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Abstract: Despite the fact that underwater optical wireless communication (UOWC)
systems are able to provide high-data rate links with high security, the performance of
these systems presents several limitations related to the maximum achievable distance due
to attenuation, and scattering effects. Hence, quantifying the signal attenuation, and the
time-dispersion produced by such effects represents a crucial work in channel modeling.
Motivated by this, we present, for the first time, a novel, and unified impulse response
modeling of underwater optical scattering channels based on the superposition of one
impulsive component, and one dispersive component with two degrees of freedom. We
provide analytical results for channel path loss, and channel impulse response (CIR) which
are validated through Monte-Carlo simulations based on photon-tracing for clear ocean,
coastal, and harbor waters. In order to provide a physical insight, the developed CIR is
used to compute the root-mean-square (RMS) delay spread as a function of distance, and
type of water, as well as to analyze in greater detail the impact of inter-symbol interference
(ISI) on the data rate. These outcomes can be used for high-speed systems design, and
optimization.

Index Terms: Underwater optical wireless communication (UOWC), Channel impulse re-
sponse (CIR), Henyey-Greenstein model, Monte-Carlo simulation.

1. Introduction

1.1 Motivation

Given the huge interest in everything related to the marine environment, which is justified by
a large number of environmental and resource generation reasons, the challenge of extending
the telecommunication networks to the underwater environment is now a reality. Moreover, in
recent years, with the threat of increasingly evident global climate change and the foreseeable
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depletion of many resources, there is a strong and increasing interest in ocean exploration
systems. In fact, up to 95% of the ocean is still unexplored or insufficiently exploited [2]. Within
this context, promoting research and development on underwater optical wireless communication
(UOWC) systems has become even more important. It is clear that there is an urgent need to
explore the enormous potential of these systems compared to conventional acoustic systems,
with a very limited inherent transmission rate, and compared to radio-frequency (RF) systems
in terms of their range, just a few centimeters at practical frequency values. UOWC systems
can be used in a great deal of potential applications related to underwater observation or even
rescue scenarios such as links between autonomous underwater vehicles (AUV), telemetry, links
between divers, real-time video transmission, among others [3]. In these scenarios, the use of
UOWC systems in the blue-green band (450–570 nm) is a very interesting and attractive solution
for underwater communications due to their large bandwidth on the order of MHz at moderate
distances (10–100 m) [4], providing high data rates, low latency and low power consumption [5]–[7].
However, despite the advantages that UOWC systems present in dealing with the aforementioned
societal challenges, such systems have a series of drawbacks that must be taken into account
in order to analyze in greater detail the limit of achievable performance [8]. It is evident that the
main limiting agent of such communication systems is the strong attenuation produced by the
processes of absorption and scattering, which can be rigorously described by the inherent optical
characteristics of the water [9]. While the absorption process, which is an irreversible process
due to the interaction of the light beam with water molecules and other particles, is mitigated
through the use of wavelengths in the blue-green band, the scattering process presents a relevant
impact by changing the direction of the transmitted photons. This leads to a significant temporal
dispersion that results in inter-symbol interference (ISI) by causing miscommunication in the re-
ceiver’s decision system. Undoubtedly, characterizing accurately the degree of scattering of UOWC
systems through the channel impulse response (CIR) represents an important milestone in channel
modeling.

1.2 Related Work

CIR modeling of UOWC has been carried out in the last few years [10]–[15]. All these reported
works have a common denominator: all of them fail to provide a complete model for computing
both channel path loss and channel impulse response. In relation to the time-dispersion produced
by absorption and scattering, some research works have been reported [10]–[13]. Based on the
impulse response in clouds, the double function Gamma (DGF) is proposed in [10] to model the
CIR by using four degrees of freedom. It should be noted that, although the results are accurate
thanks mainly to the use of four degrees of freedom, the physical characteristics of clouds are
substantially different from those for the water. In [13], also using four degrees of freedom, a
function based on a combination of exponential and arbitrary power function (CEAPF) is proposed.
None of these reported works was capable of providing evidences of the physical relation between
the phenomena of absorption and scattering and the proposed mathematical model. In addition, all
these reported models are only valid for turbid environments. On the other hand, the intensity
attenuation associated with the UOWC channel has been also reported in [14], [15]. In [14],
a closed-form expression for channel path loss is presented for different types of water, which
is only valid for semi-collimated sources. The developed expression is also used to determine
the maximum achievable UOWC link. In [15], four different Monte-Carlo methods are presented
for multiple scattering channels in optical wireless communications, where analytical results for
computing channel path loss and channel impulse response are not provided. Motivated by the
above, we focus on the CIR modeling as the main channel characteristic in strongly scattering
media.
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TABLE 1

