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Abstract: Even in clear ocean water, underwater optical wireless communication (UOWC) is
impaired not only by absorption and scattering, but also by oceanic turbulence and dynamic
pointing errors which result in a fading channel, degrading the bit error rate (BER) performance.
In this paper, for the first time, we quantify analytically the trade-off between geometric loss and
misalignment in underwater scattering channels. A novel geometric loss model is developed
which is used to compute the average BER in the presence of absorption and scattering over
salinity-induced oceanic turbulence channels. Our findings suggest that UOWC systems are less
sensitive to angular pointing errors due to jitter since scattering is able to alleviate such a fading
effect at the expense of a higher attenuation due to geometric spread. Monte Carlo simulation
results are further included to verify the developed BER expression which is valid over a wide
range of signal-to-noise-ratio (SNR). Finally, the impact of inter-symbol interference (ISI) is also
quantified by measuring the optical power penalty.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Researchers worldwide are developing high-speed and long-distance underwater wireless links
due to the increasing need to explore the oceans for a great deal of scientific and industrial
activities, as well as for military operations. Within this context, the need for transmitting large
amounts of data has become vital [1]. Underwater optical wireless communication (UOWC)
systems, using the blue-green band of the visible spectrum, are able to meet this technological
demand by promising a high bandwidth and low latency compared to acoustic and radio-frequency
(RF) systems [2]. However, in addition to absorption, the transmission of wireless optical signals
through seawater is mainly impaired by the level of turbidity of the water, resulting in signal
scattering that can limit the achievable performance [3]. Scattering can lead to an important
temporal dispersion that results in inter-symbol interference (ISI) by changing the direction
of the transmitted photons. In the last decade, special attention has been paid to underwater
optical channel modeling [4–7] (and references therein), where different solutions are presented,
both numerical and analytical, to describe the underwater channel by means of channel impulse
response (CIR) and channel path loss. Despite the fact that scattering is the major impairment,
new findings have revealed that the performance of UOWC systems can be also affected by
oceanic turbulence and misalignment errors. Oceanic turbulence, though considered to be less of
an issue [4], is commonly caused by small variations in salinity, temperature, pressure and air
bubbles, resulting in signal fading that causes fluctuations in the irradiance of the transmitted
optical beam [1,2]. On the other hand, although UOWC systems are deployed for moderate
distances (10-100 m) due to scattering, in practice, there will likely be some pointing mismatch
between UOWC transceivers even in clear water conditions. Autonomous underwater vehicles
(AUVs) and remotely operated vehicles (ROVs) have become useful devices for ocean exploration
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and data collection. Under severe sea conditions, the destabilizing effect of ocean and tidal
currents on AUVs and ROVs is one of the limiting factors in spite of having position and attitude
control systems [8–10]. Due to the fact that there is a limit to the ability of these devices to
stabilize, the presence of internal currents that are very often generated in the ocean, resulting in
water flows [11], as well as random sea surface slopes [12] can still cause misalignments in these
systems due to jitter, leading to an important communication loss problem. Some authors have
studied numerically the impact of off-axis received power on different types of water by Monte
Carlo methods [13–15]. It was concluded that under highly scattering conditions such as harbor
water, the effect of misalignment is mitigated due to the optical beam spreading, but reducing
severely the intensity of the received signal. On the contrary, a significant power reduction is
observed in clear ocean and coastal waters. This leads us to intuit that a misalignment error will
result in a significant random fading that will considerably degrade the performance of such
systems. Thus, more study is required to understand with greater detail how the combined effect
of oceanic turbulence and angular pointing errors in the presence of absorption and scattering
might limit the maximum achievable performance.

Although the study of some of these impairments in UOWC systems has been addressed in the
literature, to the best of the authors’ knowledge, there is limited work that has considered their
combined impact [16–25] (and references therein). However, such a model is essential to enable
a complete system design for UOWC systems. In [16], the bit-error rate (BER) performance
of single-input/multiple-output (SIMO) UOWC systems in the presence of log-normal (LN)
oceanic turbulence without considering pointing errors is analyzed when the effect of scattering
is not so significant. The BER performance of multi-hop [17] and multiple-input/multiple-output
(MIMO) UOWC systems [18] is computed over LN oceanic turbulence channels with no pointing
errors where temporal dispersion produced by scattering is taken into account. In [19], the BER
performance is evaluated for inhomogeneous underwater links in the absence of oceanic turbulence
and pointing errors. In [20], the upper bound of the average BER is obtained for pulse position
modulated (PPM) operating in weak oceanic turbulence. In [21,22], the BER performance in the
presence of salinity-induced oceanic turbulence modeled by Weibull distributions is analyzed
when scattering and pointing errors effects are neglected. In [23], the BER performance of
UOWC systems is investigated over weak oceanic turbulence by employing binary phase shift
keying-subcarrier intensity modulation (BPSK-SIM). In [24], the BER performance over weak
oceanic turbulence channels with no pointing errors is conducted when employing orthogonal
frequency-division multiplexing (OFDM). In [25], the ergodic capacity of UOWC systems is
evaluated over Málaga oceanic turbulence channels in the absence of pointing errors. In these
studies, as can be noted, the temporal dispersion produced by scattering is usually ignored when
analyzing the performance of UOWC systems. Such a temporal dispersion should be considered
when designing high-speed links since it limits the maximum data rate.

