident, being a(4,z) values high in all the positions under-
water. This behaviour is due to the wavelength-specific pa-
rameters associated to water, reported in Table 3. Clearly, a
higher chlorophyll concentration causes a higher absorption
at any depth, regardless of the wavelength value.

Figures 2b and 3b show the scattering coefficient b(4, z) evalu-

Colour Wavelength (nm) ay(1) (m~') A@) B@X) ated using (6) for the warm water [7] when chlorophyll at the
Blue 450 0.00922 0.0371 0.359 water surface is low and high, respectively. Being strictly related
to the chlorophyll concentration, also these curves present a
Cyan 4925 0.0162 0.0267 0.356 peak at the depth corresponding to the maximum of C.(z). It is
Green 532.5 0.0447 0.0113 0.129 interesting to note that, unlike what happens for absorption, the
Yellow 575 0.0772 0.0052 0.018 shorter wavelengths of light, like the blue one, are more
o 605 0.2577 0.0055 0.082 impaired by scattering than the longer ones, like the red one.
range ’ ’ ’ Also in this case, as expected, larger values of the chlorophyll
Red 632.5 0.2995 0.0073  0.080 concentration result in higher scattering.
0.35 0.8 , 1 ,
=450 nm =450 nm
0.3 492.5 nm 492.5 nm
0.6 ==532.5 nm 0.8F ==532.5 nm
0.25 = T 575 nm 575 nm
—450 nm =605 nm 0.6 =605 nm
E 02 oo B o —o6325m)|  E —632.5 nm
Z 575 nm = A
< 015 =605 nm = © 04 N
0.1 =—632.5 nm| | P
0.05 ;\ J X
0 ‘ R — 0 ‘ 0 , =
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

z (m)

(a)

z (m) z (m)

(b)

FIGURE 2 | (a) Absorption, (b) scattering, and (c) overall attenuation coefficients for warm water [7] with surface concentration Cgyf = 0.5 mg/

m?, and different signal wavelengths.

0.35 08
=450 nm =450 nm
0.3 492.5 nm 492.5 nm
==532.5 nm ==532.5 nm
0.25 50 575 nm 575 nm
—:11;2 1r1m —605 nm 0.6 =605 nm
= 02 N -0 nmy | —(32.5 nm = ® —(32.5 nm
< ——532.5 nm £
h 575 nm =
0.15 J 5 0.4
S ’ =605 nm © 04
0.1 /\ —632.5 nm| |
0.05 o —
0 0 0 —
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

z (m)
(a)

z (m) z (m)

(b)

FIGURE 3 | (a)Absorption, (b) scattering, and (c) overall attenuation coefficients for warm water [7] with surface concentration Cgyy = 2 mg/ m?3,

and different signal wavelengths.
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Finally, Figures 2c and 3c depict the overall attenuation coef-
ficient c(4, z), obtained for the same two warm water types [7] as
described in (3), that is as the sum of absorption and scattering
coefficients. As expected, also in this case the curves exhibit the
peak at the DCM of the depth-dependent chlorophyll profile.
We observe that orange and red are the most heavily impaired
colours, while blue, cyan and green light presents the lowest
attenuation coefficient. Notice that yellow light can represent an
alternative to these colours for the light propagation in the first
tens of metres beneath the surface, since it is more absorbed by
water than blue and green light, but it is less affected by scat-
tering. Moreover, as expected, higher Cg,s values cause a sig-
nificant attenuation increase for all wavelengths.

3 | Propagation Loss in UOWC Links
3.1 | Power Loss

The Beer-Lambert law states that the power of light propagating
in a homogeneous medium decreases exponentially with a co-
efficient that is the product of the attenuation coefficient and
the distance travelled [28]. If the medium is not homogeneous,
as is water for a vertical UOWC link, its attenuation coefficient
¢(4, z) varies with depth and the power loss during light prop-
agation can be calculated by integrating it over the distance
covered. In this case, we can generalise the Beer-Lambert law as
follows:

max(z,zr)
P(4,z:) =Py EXP{ - f (4, z)dzl, 14)

min(z;,zr)

where z; is the transmitter depth, z; is the receiver depth, P, is
the initial power of the transmitted signal, and c(4,z) is the
attenuation coefficient we described in the previous Section.
Assuming a perfectly vertical path and normalising by Py,
Equation (14) can model the power loss of light in both uplink
and down link scenarios. In contrast, if transmission is not
exactly vertical, the length of the propagation path of light in the

150
125+ 1
100 + .
m /_
v—d -
\m/ 75k / J
2 P =450 nm
= 5ol 492.5 nm| |
532.5 nm
575 nm
=y —605 nm
' —632.5 nm
0 ‘ ‘ ‘ ‘
0 50 100 150 200 250

water has to be increased, taking into account a nonzero angle
with respect to the vertical direction. Being the path longer,
clearly the signal will lose more power. For the sake of
simplicity, only vertical links have been considered in the pre-
sent analysis.