Extinction Coefficients for Different Types of Water

1.3 Contributions and Novelties

The main contributions and novelties of this paper are summarized as follows:
� We aim to model the CIR of UOWC systems with high precision by using a new approach

based on the albedo definition. We analyze the CIR of UOWC systems by taking into account
channel path loss in different scattering conditions such as clear ocean, coastal and harbor
waters, as well as for different transmitter sources such as laser diode (LD) and light emitting
diode (LED), and different values of the receiver field-of-view (FOV).

� The developed expression, which is even expressed as a function of distance, is obtained as
a superposition of one impulsive component that is associated with the line-of-sight (LOS),
and one dispersive component that represents those transmitted photons that are scattered
multiple times. The proposed CIR modeling is consistent with all types of water due to the fact
that when the impulsive component becomes important, the dispersive component becomes
less significant, and vice-versa. This result is of special importance since we can compute the
CIR for all types of water, which makes this model be much more versatile.

� By exploiting the proposed CIR, we also aim to review the temporal dispersion of the under-
water optical channel from the root-mean-square (RMS) delay spread point of view, resulting
in being a very important design parameter to get reliable UOWC links.

� Unlike the prior reported works [10]–[15], this work represents an unprecedented research
work due to the lack of a generic CIR analysis. We present a new and unified CIR model
based on the mixture of two Gamma functions that fits much better with photon-tracing-based
Monte-Carlo simulations, and that takes into account channel path loss. Moreover, this
analytical model is valid for all types of water as a consequence of modeling the CIR as
a superposition of one impulsive component and one dispersive component, which is much
more mathematically tractable and computationally efficient with only two degrees of freedom.

1.4 Organization

The remainder of this paper is arranged as follows. Firstly, in Section 2, a general underwater optical
channel that is affected by absorption and scattering is described. In Section 3, a careful analysis
of the CIR modeling of UOWC systems is presented, paying special attention to the strength of the
scattering effect. Some practical UOWC examples are provided in Section 4 for different scattering
conditions. Finally, the paper is concluded in Section 5.

2. Characterization of the Underwater Optical Channel

As commented above, the underwater optical channel is highly vulnerable to the effects of
absorption (a) and scattering (b), which are characterized through the extinction coefficient as
c(λ) = a(λ) + b(λ) [m−1], with λ being wavelength. Note that the values of a(λ) and b(λ) depend on
inherent optical properties of the water, which depend on the wavelength and the kind of particulate
and dissolved matter in the ocean. Here, the values of a(λ) and b(λ) for clear ocean, coastal and
harbor waters are summarized in Table 1 when considering a wavelength of 532 nm [9], [16].
Hereinafter, a(λ), b(λ), and c(λ) are denoted by a, b, and c, respectively.

In order to analytically predict the CIR and provide a unified model, we use a Monte-Carlo simu-
lations method to numerically compute the effects of absorption and scattering on underwater light
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beam propagation by sending a large amount of photons (on the order of 1011) and simulating their
interaction with the medium, as normally used in the current literature [17]. During the simulation
process, the photon weight is modified according to the albedo definition such that the new weight
is multiplied by b/c, and the photon direction is also modified in each interaction with the medium.
This new direction is obtained from the scattering function that determines the new propagation
direction. The angular distribution of scattering in water used in the simulation process is the
Henyey-Greenstein (HG) phase function [18]. Despite the fact that there are different techniques
for UOWC channel modeling in the existing literature, Monte-Carlo method presents inherent
advantages that makes it optimum for modeling such a dispersive communication channel [19].
Moreover, Monte-Carlo method based on photon tracing has been also used to model the CIR of
non-LOS ultraviolet scattering communication channels [20].