On the other hand, the effect of potential pointing errors (jitter) between transmitter and
receiver is also neglected for simplicity. Unlike terrestrial free-space optical systems, UOWC
transceivers do not have to be at the same distance from both the sea surface and marine soil,
enabling both horizontal and vertical links. This specific feature makes the received optical beam
be non-orthogonal in general with respect to the detector plane. Thus, this pointing error is
termed here as angular pointing error. In addition to this, as a direct consequence of not being
perfectly aligned, these links will be surely affected by a nonzero boresight displacement which
requires additional consideration. Recently, some authors have analyzed the BER performance
of UOWC systems under pointing error effects [26–28]. They used a geometrical loss model for
laser beam transmission that is shown to be inaccurate where the beamwidth expansion due to
scattering is not taken into account and, hence, underestimating the achievable BER performance.

In this paper, we develop a new closed-form expression for the BER of UOWC systems in the
presence of absorption and scattering over salinity-induced oceanic turbulence channels with
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angular pointing errors. The temporal dispersion caused by scattering is included in terms of
the CIR in order to make this BER performance analysis closer to realistic UOWC scenarios.
The Weibull oceanic turbulence model has been adopted due to the fact that salinity gradient
is present in the open water, lakes, seas, and oceans of the world where most of the potential
applications related to ocean observation and military operations, among others, take place. It
was demonstrated that this oceanic turbulence model fits very well with the experimental data
in many channel conditions [29,30]. Adaptive optics correction techniques for optical beams
affected by salinity-induced oceanic turbulence have been also investigated [31]. Unlike [26–28],
we further compute angular pointing errors with nonzero boresight displacements by quantifying
analytically the trade-off between geometric loss and misalignment for laser beam transmission
in the presence of scattering, so that the whole received power is considered. Thus, the developed
geometric loss model is used to evaluate the BER over a wide range of signal-to-noise-ratio
(SNR) for clear ocean and coastal waters. In order to get further insights, a new asymptotic
BER expression is also derived at high SNR which is used to compute the optical power penalty
(OPP) induced by ISI. Our results confirm that the BER performance of UOWC systems is
drastically impacted by angular pointing errors due to jitter. However, scattering offers a natural
mechanism to mitigate such a fading effect. Monte Carlo simulation results are included to verify
the analytical results.

The remainder of this paper is organized as follows. The system model is outlined in Section 2,
and the UOWC channel model is described statistically in Section 3. In Section 4, we conduct the
BER performance analysis in the presence of absorption and scattering, salinity-induced oceanic
turbulence and angular pointing errors. In Section 5, some practical examples are illustrated to
show the validity of the developed BER expressions. Finally, Section 6 concludes the paper.

2. System model

Consider a UOWC link using on-off keying (OOK) modulation where a symbol-by-symbol
detection is assumed. The BER for this UOWC system based on intensity-modulation/direct-
detection (IM/DD) is computed as in [32, Chapter 6] as follows. We denote that yk, the input to
the decision device at the receiver, is expressed as

yk = 2RPt
√

Tbξ · h · ak ∗ pk + zk, (1)

where R is the detector responsivity, Pt is the average transmitted optical power, Tb is the bit
period, h is the fading coefficient, ξ is related to the pulse shape, ak ∈ {0, 1} are the symbols to
be transmitted, the symbol * denotes convolution, and pk is the equivalent discrete-time impulse
response of the system given by

pk = p(kTb) = g(t) ∗ CIR(t) ∗ f (t)|t=kTb , (2)

where CIR(t) is the normalized fading-free channel impulse response obtained in [7, Eq. (8)] that
models the temporal dispersion caused by scattering, g(t) is the transmitter filter, and f (t) is the
receiver filter that is matched to g(t), i.e, f (t) = g(−t). We assume a simple OOK system, so that
g(t) is a rectangular pulse with normalized amplitude of duration κTb, being κ the duty cycle.
For instance, when using a rectangular pulse shape of duration κTb with κ ∈ (0, 1], a value of
ξ = 1/κ is obtained [33]. For non-return zero (NRZ) OOK systems, g(t) and f (t) are identical
rectangular pulses of duration Tb, i.e. a 100% duty cycle. Finally, zk is obtained as follows

zk = z(kTb) = n(t) ∗ f (t)|t=kTb , (3)

where n(t) is additive white Gaussian noise (AWGN) with zero mean and variance N0/2. Owing
to the fact that the different noise sources are additive and independent from each other, they are
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statistically modeled as a Gaussian distribution. For the sake of simplicity, we assume that the
effect of deep sea, as well as potential beam blockage due to bubbles and/or other particles are
beyond the scope of this paper.

3. Channel model

The UOWC fading coefficient, h, is defined as a product of three factors given by h = L · ho · hap,
where L is the oceanic path loss, ho is the salinity-induced oceanic turbulence, and hap are the
geometric spread and angular pointing errors.

