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Abstract: Optical communication in submarine environments has emerged as a novel technology
that enables high bandwidth and high data rate links. However, the unique characteristics of
the underwater channel impose new challenges, such as mitigating the remarkable absorption
and scattering of hostile maritime environments. For the first time, we consider a per-source
optical power constraint based on eye-safety regulations, which has never before been taken into
account in Multiple-Input/Single-Output (MISO) systems within underwater optical wireless
communication (UOWC) scenarios. Hence, we introduce an innovative spatial repetition coding
(SRC) system model, which enables the analysis of an SRC scheme operating under either a
per-source or a per-transmitter power constraint. In addition, a tractable generalized transmit laser
selection (GTLS) model is presented in order to consider the impact of erroneous selections of the
best laser source due to imperfect channel state information (CSI) at the transmitter, prevalent in
underwater scenarios with dynamic fluctuations from water currents. Novel bit error rate closed-
form expressions and asymptotic results are derived. The presented results demonstrate that an
SRC system, when appropriately designed under a per-source power constraint, outperforms the
TLS system by effectively mitigating the adverse effects of underwater links. Conversely, in
situations where compact transmitters necessitate constraints that significantly modify eye-safety,
TLS schemes are superior.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The evolution of marine exploration technologies provides new insights about our oceans, such
as underground flooded mines, natural gas deposits, and biological processes of marine species
[1,2]. In parallel, the exponential development of the Internet of Underwater Things (IoUT)
requires reliable and high-speed communication links [3,4]. Classical underwater acoustic-
based communication systems suffer from bandwidth limitations and high latency, limiting the
availability of real-time applications such as remote control and video streaming of underwater
vehicles. In this context, underwater optical wireless communications (UOWC) represent an
alternative and suitable solution due to the high data rate, and its ultra-low delay latency [5,6].
Nevertheless, recent studies have demonstrated the negative impact of the underwater channel
due to the high density of small-size particles resulting in high absorption and scattering in
contrast to the atmospheric medium [7-10]. In fact, the pathloss and geometric losses due to
scattering limit the effective transmission often to a range of tens of meters [11]. In addition
to the attenuation, oceanic turbulence-induced fading due to fluctuations in temperature and
salinity has been deeply studied, revealing that its impact cannot be disregarded despite its minor
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importance in realistic ocean environments [12—15]. The modeling of these impairments and
their mitigation, remain crucial for the design of high-quality, practical and longer range UOWC
transceivers.

Traditionally, spatial diversity techniques have been in use to mitigate fading caused by
turbulence, as reported in several studies for terrestrial free-space optical communication (FSOC)
[16-20] (and references therein). The scintillation effect caused by atmospheric turbulence can
be effectively reduced through the use of multiple emitters at the transmitter, multiple apertures
at the receiver, or a combination of both. In underwater applications, similar spatial diversity
schemes have been applied directly with the aim of reducing the impact of oceanic turbulence
[21-25]. In [21,22], a comprehensive UOWC channel analysis under weak oceanic turbulence
modeled as a lognormal random variable performs the efficacy of a spatial repetition coding
(SRC) scheme over UOWC links in terms of the bit error rate (BER). In [23], the ergodic capacity
and the BER of UOWC SRC systems based on quadrature amplitude modulation is analyzed over
a turbulent underwater channel described by a generalized gamma fading channel. Recently, in
[24], a 2x2 UOWC MIMO system is analyzed in terms of BER under several sizes of air bubbles.
In [25], an adaptive power allocation algorithm with spatial modulation is proposed to reduce the
BER of a UOWC MIMO system for different types of water. In parallel with these works, a few
researchers have also explored more complex spatial diversity schemes based on the selection the
optical sub-path with the greatest value of channel gain [26-28]. This technique, also known
as transmit laser selection (TLS), is critically dependent on channel state information (CSI) at
the transmitter, because only the laser with the best available channel is emitting. The receiver
estimates the fading channel coefficients using a CSI estimation technique, such as pilot-based,
blind, or machine-learning methods [29-31]. Then, the estimated CSI is transmitted to the
transmitter via a low-rate feedback link, allowing the transmitter to select the channel with the
optimal performance for data transmission. The TLS scheme is in line with several studies in
FSOC that aim to enhance the reliability of optical wireless systems under atmospheric turbulence
channels by assuming a perfect CSI at the transmitter, which is often an unrealistic assumption
in practical scenarios [32—35]. In [26], a TLS configuration with perfect CSI at the transmitter
was proposed in order to extract channel full diversity and minimize the degrading effects of log
normal oceanic turbulence. In [27], the outage probability of each laser of a TLS system over a
vertical multi-layer cascaded Gamma-Gamma ocean turbulence channel is analyzed. In [28],
the effective secrecy throughput of a UOWC system is optimized by considering a TLS scheme
over a Weibull distribution oceanic turbulence considering angular pointing error. These recent
studies highlight the importance of continuing research on spatial diversity schemes, such as TLS,
to mitigate the different impairments of the underwater channel. However, oceanic turbulence
does not represent one of the main drawbacks such as in atmospheric FSOC as compared to the
beam attenuation due to absorption and scattering effects for realistic distances below 100 meters
in the majority of Earth’s ocean [36,37].