As with the atmospheric optical channel [21], [22] (and references therein), the underwater optical
channel also exhibits random fluctuations in the refractive index, i.e. oceanic turbulence, mainly
due to fluctuations in physical parameters such as salinity and temperature. Although its impact
can be considered neglected in deep waters [23], it must be highlighted that we neglect the effect
of oceanic turbulence in this paper to fully focus on the effects of absorption and scattering.

3. Channel Impulse Response (CIR) Modeling

In this section, our purpose is to find a prototypical channel impulse response from Monte-Carlo
simulations based on photon tracing.

3.1 Previous Work

For convenience and, as a reference, we reproduce briefly some of the reported models mentioned
in Section 1. As commented, the authors in [10, Eq. (10)] proposed the DGF to model the impulse
response that is based on the properties of clouds. In this way, the CIR expression as a function of
time, t , is given by

h1(t ) = C1 · t · e−C2t + C3 · t · e−C4t , (1)

where C1, C2, C3, and C4 are the four parameters to be found through Monte-Carlo simulations. At
the same time, a new function model based on CEAPF was recently proposed in [13, Eq. (13)] as
follows

h2(t ) = C1

t α

(t + C2)β
e−αvt , (2)

where C1 > 0, C2 > 0, α > −1, and β > 0 are the four parameters to be found through Monte-Carlo
simulations, and v is the speed of light in water. Note that none of these CIR models are valid
for water types in which the effect of scattering is not as dominant as in turbid environments. In
addition, these models do not take into account channel path loss either.

3.2 Proposed CIR Analysis

Let us model the CIR, h, as a stochastic process from the albedo definition as h = b/c. In this model,
both parameters follow a Gamma distribution as

fb(x ) =
α

β1

1

Ŵ(β1)
exp(−α1 · x ) · xβ1−1, (3a)

fc (y ) =
α

β2

2

Ŵ(β2)
exp(−α2 · y ) · yβ2−1, (3b)

where α1 and α2 are the shape parameters, β1 and β2 are the scale parameters, and Ŵ(·) is the
Gamma function. We obtain the CIR by solving the below conditional integral by doing b = h · c as
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follows

hBP(t ) =
∫ ∞

0

fb(t |y )fc (y )dy. (4)

Now, by substituting Eq. (3) into Eq. (4), we obtain hBP(t ) as

hBP(t ) =
α

β1

1 α
β2

2

Ŵ(β1)Ŵ(β2)
t β1−1

∫ ∞

0

exp[−(α1t + α2)y]

y−β1−β2+2
dy. (5)

If we particularize for α1 = α2, the above integral can be computed with the help of [24, Eq.
(3.326.2)], obtaining the Beta Prime (BP) distribution [25] as follows

hBP(t ) =
Ŵ(β1 + β2)

Ŵ(β1)Ŵ(β2)
·

t β1−1

(1 + t )β1+β2
, t > 0, (6)

where β1 > 0, and β2 > 0 are the parameters to be solved. These parameters can be found by
using nonlinear least square criterion as follows

(β1, β2) = arg min

(∫

[hBP(t ) − hMC(t )]2dt

)

, (7)

where hBP(t ) is obtained via Eq. (6), and hMC(t ) is evaluated via Monte-Carlo simulations. The above
equation is evaluated via curve fitting approach using mathematical software packages such as
Wolfram Mathematica. Note that we have selected the Gamma distribution to model the dispersive
component of the CIR due to the fact that this distribution has demonstrated to be an excellent
approximation for many propagation problems [26].

Keeping in mind that our main goal is to present a CIR modeling that does not only fit well with
strongly scattering media, but also with media where the scattering effect is not as dominant, we
propose to model the CIR as a superposition of one impulsive component and one dispersive
component. Note that this approach has never been used in the current literature to model the CIR
of UOWC systems. On the one hand, when scattering is not dominant, the CIR can be modeled
as a delta Dirac function, i.e., an impulsive component with its corresponding ballistic delay. This
is due to the fact that the transmitted photons are not scattered multiple times and, hence, they
are capable of reaching the photodetector through the LOS. This is also usually referred to as
a flat channel so that the transmitted signal will experience negligible ISI. On the other hand,
the dispersive component is modeled as in Eq. (6). Therefore, we propose, for the first time, a
generalized closed-form expression to model the CIR in UOWC systems as follows