Figure 4a,b shows the power loss computed in the warm water
scenario [7] with the two values of the surface chlorophyll
concentration considered in this analysis when a downlink
transmission is taken into account, that is when the transmitter
is placed at the water surface and the receiver is at a certain
depth underwater. As we can notice, for the highest value of
Csurt, the loss becomes extremely high after just a few tens of
metres of depth. In particular, after the first 20 m underwater,
the difference among the colours becomes more significant. The
shortest wavelengths, especially cyan, green and yellow, become
significantly less affected by loss going deeper underwater with
respect to red and orange, whereas blue light has an interme-
diate behaviour in terms of loss. For the lowest chlorophyll
surface value, the attenuation affecting visible light in its
propagation underwater is much more limited, regardless of the
wavelength. It is interesting to notice that, in both Figure 4a,b,
the slope of the curves for light colours between cyan and yellow
changes after a certain depth, which is shorter for the most
turbid water. This means that the first segment of water, closer
to the surface, is the most critical one for light propagation,
which becomes much easier in deeper water, being less affected
by scattering as shown in Figures 2b and 3b. This is due to the
peak in the chlorophyll concentration arising at relatively low
depth.

From this analysis, we can also draw some conclusions
regarding the maximum possible receiver depth. In fact,
assuming a transceiver scheme able to tolerate a maximum loss,
the curves in Figure 4a,b can directly show us the maximum
reachable depth. For example, if our communication scheme
can support up to 75 dB of losses, we could place the receiver at
a maximum depth of about 120 m in the lower chlorophyll
concentration case, and at about 25 m when the chlorophyll
concentration is higher. From the figures, we can also identify

150
125+ 4
100 + 4
M
=
\;; 75+ 1
2 — 450 nm
= 50l 492.5 nm| |
532.5 nm
575 nm
25 —605 nm
—(32.5 nm
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100

FIGURE 4 | Losses versus depth for warm water [7] with surface concentration (a) Cgyf = 0.5 mg/m?® and (b) Cgyf = 2 mg/m?, and different

signal wavelengths in downlink transmission.
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the transmission wavelength that should be adopted in the
system to ensure the minimum losses, which would be cyan and
yellow, respectively, for the considered example. In fact, we also
notice that the optimal wavelength varies with both the depth
and the chlorophyll concentration.

Another application of the proposed analysis is the study of
underwater-to-underwater communication links using optical
technology. We could imagine a scenario in which an underwater
sensor network is composed of multiple nodes deployed at
different depths. As we can see from Figure 4a,b, if the depth is
higher than the DCM, losses are much lower than close to the
surface. Hence, underwater nodes could exchange messages with
each other with limited loss (i.e., needing a limited amount of
power, a critical aspects in the nodes of sensor networks),
exploiting the benefits of optical systems, such as high throughput
and low latency. For example, we could lose just about 20 dB to
transmit from 100 to 150 m in the lower chlorophyll case, and
from 60 to 100 m in the higher chlorophyll scenario.

Similar observations can be referred to scenarios in which the
transmitter is under water and the receiver is at the surface.
Figure 5a,b refer to the case of a transmitter placed at 100 m under
water, transmitting vertically upwards, in the two chlorophyll
cases already considered. Clearly, also in this case, the most
critical part of the link is the one closer to the surface, due to the
presence of the DCM, while communication at higher depth ex-
periences lower losses. For example, in the lower chlorophyll
scenario, we would lose 25 dB to transmit from 100 to 40 m, but
further 40 dB to reach the surface from a depth of 40 m.

If we compare downlink (Figure 4) and uplink cases (Figure 5),
we notice that the behaviour of the losses is not symmetric. This
depends on the behaviour of the chlorophyll concentration
versus depth, which exhibits a peak in the DCM (see Figure 1).
This peak is also present in the curves of c¢(4, z) (see Figures 2c
and 3c). Clearly, the transmitted signal suffers a higher atten-
uation in correspondence of this peak. In the downlink scenario,
the light signal passes first through the layers of water with the

150 ‘
— 450 nm
1251 492.5 nm |
532.5 nm
575 nm
_ 100 605 nm 1
= —632.5 nm
— 75
a
3
50 1
25 1
O I
100 80 60 40 20 0

highest chlorophyll concentration, causing the highest loss
values. For this reason, the slope of the curves in Figure 4 is
higher in the first part, then it decreases, because light is passing
through water layers with lower chlorophyll concentration and,
as a consequence, lower attenuation. Vice versa, in the uplink
case, we are considering a transmitter placed at a depth of
100 m. Hence, the signal crosses first layers of water with a low
chlorophyll concentration, that means lower attenuation, and
lower slope of the curves in Figure 5. Then, the chlorophyll
concentration grows when the light reaches the layers of water
around the DCM, thus causing a significant increase of the loss
and of the slope of the curves in Figure 4.