3.1. Oceanic path loss

The oceanic path loss, L, is determined by the exponential Beers-Lambert law as

L = exp(−F · cT · d), (4)

where d is the UOWC link distance, cT (λ) = c1(λ) + c2(λ) [m−1] is the extinction coefficient
described in [3] (c1 and c2 represent absorption and scattering, respectively), and F is a coefficient
that is computed via data fitting to simulation data that models the increase in received power
due to scattering [7]. Here, the values of c1(λ) and c2(λ) for clear ocean and coastal waters are
outlined in Table 1 for a value of wavelength of 532 nm.

Table 1. Extinction coefficient.

Water type c1[m−1] c2[m−1] cT [m−1]

Clear ocean water 0.114 0.037 0.151

Coastal water 0.179 0.219 0.398

3.2. Salinity-induced oceanic turbulence

The probability density function (PDF) associated with salinity-induced oceanic turbulence is
modeled as a Weibull distribution as

fho (h) =
β1
β2

(
h
β2

)β1−1
× e−

(
h
β2

)β1
, h ≥ 0, (5)

where β1>0 is the shape parameter related to the scintillation index, and β2>0 is the scale
parameter related to the mean value of oceanic turbulence. By fitting such a turbulence model to
simulated or experimental PDF data, some expressions for β1 and β2 have been developed in
[30]. The scintillation index, σ2

ho
, is defined in terms of the Weibull parameters as

σ2
ho
=
E[h2o] − E[ho]

2

E[ho]2
=
Γ (1 + 2/β1)
Γ (1 + 1/β1)2

− 1, (6)

where E[·] denotes expectation, and Γ(·) is the well-known Gamma function [34, Eq. (8.310)].
Under the assumption that weak and moderate oceanic turbulence conditions, β1 can be well
approximated by

β1 '
(
σ2

ho

)−6/11
. (7)

As explored in Appendix A, the above scintillation index can be expressed as a function of
distance as

σ2
ho
(d) ' λ1d2 + λ2d + λ3, d ≤ 100 m. (8)

Finally, assuming E[ho] = β2Γ (1 + 1/β1) = 1, β2 can be expressed as

β2 = 1/Γ (1 + 1/β1) . (9)
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3.3. Angular pointing errors

As shown in Appendix B, the attenuation due to geometric spread at the receiver with pointing
error r for a laser source with a Gaussian beam shape in the presence of scattering can be well
approximated as

hap(r) ' k1A0 exp
(
−2r2/ω2

zeq

)
, (10)

where ω2
zeq = ω

2
z (k2)
√
πerf(v)/2v exp(−v2) is the equivalent beamwidth, A0 = [erf(v)]2 is the

fraction of the collected power at r = 0, v =
√
π
√aρ/

√
2ωz, a is the receiver aperture radius,

and ρ = a cos θ cos φ is the parameter that determines the power reduction due to an angular
misalignment. As commented in the introduction, the optical beam may not be orthogonal on
the photodetector plane, as shown in Fig. 1. This means that the fraction of the power captured
at the receiver is not calculated by the area of a circular receiver aperture, but also by the area
of a rotated ellipse that is calculated by the angles θ and φ in xy-plane, as demonstrated in
[35,36], being z the transverse axis. Finally, the beamwidth at the receiver plane, ωz(k2), can be
approximated as

ωz(k2) ' k2 · θ0 · d, (11)

where k1 and k2 are the coefficients that are obtained via data fitting to simulation data to model
the increase in beam spreading due to scattering, and θ0 is the divergence angle at 1/e. Note
that the above approximation, which is verified by Monte Carlo simulations in Appendix B for
clear ocean and coastal waters, does not underestimate the true received power due to scattering.
As an added feature, the above approximation is even consistent with non-dispersive media, i.e.
when c2 = 0, by setting k1 = k2 = 1 [37].

As commented in Section 1, UOWC transceivers are strongly affected by ocean currents
and other disturbances which result in changes of their position and attitude. This leads to a
misalignment error between them. Without loss of generality, we model such a misalignment error
as a radial displacement at the detector plane as r2 = x2 + y2 where x (horizontal displacement)
and y (elevation) are modeled as independent Gaussian distributions, i.e., x ∼ N(µx,σx) and
y ∼ N(µy,σy), respectively. Thus, the pointing error r is randomized according to the Beckmann
distribution [38, Eq. (31)] whose PDF can be well approximated by a modified Rayleigh
distribution as in [39, Eq. (11)] as follows

fr(r) =
r

2πσxσy

∫ 2π

0
exp

(
−
(r cos θ − µx)

2

2σ2
x

−

(
r sin θ − µy

)2
2σ2

y

)
dθ '

r
σ2

ap
exp

(
−

r2

2σ2
ap

)
, (12)

where σ2
ap is given by [39, Eq. (9)] as

σ2
ap =

(
3µ2xσ4

x + 3µ2yσ4
y + σ

6
x + σ

6
y /2

)1/3
. (13)