h0(t ) = (1 − k ) · δ(t ) + k · hBP(t ), (8)

where k ∈ [0, 1] is the parameter that determines how important one of the components is with
respect to the other one. The parameter k is computed from the first sample of Monte-Carlo
simulation and represents all those photons that arrive through the non-LOS. Finally, the expression
in Eq. (8) can be rewritten in a more compact-form as follows

h(t ) = H (0) · h0(t ) · u(t ), (9)

where u(t ) is the step function, h0(t ) is the normalized CIR with
∫ ∞

0 h0(t )dt = 1, and H (0) is channel
gain or path loss given by

H (0) =
∫ ∞

0

h(t )dt . (10)

As it is well-known, channel path loss is computed as a function of link distance according to the
Beer Lambert’s law. However, this law only computes the path loss associated with the LOS and,
hence, underestimating the dispersive component that allows to recollect more photons, specially
those that are reflected multiple times until reaching the receiver. Thus, we present a modified
version of the Beer Lambert’s law to include the effect of scattering as follows

H(0)[dB] ≃ 10 log10(GL(d ) · e−Fc ·c(λ)·d ), (11)
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where GL stands for geometric loss, and Fc is a correcting factor that is given by

Fc = ln

(

GL(d )
∫ ∞

0 hMC(t , d )dt

)

/

c(λ) · d , (12)

where hMC(t , d ) is the simulated CIR at link distance d , and the integral of hMC(t , d ) is the area
of such a CIR. Regarding GL, when assuming an LD with a Gaussian beam profile, GL is given
by [27] as follows

GLLD(d ) =
APD

π (d · tan θd iv )2
≃

D2

4(d · θd iv )2
, (13)

where APD is the area of a circular receiver aperture, D is the receiver aperture diameter, and θd iv

is the divergence angle. When assuming an LED with Lambertian emission, GL is given by

GLLED(d ) =
APD(m + 1)

2πd2
cosm φ =

D2(m + 1)

8d2
cosm φ, (14)

where cos φ is the angle of irradiance, and m = −1/ log2(θ0/2) is the order of the Lambertian
emission with θ0 the divergence angle.

3.3 CIR Modeling as a Function of Distance

In an attempt to model analytically the parameters involved in the proposed prototypical CIR, we
now present a set of three closed-form expressions to compute the parameters k, β1 and β2 as
a function of distance, which are solved from Monte-Carlo simulations. We have observed from
such simulations that both channel path loss and channel impulse response are highly distance-
dependent, confirming that the distance of UOWC systems is a key feature in the performance
of UOWC systems. Hence, this set of expressions is of great relevance to analyze, for instance,
the RMS delay spread as we will see in the next section, as well as for channel modeling and
performance evaluation purposes. Firstly, we present the closed-form expression of k (d ) which
allows us to study in greater detail when one of the components is more dominant than the other
one, i.e., how significant the effect of scattering is. According to our Monte-Carlo simulations, the
parameter k presents an exponential behavior, and it can be expressed as

k (d ) ≃ ka − kbe
−kc ·d , (15)

where ka, kb, and kc are the parameters to be solved from the Monte-Carlo simulation. Secondly,
we present the parameter β1 as a function of distance. This parameter has a double behavior that
depends on the type of water and the UOWC link distance: β1 presents a decaying exponential
distance dependence for attenuation lengths, τ = d · c, smaller than 10 approximately, whereas
for attenuation lengths larger than 10, β1 presents a growing quadratic distance dependence. In
fact, it was demonstrated in [17], [28], [29] that for attenuation lengths larger than 10, the effect
of scattering becomes significant, and it predominates for larger than 15. As we will see in the
next section, this effect translates into a change of trend in β1 as a function of distance. Thus, the
parameter β1 can be modeled as

β1(d ) ≃
{

β1a + β1be
−β1c ·d , d · c < 10

β1a · d2 + β1b · d + β1c, d · c ≥ 10.
(16)

where β1a, β1b, and β1c are the parameters to be solved from the Monte-Carlo simulation. Thirdly,
we present the parameter β2 as a function of distance as follows