This paper presents the design of an SRC system specifically adapted to compensate for
the effect of underwater absorption and scattering as well as the oceanic turbulence in hostile
maritime environments. Additionally, we present a novel generalized TLS (GTLS) which takes
into account the presence of imperfect CSI at the transmitter. Unlike [38], we propose a tractable
exponential approach that models random source selections by considering a specified success
probability of obtaining perfect CSI knowledge. This imperfect CSI approach allows for the
modeling of a wide range of realistic scenarios where the CSI is not correctly obtained at the
transmitter. The average bit error rate (ABER) is evaluated by applying the proposed SRC and
GTLS strategies, considering salinity-induced oceanic turbulence channel and accounting for
absorption and scattering effects with different types of water. Hence, we derive novel ABER
closed-form and asymptotic expressions at high SNR as a function of the link parameters. The
presented results show that an SRC system outperforms the ideal TLS as long as the SRC system is
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designed according to the optical power constraint per-source conforming to eye-safety standards
as introduced in this work. Furthermore, we provide compelling evidence that the performance
of the TLS scheme is highly vulnerable to the presence of imperfect CSI at the transmitter. In
particular, even if CSI is known at the transmitter to likelihood of greater than 90%, the TLS
scheme tends to perform the SISO diversity order at high SNR. Monte Carlo simulations verify
analytical and asymptotic results.

After reviewing the literature, it is evident that these works have yet to consider the mitigation
of underwater attenuation in realistic scenarios through spatial diversity techniques. Therefore,
an in-depth analysis of various types of water is necessary for a complete implementation,
considering the unique characteristics of common underwater environments. Previous works
such as [21,23] only focus on fading channels due to oceanic turbulence without comparing
different turbid scenarios. In contrast, this work considers several link distances as well as
different types of water such as clear ocean and coastal waters. Furthermore, MISO techniques
can be exploited not only as a fading-mitigation system but also as a technique to remarkably
increase the total transmitted optical power with the idea of mitigating the main degrading factors
in UOWC: absorption and scattering. Hence, unlike [20-23], we present for the first time an
SRC system mathematical model that enables the analysis under a per-source power constraint,
which arise directly from eye-safety considerations and distance between laser sources. This can
be accomplished by constructing the transmitter in such a novel way that only a single emitter
beam is subtended by the eye at any location prescribed by the eye-safety standard, which thus
far not been analyzed in the UOWC literature. Accordingly, both the SRC and TLS systems are
evaluated under their maximum permissible optical power levels, as each laser diode is operated
at its maximum optical power permitted by international safety standards. This novel approach
permits an in-depth assessment of the impact of transmitted powers by each scheme in different
water conditions and link distances. In addition, the statistical distribution for oceanic turbulence
considered in the literature is limited to temperature-induced turbulence distributions usually
modeled as lognormal fading channels [21,22]. This constraint reduces the field of application
of the current studies because salinity gradients would be out of the analysis. For that reason,
we propose to use the Weibull distribution, which has been rigorously verified using empirical
data [12,39]. In addition, conventional TLS systems which rely on perfect CSI at the transmitter,
though analytically interesting are impractical. In contrast to [26,27], the proposed GTLS scheme
considers random errors in the feedback link, which can be result in a partial knowledge of the
CSI, as well as an outdated CSI at the transmitter.

The remainder of this paper is organized as follows. In Section 2, we describe the system and
channel models, including the proposed MISO structure design. In Section 3, we present and
analyze the mathematical models of the SRC, and GTLS. Analytical and asymptotic closed-form
expressions for the ABER are derived in Section 4. In Section 5, the proposed expressions for
several realistic link configurations and water environments are evaluated. Finally, in Section 6,
conclusions and future work are presented.

2. System and channel models

Consider a MISO communication structure with an array of M laser diodes (LD) equally spaced
on a circular arrangement at the transmitter and a single aperture of diameter D at the receiver
separated horizontally by a link span of d, as illustrated by Fig. 1. For the sake of simplicity, the
receiver is assumed to be positioned at the origin, with the transmitter and receiver node arranged
such that all LDs are concurrently observed by the receiver, thereby ensuring optimal alignment.
Intensity modulation and direct detection (IM/DD) is assumed at the transmitter and receiver
sides, respectively.