Thus, combining Eqs. (10), (11) and (12), the PDF of the angular pointing error is given by

fhap (h) '
ϕ2ap

Aϕ
2
ap

ap

hϕ
2
ap−1, 0 ≤ h ≤ Aap, (14)

where ϕap = ωzeq/2σap, and Aap was obtained in [39] as

Aap = k1A0 exp

(
1
ϕ2ap
−

1
2ϕ2x
−

1
2ϕ2y
−

µ2x

2σ2
x ϕ

2
x
−

µ2y

2σ2
y ϕ

2
y

)
, (15)

where ϕx = ωzeq/2σx and ϕy = ωzeq/2σy. Despite the fact that the PDF in Eq. (14) presents
the same mathematical appearance as previous pointing error modeling already reported for
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non-dispersive channels, this PDF includes the new parameters k1 and k2 to model geometric
loss in the presence of scattering for clear ocean and coastal waters. This model will be used to
evaluate the BER performance of UOWC systems in the next section.

Fig. 1. Beam footprint with angular pointing errors on different circular detectors of radius
a. The angles θ and φmodel the orientation of each detector in x-axis and y-axis, respectively.
Each detector is depicted in gray color, and the effective capture area of each detector is
depicted in dark green. In the first diagram, the power captured at the non-rotated detector is
computed by the area of a circle. However, in the other diagrams, the power captured at the
rotated detectors is computed by the area of an ellipse in the xy-plane. Due to the pointing
error r, a fraction of such an effective capture area does not collect power.

3.4. Composite fading channel

The PDF of the channel h = L · ho · hap is written as follows

fh(h) =
∫ ∞

h/AapL
fh |ho (h|ho)fho (ho)dho. (16)

The above integral can be expressed in terms of an upper incomplete Gamma function Γ(·, ·)
[40, Eq. (6.5.3)], yielding

fh(h) =
ϕ2ap(

AapLβ2
)ϕ2

ap
hϕ

2
ap−1Γ

(
1 −

ϕ2ap

β1
,
(

h
AapLβ2

)β1 )
, h ≥ 0. (17)

4. BER performance analysis

The performance of UOWC systems in terms of the BER is analyzed. Under the assumption that
channel state information (CSI) is available at the receiver, the conditional BER for the UOWC
system under study is given by

Pb = Q
(√

2γξ (1 − Xk)
2 · h

)
, (18)

where Q(·) is the Gaussian-Q function, γ = P2
t Tb/N0 represents the normalized received electrical

SNR in the absence of fading, and Xk = 2
∑

n,k anpk−n represents the ISI. In practice, ISI only
affects to a finite number of symbols and, hence, the summation can be performed over all
ak ∈ {0, 1}M , where M is the length of the channel impulse response tail. Moreover, the UOWC
channel is considered to be slow [30], so that the fading coefficient h can be assumed to be fixed
and easily estimated at the receiver during the transmission of the bit ak and also during the
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transmission of all the interfering bits an for all n , k causing ISI to ak. Then, the total BER is
derived by averaging over h and all possible bit sequences as follows

Pb =
1
2M

∑
ak

∫ ∞

0
Q

(√
2γξ (1 − Xk)

2 · h
)

fh(h)dh. (19)

To solve the above integral, we firstly use the relation between the Q-function and erfc(·)
by erfc(x) = 2Q(

√
2x) [34, Eq. (6.287)]. Then, we can use the fact that both erfc(·) and

Γ(·, ·) can be expressed in terms of the Meijer’s G-function Gm,n
p,q [·] [34, Eq. (7.811)] as

erfc(
√

z) = (1/
√
π)G2,0

1,2

[
z|10,1/2

]
[41, Eq. (06.27.26.0006.01)] and Γ(a, z) = G2,0

1,2

[
z|10,a

]
[41,

Eq. (06.06.26.0005.01)], respectively. Finally, a closed-form expression for the BER of the
UOWC system under study is expressed in terms of the H-Fox function Hm,n

p,q [·] [42, Eq. (1.1)] as
follows

Pb '
1
2M

ϕ2ap

2β2
√
π

∑
ak

H2,2
3,3

(γξ)
(
AapLβ2

)2
(1 − Xk)

2

��������
(
1 − ϕ2

ap
β1

, 2
β1

)
,
(
0, 2

β1

)
, (1, 1)(

1
2 , 1

)
, (0, 1),

(
−
ϕ2

ap
β1

, 2
β1

)  . (20)

In order to get further insights, we consider the asymptotic BER performance at high SNR to
provide a tool to understand the dominant factors impacting on BER. Thus, the BER at high SNR
tends to Pb � (Gcγξ)

−Gd [39,43], where Gd represents the diversity order and Gc the coding gain.
To do that, we can approximate the PDF of h by a single polynomial term as fh(h) � m1hm2−1

[39,43] using the series expansion of Γ(·, ·) [40, Eq. (8.354.2)] as follows

fh(h) � m1hm2−1 =


ϕ2

apβ1

(AapLβ2)
β1 (ϕ2

ap−β1)
hβ1−1, ϕ2ap>β1,

ϕ2
apΓ

(
1−

ϕ2ap
β1

)
(AapLβ2)

ϕ2ap
hϕ

2
ap−1, ϕ2ap<β1.