β2(d ) ≃ β2a + β2be
−β2c ·d , (17)

where β2a, β2b, and β2c are the parameters to be solved from the Monte-Carlo simulation. In the
next section, we will check how these parameters behave as a function of distance for different
UOWC scenarios in different scattering conditions.
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TABLE 2

UOWC System Parameters

4. Numerical Results and Discussion

In this section, we compute channel impulse response of UOWC systems both numerically via
Monte-Carlo simulation and analytically via Eq. (8) for different types of water (clear ocean, coastal
and harbor), as summarized in Table 1. For simulation purposes, the UOWC system parameters
assumed in this paper, which are used in real UOWC scenarios, are summarized in Table 2.

4.1 Results of Channel Impulse Response

In Fig. 1, we can see how the proposed CIR matches very well with Monte-Carlo simulations
regardless of water type, source type, link distance and FOV values. This prototypical CIR is
able to fit with a great variety of water types such as clear ocean, coastal and harbor by using
only one mathematical expression. More importantly, this accuracy is achieved using only two
degrees of freedom (β1 and β2) to model the dispersive component in comparison with [10], [13]
that use four degrees of freedom each. For the sake of intelligibility, there is a small legend in
each subfigure to specify the value of the weight of the impulsive component, i.e. (1 − k), for each
scenario considered. Note that this value basically decreases as the link distance and/or turbidity
of water increase. For that reason, the peak of the CIR associated with the dispersive component
is less significant in clear ocean water than in coastal and harbor waters. It is also seen that the
peak of the CIR is shown up slightly later in some scenarios such as 20 m UOWC link in harbor
water. The reason behind this is that too fewer photons are able to reach the receiver through the
LOS and, hence, they are delayed in arriving at. We can also see how the CIR spreads due to both
the increase in link distance and the increase in turbidity level of the type of water. This is deeply
related to the attenuation length, τ . At the same time, there is a notable difference when using an
LD instead of an LED due to the high directivity of an LD that is reflected in higher peaks of the
CIR.

In Fig. 2, we plot the CIR parameters k (d ), β1(d ) and β2(d ) as a function of distance for different
water types, source type, and different values of FOV. In the light of this figure, we can conclude that
the analytical results obtained via Eqs. (15), (16) and (17) also match very well with Monte-Carlo
simulations. Having the CIR expressed not only as a function of time, but also as a function of
distance represents a key milestone in CIR modeling for reliable UOWC systems design. Theses
expressions will be used to study key indicators such as RMS delay spread as well as the range of
distances at which the underwater optical channel behaves as an impulsive one or as a dispersive
one.

With regard to the parameter k (d ), it is observed from Fig. 2(a) that as the attenuation length
increases, the impulsive component becomes less important, i.e., the CIR is highly distance-
dependent, limiting the maximum achievable distance. In other words, the weight of the dispersive
component, i.e. k (d ), presents the same trend as the attenuation length. Both of them increase
when the UOWC link distance increases. However, the parameter k (d ) increases up to 1, which
would mean that the underwater channel is purely of non-impulsive nature. From Fig. 2(c), it
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Fig. 1. Normalized CIR, h0(t ), for (a) clear ocean, (b) coastal, and (c) harbor waters when different
distances of d = {5, 12, 14, 20, 30, 35, 50} m, different transmitter sources (LD and LED) and different
values of FOV = {20◦, 180◦} are considered. Note that, for the sake of clarity, Monte-Carlo simulation
results in some subfigures are depicted by considering a sampling period of 0.1 ns. However, the
Monte-Carlo simulation tool developed for this paper uses a sampling period of 0.05 ns. In order
to highlight the value that the normalized CIR takes at the origin, i.e., the weight of the impulsive
component, which is computed as h0(t ) at t = 0, we have added a small legend in each subfigure to
specify this value for each scenario.