3.2 | Available Bandwidth

The analysis performed in the previous section refers to some
selected wavelengths in the visible spectrum, corresponding to
feasible laser sources. If we extend the analysis to the whole
visible spectrum, we can make additional remarks and consid-
erations. Figure 6a,b represents the propagation losses as a
function of the wavelength for the whole visible spectrum. The
curves are computed for different values of the depth and the
two figures refer to the two chlorophyll conditions already
analysed previously. For each curve, the star highlights the
optimal wavelength, that is, that which minimises the losses.
The figures refer to vertical transmission from the surface to an
underwater receiver, but similar conclusions can be drawn for
the opposite scenario. Besides the obvious observation that
losses are lower in the low chlorophyll case, we can notice some
interesting effects, which can be summarised as follows:

e The optimal wavelength is basically steady at 500 nm for
Csurt = 0.5 mg/m?3, but it tends to decrease, from 560 to
500 nm, as the depth increases, when Cg, = 2 mg/m3.
This is consistent with the fact that 500 nm is the best
choice when the water is not too turbid (relatively low
chlorophyll concentration), if we observe that the chloro-
phyll concentration decreases as the depth increases.

150
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_ 100 605 nm 1
= —632.5 nm
— 75 .
7
S
50 .
25 .
0 I
100 80 60 40 20 0

FIGURE 5 | Losses versus depth for warm water [7] with surface concentration (a) Cgyf = 0.5 mg/m? and (b) Csy¢ = 2 mg/m?, and different

signal wavelengths in uplink transmission.
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e There is a region, around the optimal wavelength, in which
the losses are practically constant.

This last observation can be exploited to define a minimum-loss
wavelength range, in which we could allocate several channels
in a wavelength division multiplexing way, to ensure a higher
capacity of the communication link. Figure 7a,b represent the 3-
dB bandwidth of the channel, defined as the range of wave-
lengths for which the losses are within 3 dB from the minimum
loss, corresponding to the optimal wavelength, at each depth.
We highlight the upper and lower limits of the bandwidth and
the optimal bandwidth. Clearly, when the depth is very small,
the bandwidth tends to infinity due to the almost total absence
of losses in the very first part of the link. Nonetheless, in the low
chlorophyll case we can observe that the bandwidth tends to
decrease until a depth of about 70 m, then it remains practically
constant, about 50 nm wide. The behaviour when the chloro-
phyll concentration is higher is similar, although the available

250

0 L L L L L

400 450 500 550 600 650 700
A (nm)

(a)

bandwidth decreases faster, and the optimal wavelength fluc-
tuates more, as we could also conclude from Figure 6b. Finally,
Figure 8 compares the available bandwidth for the two
considered chlorophyll concentrations. We notice that, in gen-
eral, a lower chlorophyll concentration ensures a larger avail-
able bandwidth.water.

4 | Conclusions

In this paper, we considered the propagation of light in a ver-
tical underwater optical wireless communication link. We
analysed the main effects affecting visible light propagation in
water as a function of depth, by highlighting the depth-
dependent variations of absorption, scattering, and attenuation
in scenarios based on realistic water characteristics. We first
considered six wavelengths in the visible spectrum, corre-
sponding to feasible laser sources, and showed that some

250
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FIGURE 6 | Losses versus wavelength for warm water [7] with surface concentration (a) Cgyf = 0.5 mg/m? and (b) Csuf = 2 mg/m?, and

different receiver depths.
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FIGURE 7 | Bandwidth versus depth for warm water [7] with surface concentration (a) Csyy = 0.5 mg/m? and (b) Cgyf = 2 mg/m>.
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FIGURE 8 | Bandwidth comparison for warm water [7] with
different surface concentration as a function of depth.

wavelengths are more suitable than others due to the
wavelength-dependent variations of the water parameters. We
evaluated the power losses experienced by a signal transmitted
from the surface towards the bottom of the sea and vice versa,
highlighting similarities and differences between the two links.
In particular, we showed that the section of water closer to the
surface is the most critical one, suggesting also the feasibility of
some possible underwater-to-underwater communication sce-
narios, and the identification of the maximum transmitter or
receiver depth for a given acceptable power loss level.

Finally, we defined and computed the available bandwidth by
evaluating power losses over the whole visible spectrum. We
demonstrated that there exist regions of contiguous wavelengths
which can be exploited to accommodate multiple channels in
order to improve the system capacity. We could notice that the
optimal transmission wavelengths are around green when the
water is not too turbid and tend to shift towards yellow as the
turbidity increases.

The work presented in this paper can lead to the identification
of the best transmission window in underwater optical wireless
communications, which is fundamental for a proper system
design and necessary to define a correct link budget and per-
formance analysis in future underwater systems.
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