(21)

Substituting Eq. (21) into Eq. (19) and, making use of
∫ ∞
0 erfc(cx)xα−1e−pxdx [44, Eq. (2.8.5.2)],

the corresponding asymptotic solution for the BER can be expressed as

Pb �
1
2M

∑
ak

ϕ2apΓ ((β1 + 1) /2) (1 − Xk)
−β1

2
√
π

(
AapLβ2

)β1 (
ϕ2ap − β1

) (γξ)−β1/2
+

1
2M

∑
ak

Γ

((
ϕ2ap + 1

)
/2

)
Γ

(
1 − ϕ2

ap
β1

)
2
√
π

(
AapLβ2

)ϕ2
ap (1 − Xk)

ϕ2
ap
(γξ)−ϕ

2
ap/2.

(22)

As we can observe from such an asymptotic expression, the diversity order is easily obtained as

Gd = m2/2 = min
(
β1, ϕ2ap

)
/2. (23)

Note that above expression is useful since we can determine when oceanic turbulence or
angular pointing errors result in being dominant at high SNR. Two different UOWC scenarios can
be analyzed depending on the relationship β1<ϕ2ap is satisfied or not. When this condition holds,
oceanic turbulence is dominating the average BER at high SNR. Based on this, a higher diversity
order, which is computed by β1/2, is achieved. In other words, the diversity order depends only
on oceanic turbulence, while the coding gain is affected by angular pointing errors and ISI. On
the contrary, when β1<ϕ2ap does not hold, the diversity order is determined by ϕ2ap/2, i.e., by
angular pointing errors.
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5. Results and discussion

In this section, the average BER of UOWC systems is computed via Eqs. (20) and (22) for clear
ocean and coastal waters and verified by Monte-Carlo simulations. Without loss of generality,
the BER performance for oceanic path loss of L = 1 is computed. For simulation purposes,
the main UOWC system parameters considered here are outlined in Table 2 where UOWC link
distances of d = {30, 40, 50} m and d = {15, 25, 35} m are assumed for clear ocean and coastal
waters, respectively, as well as a transmit divergence angle of θ0 = 10 mrad is assumed. A
data rate Rb = 1 Gbps is used which is feasible given the experiments already reported to get
long-distance and high-speed underwater links by using LDs in the blue-green band [45–47].
Data rate values of 2.2 Gbps, 2.7 Gbps and 2.5 Gbps are reported at distances of 12 m, 35.5 m
and 60 m, respectively, when employing NRZ OOK modulation. Additionally, a commercial
UOWC system (BlueComm-200) is available to use for an optical communication range up to 150
m [48]. Also, note that the normalized fading-free channel impulse response, CIR(t), is obtained
via Monte Carlo simulation, as described in [7], by sending 109 photons and simulating their
interaction with the medium where the Henyey-Greenstein phase function was utilized as the
angular distribution of scattering in water. Here, β1 and β2 are computed from Eqs. (7) and (9) for
salinity-induced oceanic turbulence assuming plane wave propagation when the relative strength
of temperature and salinity fluctuations is equal to w = −1 [49,50]. For the sake of simplicity,
the BER performance is evaluated for the same jitter variances, i.e., σx = σy = σs. In this way,
normalized jitter values of σs/a = {1, 2} are used to emulate different severity of pointing errors.
A nonzero boresight error of s/a = 1 is assumed when the normalized rotation parameter takes
values of ρ/a = {0.8, 0.9} to evaluate angular misalignment. Finally, the parameters k1 and k2
required to compute the attenuation due to geometric spread from Eq. (10) are summarized in
Table 4 in Appendix B for different distances.

Table 2. Major UOWC system parameters.

Parameter Symbol Value

Wavelength λ 532 nm

Responsivity R 1

Rectangular pulse shape

with a 100% duty cycle ξ 1

LD divergence angle at 1/e θ0 10 mrad

Receiver aperture diameter D = 2a 20 cm

Receiver field-of-view (FOV) FOV 180◦

Relative strength of temperature

and salinity fluctuations w -1

Beamwidth at the receiver plane ωz ' k2 · θ0 · d

Normalized standard deviation (jitter) σs/a {1, 2}

Normalized boresight displacement s/a 1

Normalized rotation parameter ρ/a {0.8, 0.9}

5.1. BER results

In Figs. 2(a) and 2(b), the average BER is depicted as a function of the electrical SNR γ[dB]
for clear ocean and coastal waters, respectively. Note that the electrical SNR represents the
square of the optical SNR since it depends on the square of the received optical power when
employing IM/DD systems. In general, it is observed that the BER closed-form expressions
obtained in Eqs. (20) and (22) are in good agreement with the Monte Carlo simulation results.
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On the one hand, it is verified that the BER performance is strongly dependent on the attenuation
length τ = cT · d, degrading such a performance as the UOWC link distance slightly increases
and/or the effect of scattering becomes significant. On the other hand, it is seen that the effect
of oceanic turbulence modeled by Weibull distributions cannot be ignored when evaluating the
performance of real UOWC systems, particularly in open waters. In addition, the strength of such
a turbulence-induced fading becomes more important when link distance increases, decreasing
the diversity order and limiting the maximum achievable distance for potential applications.