can be observed a certain relation between k (d ) and β2(d ). According to our simulations, β2(d )
presents a decaying exponential distance dependence, showing a similar trend to the energy of
the impulsive component. On the contrary, β1(d ) is much more sophisticated than β2(d ). From a
mathematical point of view, β1(d ) presents a double behavior, as we can see in Fig. 2(b). For very
short distances, i.e. when the effect of scattering is not so significant, β1(d ) presents a decaying
exponential distance dependence. This phenomenon is only observed in clear ocean water, and it
is related to the attenuation length, τ . Due to the relatively small values of the attenuation length in
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Fig. 2. Parameters (a) k (d ), (b) β1(d ), and (c) β2(d ) as a function of distance for clear ocean, coastal
and harbor waters when a receiver aperture diameter of D = 50 cm and different transmitter sources
are considered for different values of the receiver FOV.

coastal and harbor waters, a decaying exponential distance dependence is not observed for β1(d )
when very short distances are considered. By other hand, it is found out that there is a turning
value of the attenuation length that results in the scattering effect to become really significant. This
leads to a change of trend in β1(d ), making this parameter grow in distance. When τ is above 10,
approximately for 25 m in coastal water and for 5 m in harbor water, β1(d ) starts to increase by
following a quadratic distance dependence. However, this effect does not seem to be observed
in clear ocean water due to the fact that the scattering effect is not very significant in this kind of
water, making β1(d ) tend to one as distance increases. The turning value of the attenuation length
that makes a slight change of trend in clear ocean water occurs above 80 m approximately. These
results were omitted since this distance may be unpractical for potential UOWC applications and,
hence, the UOWC system may not provide a good performance. Hence, as the water gets turbid,
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β1(d ) tends to a growing quadratic distance dependence because of the impact of scattering at
moderate distances. We conclude that this change of trend can be perfectly attributable to an
increase in the severity of scattering.

Next, with the goal of quantifying when one of the components of the CIR is dominant with
respect to the other one, we can find the range of distances mentioned above. To do that, we
use the relation between the weight of the impulsive component (1 − k (d )) and the weight of the
dispersive component (k (d )). Let us assume that the underwater channel behaves as impulsive
when this relation is equal to

√
2 following the same criterion of 3-dB bandwith. At the same time,

when this relation is equal to 1/
√

2, the underwater channel behaves as dispersive. Hence, the
range of distances that determines this interesting behavior is derived from (1 − k (d ))/k (d ) as
follows

dδ =
1

kc

ln (kb/(ka − 0.414)) , (18a)

dBP =
1

kc

ln (kb/(ka − 0.585)) . (18b)

The above equations indicate that when the UOWC link distance d is below dδ, i.e. d ≤ dδ, the
underwater channel is clearly of impulsive nature, and when d is above dBP, i.e. d ≥ dBP, the
underwater channel is of non-impulsive nature. When the distance is between dδ and dBP, i.e.
dδ < d < dBP, we cannot say that one of the component is dominant with respect to the other one
since both of them present an impact on the CIR in terms of the signal attenuation and temporal
dispersion.

For the sake of clarity, we will give some practical values of such distances for clear ocean water
since this scenario allows to achieve longer communication distances. Thus, when an LD at the
transmitter-side and a value of the receiver FOV of 180◦ are used, the range of distances is equal
to (dδ, dBP) = (30.35, 46.24) m, y when an LED at the transmitter-side and a value of the receiver
FOV of 180◦ are used, the range of distances is equal to (dδ, dBP) = (24.55, 37.8) m. Taking into
account the above values, we can observe that for UOWC link distances in clear ocean water below
30 m and 24 m, we can consider the underwater channel as an impulsive one when an LD and
an LED are used, respectively. On the contrary, for UOWC link distances above 46 m and 37 m,
we can consider the underwater channel as a non-impulsive one when an LD and an LED are
used, respectively. The thing is totally different when studying turbid environments such as coastal
and harbor waters since the underwater channel behaves as a non-impulse or dispersive one for
UOWC link distances above ∼10 m and ∼5 m, respectively, regardless of the source type and the
receiver FOV.