Fig. 2. Average BER performance for (a) clear ocean, and (b) coastal waters over salinity-
induced oceanic turbulence in the presence of angular pointing errors when a receiver
aperture diameter of D = 20 cm and a value of FOV = 180◦ are considered. These BER
results correspond to a UOWC system using NRZ OOK modulation when the data rate is
equal to Rb = 1 Gbps.

According to simulations, given the physical characteristics of the laser source used in this
paper, the effect of ISI due to temporal dispersion can be considered as negligible in this type of
water as we can see in Fig. 2(a), resulting in a quasi-flat channel that allows to deploy longer
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point-to-point communication link as required in ocean observation. In other words, the effect of
ISI is not significant when increasing the data rate in this scenario. ISI might be a serious issue
for much higher data rates. The length of the channel impulse response tail is equal to M = 1
in this figure which also verifies that temporal dispersion is not so relevant. Different results
would be obtained when employing light emitting diodes (LEDs) with Lambertian emission as a
transmitter source since the optical beam would spread even more as distance increases. Similar
conclusions were obtained in [4] when studying channel impulse response.

Regarding the impact of angular pointing errors, it can be observed that for 40 and 50 m UOWC
link distances, an increase in jitter severity, i.e. when σs/a = 2, does not result in excessive
performance degradation since the beamwidth is large enough with respect to the radius of the
receiver aperture to mitigate the effect of jitter. The normalized beamwidth is even lager in the
presence of scattering, making the laser beam spread even more, as can be seen in Appendix B.
This leads to a natural mechanism to mitigate potential angular pointing errors due to jitter at
the expense of a higher attenuation due to geometric spread. This physical feature has not been
revealed in early paper when studying the performance of UOWC systems under pointing error
effects [26–28]. It is also observed that for a UOWC link distance of 30 m, the impact of jitter
severity is major in comparison with the rest of link distances considered. In other words, the
relative impact of jitter severity on the BER performance becomes less important as link distance
increases. The reason behind this is that the normalized beamwidth at the receiver plane is not
large enough to mitigate the effect of jitter due to the fact that the distance is relatively short.
Even so, the BER slope at high SNR is still dominated by oceanic turbulence for the whole set of
link distances considered in Fig. 2(a) and not by angular pointing errors, i.e, Gd = β1/2.
In Fig. 2(b), the same conclusions as in the previous subfigure can be drawn from a general

viewpoint. However, due to the fact that the effect of scattering is even more significant in
coastal water than in clear ocean water, potential UOWC systems would be deployed for shorter
communication link distances in order to provide a good BER performance. Interestingly, the
BER performance gets much worse when the jitter severity increases for a UOWC link distance
of 15 m. Unlike the cases of 25 and 35 m, the BER slope at high SNR is now dominated by
angular pointing errors and not by oceanic turbulence, i.e, Gd = ϕ

2
ap/2. This is due to the fact

that the beamwidth at the receiver plane is not large enough to mitigate the jitter effect. The
length of the channel impulse response tail in this figure takes values of M = {2, 3}, depending
on distance. In Fig. 3, the average BER is plotted as a function of the electrical SNR γ[dB] for
coastal water. Here, pointing errors values of (σs/a, s/a) = (2, 1), and a normalized rotation
parameter value of ρ/a = 0.8 are assumed. In this figure, we graphically depict the impact of ISI
on the BER performance due to temporal dispersion caused by scattering when the data rate is set
to Rb = {0.1, 1, 2} Gbps for a UOWC link distance of d = 35 m (labeled with PE). It is important
to note that when the data rate increases, the effect of ISI starts to become significant by inducing
a considerable power penalty in decibels that depends on the UOWC system parameters. It is
evident that the channel impulse response in UOWC systems must be included in the analysis
since it presents a remarkable impact in terms of reliable communications system design. As a
reference, the BER performance for an ideal AWGN channel (labeled AWGN), as well as when
no angular pointing errors are considered (labeled no PE) are also plotted.

5.2. Optical power penalty (OPP) results

For a better understanding of the impact of ISI on the BER performance of UOWC systems,
we obtain the OPP[dB] when oceanic turbulence is the dominant effect at high SNR, since it
achieves higher diversity gains under this condition. We quantify the OPP[dB] between the BER
when temporal dispersion produced by scattering is neglected and the BER when such a temporal
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Fig. 3. Average BER performance for coastal water over salinity-induced oceanic turbulence
in the presence of angular pointing errors when a receiver aperture diameter of D = 20
cm and a value of FOV= 180◦ are considered. These BER results correspond to a UOWC
system using NRZ OOK modulation for different values of the data rate of Rb = {0.1, 1, 2}
Gbps.

dispersion is taken into account. From Eq. (22), the OPP[dB] is readily derived as

OPP[dB] =
20
β1

log

(
1
2M

∑
ak

(1 − Xk)
−β1

)
. (24)

In Fig. 4, the above expression is plotted for coastal water as a function of the data rate, Rb
(Gbps), for different UOWC link distances of d = {15, 25, 35} m. The rest of UOWC system
parameters used in this figure are the same ones as in Fig. 3. It is confirmed that as the data rate
increases, the optical power penalty induced by ISI notably increases. When the UOWC link
distance is not too long, it may be feasible to increase the transmitted optical power to reduce

Fig. 4. OPP[dB] as a function of the data rate, Rb (Gbps), for coastal water when a receiver
aperture diameter of D = 20 cm and a value of FOV= 180◦ are considered. The same set of
UOWC system parameters as in Fig. 3 is used.
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the effect of ISI under eye-safety regulation. In another way, for longer distances, equalization
techniques are needed. In short, the UOWC channel is far away from being modeled as a flat one
where ISI does not happen. Finally, as we can see in Fig. 3, the optical power penalty obtained for
a value of data rate of Rb = 0.1 Gbps is ∼ 0.7 dB since the effect of scattering is not so relevant
at this transmission rate. However, when scattering becomes important, optical power penalties
of ∼ 4.25 dB and ∼ 5.55 dB are obtained for values of data rate of Rb = 1 Gbps and Rb = 2 Gbps,
respectively.

6. Conclusion

In this paper, the BER performance of UOWC systems has been carefully analyzed in the presence
of absorption and scattering over salinity-induced oceanic turbulence channels with angular
pointing errors. The developed BER closed-form expression, which is valid over a wide range of
SNR, has been verified by Monte Carlo simulation results for clear ocean and coastal waters.

In the light of the results presented here, it is been demonstrated that the use of a laser source
in the blue-green band allows to deploy longer UOWC point-to-point links for ocean observation
purposes. On the one hand, the performance of such systems has been analyzed in detail by
modeling firstly the attenuation due to geometric spread in the presence of scattering and, hence,
estimating the true received power. Because of scattering, the optical beam arriving at the receiver
plane is broadened even more, providing it with a natural mechanism to combat such a fading
effect at the expense of a higher attenuation since it reduces the power captured on a fixed-size
receiver. Our findings suggest that UOWC systems are less sensitive to angular pointing errors
due to jitter. Furthermore, this sensitivity decreases as the water type becomes increasingly turbid.
It is proved that that the effect of scattering cannot be ignored when modeling pointing errors in
UOWC systems. The impact of increasing the data rate of the system has also been analyzed by
computing the optical power penalty induced by ISI, showing that the underwater channel is far
away being modeled as a flat one where ISI does not take place. Finally, we conclude that the
results presented here can be considered of great relevance for communication purposes.

Beyond the work conducted here, there are other link configurations such as non-line-of-sight
that allows to deploy robust data links with no need for perfect alignment, as well as assuming
solar radiance penetration that should be investigated. In order to mitigate the effect of ISI caused
by temporal dispersion, advanced equalization techniques should be also proposed. Future work
in performance analysis of UOWC systems should concentrate on filling this gap.

Appendix A: Scintillation index

In order to analyze the BER performance of realistic UOWC scenarios, it is convenient to derive
the corresponding expression of the scintillation index as a function of distance to determine the
onset of strong fluctuations as well as to know which values of the scintillation index are valid for
salinity-induced oceanic turbulence. As described in [51], assuming plane- and spherical-wave
propagation through seawater, the scintillation index reduces to

σ2
ho
(d) = 8πk2d

∫ 1

0

∫ ∞

0
κΦn(κ)

{
1 − cos

(
dκ2

k
ξ (1 − (1 − Θ)ξ)

)}
dκdξ, (25)

where k is the wavenumber, and Φn(κ) is the power spectrum of oceanic turbulence fluctuations.
Note that Θ = 1 for plane wave, and Θ = 0 for spherical wave. Here, we use the Nikishov’s
power spectrum of oceanic turbulence that is based on a linear combination of three scalar spectra
of the temperature, salinity, and coupling fluctuations [49]. This model was obtained under
assumptions that isotropic and homogeneous oceanic waters with respect to temperature and
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salinity, and it is given by

Φn(κ)=0.388 × 10−8ε−1/3κ−11/3
[
1 + 2.35(κη)2/3

] χT

ω2

(
ω2e−ATδ + e−Asδ − 2ωe−ATSδ

)
, (26)

where ε represents the rate of dissipation of turbulent kinetic energy per unit mass of fluid,
varying in the range of 10−2 − 10−8 m2/s3, η = 10−3 m is the Kolmogorov microscale, χT
is the rate of dissipation of mean-square temperature, varying in the range of 10−4 − 10−10
K2/s, and ω is a unitless parameter that plays an important role in oceanic turbulence since it
represents the relative strength of temperature and salinity fluctuations, taking values between
-5 and 0. Oceanic turbulence is controlled by salinity when ω takes values nearby 0, and it is
controlled by temperature when ω takes values nearby -5 [49,50]. Unfortunately, Eq. (25) cannot
be expressed in closed-form. In practice, it is useful to derive a simple analytic approximation
for the scintillation index. Thus, the scintillation index is estimated as

σ2
ho
(d) ' λ1d2 + λ2d + λ3, d ≤ 100 m (27)

where λ1, λ2, and λ3 are the parameters to be solved via curve fitting approach as summarized in
Table 3. In Fig. 5, σ2

ho
(d) is depicted for different values of w when plane and spherical waves are

considered. It can be observed that the above approximation matches very well with Eq. (25).
This approximation achieves a value of coefficient of determination R-square (R2) of 0.999.