To quantify the achieved accuracy of the CIR modeling proposed in this paper, we have evaluated
the coefficient of determination R-square (R2) for all scenarios considered in Fig. 1. As highlighted
in red in Table 3, the predicted CIR achieves a value of R2 always above 0.97 regardless of the type
of water and the type of transmitter source. In general, this accuracy is well above the values of
R2 achieved by the different models proposed in the current literature [10], [13]. It should be noted
that the approach proposed in this article is far superior in view of the results presented, achieving
a precision that in the worst case is equal to those already reported in the literature and using less
degrees of freedom. Unlike the reported models, which are only valid for turbid environments, this
model is valid for three types of water such as clear ocean, coastal and harbor waters. Particularly,
the proposed model is able to get a remarkable superiority in clear ocean water. This UOWC
scenario has not been considered yet in the existing literature due to the difficulty in providing with
a complete CIR modeling. Additionally, we have also computed the coefficient of determination R2

for the CIR parameters k (d ), β1(d ) and β2(d ) for all the considered scenarios, obtaining always a
value above 0.95.
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TABLE 3

Values of the Coefficient of Determination R-Square (R2) for Different Types of Water

Fig. 3. Channel path loss as a function of distance for clear ocean, coastal and harbor waters when
a receiver FOV = 180◦ and a receiver aperture diameter of D = 50 cm are considered for different
transmitter sources.

4.2 Results of Channel Path Loss

In Fig. 3, channel path loss is represented as a function of the UOWC link distance when different
types of water are considered for a receiver FOV value of 180◦, as normally used in practice, as
well as for different transmitter sources such as LD (in red color) and LED (in blue color). The
results obtained via Monte-Carlo simulations are depicted with solid curves, and the analytical
results obtained via Eq. (11) are depicted with dashed lines. As a reference, the analytical results
obtained via Eq. (11) for an ideal source (GL = 1) with no scattering (Fc = 1) are also included in
cyan color. As we can observe from this figure, the expression developed in this paper allows us to
evaluate channel path loss with high precision. As expected, channel path loss decreases as the
link distance increases regardless of the rest of major system parameters. The results obtained for
harbor water are really striking, reaching a value of approximately 80 dB for an UOWC link distance
of 20 m. These losses clearly limit the maximum achievable distance not only in this type of water,
but also in the other scenarios (clear ocean and coastal waters) considered here, requiring more
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Fig. 4. RMS delay spread, DRMS(d ), as a function of distance for clear ocean, coastal and harbor waters
when a receiver aperture diameter of D = 50 cm and different transmitter sources are considered for
different values of the receiver FOV.

sophisticated communication techniques in order to reduce such a dispersive effect and extend the
coverage area.

Finally, the analytical results obtained via Eq. (11) with no scattering (Fc = 1) are also depicted
with dash dot lines in order to corroborate that the Beer Lambert’s law underestimates the disper-
sive component that allows to recollect more photons, specially those that are reflected multiple
times until reaching the receiver. This fact is better reflected in turbid environments than in clear
ocean water due to the fact that scattering is more significant.

4.3 RMS Delay Spread Analysis

In order to quantify the impact of the temporal dispersion produced by the UOWC channel,
we compute analytically the channel RMS delay spread DRMS as a function of distance. This
indicator results in being very useful since it provides some valuable information with regard to the
maximum achievable data rate without requiring channel equalization systems and methods [30],
[31]. Therefore, from the expression obtained for the CIR in Eq. (6), we can find an analytical
expression to quantify such an indicator as follows

DRMS = k ·

√

∫ ∞
0 (t − µ)2h2

BP(t )dt
∫ ∞

0 h2
BP(t )dt

= k ·

√

1

β2

(

β1(1 − 2β1)

1 − 2β2

+ (1 − 2β1)µ + β2µ
2

)

, (19)

where the mean delay µ can be readily derived as

µ =
∫ ∞

0 t h2
BP(t )dt

∫ ∞
0 h2

BP(t )dt
=

β1(1 − 2β1)

β2(1 − 2β2)
. (20)

Substituting Eq. (20) into Eq. (19), and after performing some algebraic manipulations, we can
write the RMS delay spread as a function of distance as follows

DRMS(d ) =
k (d )

2

√

(2β1(d ) − 1) (2β1(d ) + 2β2(d ) − 1)

β2(d )2 (2β2(d ) − 1)
[ns]. (21)