Fig. 5. Scintillation index for plane and spherical waves as a function of distance when
different values of w are considered. Eq. (25) is solved numerically and is plotted by using
solid curve, and Eq. (27) is plotted by using dashed curve. The rest of assumed values are
ε = 10−5m2/s3, and χT = 10−7K2/s.

Table 3. Scintillation index parameters.

Plane wave Spherical wave

w λ1 λ2 λ3 R2 w λ1 λ2 λ3 R2

-1 0.000536 0.00507 -0.013 0.999 -1 0.000204 0.00301 -0.0206 0.999

-0.3 0.00265 0.0436 -0.085 0.999 -0.3 0.00102 0.033 -0.158 0.999

-0.2 0.00535 0.0858 -0.114 0.999 -0.2 0.002 0.0732 -0.335 0.999

Appendix B: Geometric loss modeling

The attenuation due to geometric spread that a laser beam experiences when propagating through
seawater is modeled analytically. For that, we need to compute the off-axis received power for
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a Gaussian beam whose center is distance r from a circular receiver aperture of radius a. For
non-dispersive channels, the attenuation due to geometric spread at the receiver was approximated
in [37] as follows

hp(r) ' A0 exp
(
−2r2/ω2

zeq

)
, (28)

where A0 = [erf(v)]2 is the fraction of the collected power at r = 0 with v =
√
πa/
√
2ωz,

ω2
zeq = ω

2
z
√
πerf(v)/2v exp(−v2) is the equivalent beamwidth, ωz = θ0 · d is the beamwidth at the

receiver plane, θ0 is the divergence at 1/e, and d is the link distance. In order to include the
effect of angular misalignment, i.e. when the optical beam is non-orthogonal with respect to the
photodetector plane, an extension of this geometric loss modeling was presented in [35] where the
parameters A0 and ω2

zeq were redefined through v =
√
π
√aρ/

√
2ωz with ρ = a cos θ cos φ being

the parameter that determines the power reduction due to an angular misalignment. However, this
model cannot be used in its current form since it does not include the effect of scattering. Due to
the difficulty in solving analytically the radiative transfer equation (RTE) to take scattering into
account, we compute the true received power numerically via Monte Carlo methods, as described
in [7]. According to our simulations, the beam profile at the receiver plane is still Gaussian in
nature for clear ocean and coastal waters, but it is required to include two degrees of freedom k1
and k2 due to scattering as

hap(r) ' k1A0 exp
(
−2r2/ω2

zeq

)
, (29a)

ωz(k2) ' k2 · θ0 · d, (29b)

where k1 and k2 are the coefficients that are obtained via data fitting to simulation data to model
the increase in beam spreading due to scattering. As we can observe from the above model, k1 is
a scale parameter, and k2 is the parameter that models the beamwidth expansion, taking larger
values as scattering becomes significant. In Fig. 6, the off-axis received power is plotted as a
function of the horizontal radial displacement of the receiver for clear ocean and coastal waters
by considering a laser beam with a divergence angle of 10 mrad. The results of geometric loss
obtained via Monte Carlo simulations are displayed using solid line, and the results obtained
analytically via Eq. (29) are displayed in dashed line. As can be seen in Table 4, a larger
beamwidth due to scattering is derived in coastal water in comparison with clear ocean water. In
general, while a higher geometric loss is obtained as the UOWC link distance increases, a higher
robustness is achieved because of the beam expansion. Finally, we calculate the coefficient of
determination R2 of k1 and k2, obtaining always a value above 0.98, as outlined in Table 4.

Table 4. Geometric loss parameters.

Clear ocean water Coastal water

d (m) k1 k2 ωz/a R2 d (m) k1 k2 ωz/a R2

20 1.13 1.54 3.08 0.999 15 1.71 1.97 2.95 0.998

30 1.19 1.54 4.62 0.999 20 2.07 2.03 4.06 0.999

40 1.26 1.54 6.16 0.999 25 2.75 2.16 5.4 0.999

50 1.31 1.54 7.7 0.999 30 4.48 2.49 7.47 0.997

60 1.39 1.54 9.24 0.997 35 6.96 2.66 9.31 0.987
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Fig. 6. hap(r) as a function of the horizontal displacement r for clear ocean and coastal
waters when a receiver aperture diameter of D = 20 cm and a value of FOV= 180◦ are
considered when the divergence angle is set to θ0 = 10 mrad
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