Next, we depict the RMS delay spread DRMS as a function of distance in Fig. 4. As expected,
such an indicator is highly dependent on the type of water, transmitter source, link distance and
receiver FOV. We can see that as scattering process becomes more severe, the RMS delay spread
increases quickly regardless of the major UOWC system parameters. Hence, there is more risk of
ISI in coastal and harbor waters than in clear ocean water. But the most striking thing is that the
impact of the receiver FOV on the RMS delay spread, since larger values of the RMS delay spread
are obtained for larger receiver FOVs. We can clearly conclude that larger receiver FOVs are able
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to recollect more emitted photons, as proved in [1], but at the same time the RMS delay spread
will be larger. However, smaller receiver FOVs recollect less emitted photons and, hence, the RMS
delay spread will be smaller. This is directly related to the performance of UOWC systems, since
smaller values of the RMS delay spread will enable higher data rates. Similar conclusions were
drawn for indoor visible light communication channels [32]. Therefore, there exits a compromise
in terms of UOWC system design between increasing the receiver FOV to maximize the received
intensity, which is needed in harbor waters, or decreasing the receiver FOV, which is feasible in
clear ocean water, to increase the data rate. Obviously, equalization techniques can be used to
increase the data rate at the expense of increasing the receiver complexity.

Temporal dispersion is directly related to the bandwidth of the UOWC system, where the
maximum data rate should be below 1/10DRMS, i.e., RMAX ≤ 1/10DRMS to avoid ISI. In other words,
if the RMS delay spread of an underwater channel is small relative to the pulse duration, the ISI
may be neglected. For instance, if we consider an UOWC link distance of 20 m and an LD, we
obtain values of the maximum data rates of RMAX = {5.263, 0.43, 0.025} Gbps for clear ocean,
coastal and harbor waters, respectively, when a receiver FOV of 180◦ is used. Analogously, if we
now consider an UOWC link distance of 20 m and an LED, we obtain values of the maximum data
rates of RMAX = {2.564, 0.178, 0.018} Gbps for clear ocean, coastal and harbor waters, respectively,
when a receiver FOV of 180◦ is used. On the one hand, it is confirmed once again that turbidity
of the water is a limiting factor to get long and reliable underwater communication links, as well as
high data rates. Moreover, we observe a remarkable data rate reduction between clear ocean and
turbid waters for the same distance. For a link distance of 20 m and using an LD, there is a data rate
reduction of 91.8% between clear ocean and coastal waters, and 99.5% between clear ocean and
harbor waters. When an LED is used, there is a data rate reduction of 93% between clear ocean
and coastal waters, and 99.3% between clear ocean and harbor waters. On the other hand, it is
also confirmed that higher data rates are achieved when an LD is used in comparison with an LED
at the transmitter-side. Data rate increases of 51.3%, 58.6%, and 28% are achieved when using
LD instead of LED for an UOWC link distance of 20 m in clear ocean, coastal and harbor waters,
respectively.

5. Conclusion

A novel and unified channel modeling for UOWC systems based on the mixture of two Gamma
functions by using two degrees of freedom and taking into account channel path loss has been
thoroughly analyzed and verified by photon-tracing-based Monte-Carlo simulations in this paper.

On the one hand, we have been able to express the CIR of UOWC systems not only as a
function of time, but also as a function of distance, obtaining a high degree of precision measured
by the coefficient of determination R2, always above 0.97 under different scattering conditions.
We have also developed an expression to compute channel path loss as a function of distance,
which is valid for different transmitter sources. Additionally, thanks to having expressed the CIR as
a superposition of one impulsive component and one dispersive component, we have been able
to determine at which distance the underwater channel behaves as an impulsive one or as a non-
impulsive one. In terms of high-speed systems design, these outcomes are really interesting and
valuable. On the other hand, by exploiting the proposed CIR, we have observed that the receiver
FOV presents an interesting impact on key indicators such as the RMS delay spread. In other
words, the maximum data rate allowed to avoid ISI depends also on the receiver FOV. To the best
of our knowledge, these conclusions have not been drawn in any early paper. These results are of
great importance for the optics community since they can be directly applied to UOWC performance
analysis.

In the future, we plan to link the predicted CIR with the rest of UOWC channel parameters,
as well as mitigate the effect of ISI produced by strong scattering even when oceanic turbulence
and pointing errors take place. Additionally, further efforts should be also dedicated to studying key
performance indicators such as bit error rate, as well as the maximum channel capacity that UOWC
systems can achieve under different scattering conditions.
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