By employing an appropriate transmitter design, the typical average power constraint per-
transmitter common in RF systems [40] can be adapted to increase the total emitted optical power
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Fig. 1. Diagram of the proposed underwater MISO system.

and mitigate the severe impact of the scattering on UOWC systems in order to achieve higher
performance. According to the International Electrotechnical Commission (IEC) standards, the
average transmit optical power P, is obtained from the maximum permissible exposure definition
in a ¢, = 7 mm diameter pupil at a distance of 100 mm [41,42]. As shown in Fig. 2, a distance
between emitters, d;, ensures that an eye near the transmitter subtends only a single emitter.
Thanks to this new approach for UOWC MISO transmitters, the eye-safety constraint is satisfied in
any location, so the average power P; can be imposed per-source. To ensure this condition holds,
assume d; > ¢, + w;, where w_ is the beamwidth at 100 mm. The beamwidth can be calculated
asw, ~ 0 - 0.1, where 6 is the LD divergence angle in radians. Here, assume a symmetric LD
divergence angle for the horizontal and vertical planes of 12 mrad, so that d; > 8.2 mm to
ensure the eye-safety per-source. This condition represents a coherent and realistic physical
limitation in commercial UOWC systems with similar circular arrangements of emitters, such as
the Sonardyne BlueComm 200 [2]. The minimum distance requirement between LD emitters
ensures compliance with eye safety regulations in MISO systems, regardless of the maximum
output power of a specific laser, which is governed independently by the IEC standard. It should
be noted that this procedure has been employed in commercial terrestrial FSOC systems but has
not yet been analyzed in the existing literature of UOWC MISO systems [43].

The corresponding underwater channel is mathematically described by a composed channel
gain which accurately models the impact of the oceanic losses due to the light propagation, L, and
the fading induced by oceanic turbulence, /,. On one hand, the oceanic path loss includes the
effect of the absorption and scattering, as well as the geometric losses for an LD. As demonstrated
[11], a complete formula to compute it is given by

L=Aygxe @ 1)

where Ay = (erf [\EL;] )2 is the fraction of Gaussian beam geometric losses, w, = w./a, is the
normalized beamwidih, a, is the receiver radius, erf|[-] is the error function, « is a correcting
factor in order to consider true received power due to scattering, and c is the extinction coefficient
of the water [11,44]. Table 1 summarizes two common marine environments in terms of ¢ as the
sum of the absorption, a, and scattering, b, coefficients when A = 532 nm is assumed [S5]. On the
other hand, as proposed in [12,39], here we model the oceanic turbulence, 4, using the Weibull
probability distribution due to its high accuracy for different levels of salinity-induced oceanic

turbulence in experimental measurement data, as follows

pi-1 1o \P1
fh()(h()) = % (%) X e_(/TQ) > ho Z 09 (2)
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Fig. 2. Geometric representation of the minimum distance between emitters to guarantee the
eye-safety regulations when some emitters are simultaneously operating under a per-source
power constraint.

where 81 >0 is a shape parameter related to the strength of the oceanic turbulence-induced fading,
and $,>0 is a scale parameter which is related to the mean value of the received power [9].
The strength of the oceanic turbulence-induced fading is described by the scintillation index
o-,fo by making use of the Nikishov oceanic turbulence power spectrum. A comprehensive
understanding about the analytical power spectrum model and its parameters can be found in
[45]. The considered numerical values of parameters are summarized in Table 2. In order to
deal with several strengths of oceanic turbulence, the unitless salinity-balance parameter w is
evaluated within the interval [-5, 0] [46].

Table 1. Attenuation coefficients.

Type of water a+b=c[m']
Clear ocean water ~ 0.114 + 0.037 = 0.151
Coastal water 0.179 + 0.219 = 0.398

Table 2. Numerical values of oceanic turbulence parameters.

Parameter Value
Dissipation of turbulent kinetic energy (€) 1076 m?/s3
Dissipation of temperature (y7) 1074 K2%/s
Kolmogorov length scale (17) 1073 m
Ar 1.863 x 1072
As 1.9x 1074
At 9.41x 1073

3. UOWC MISO channel models

In this section, mathematical models of SRC and TLS systems are derived in terms of the
channel attenuation and the salinity-induced oceanic turbulence. It must be highlighted that d; is
larger than the spatial coherence radius, which is on the order of millimeters in the considered
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scenarios. As a result, predominant salinity fluctuations are supposed and uncorrelated fading
can be assumed at the receiver [47]. Furthermore, the underwater losses L can be considered
identical for all emitters due to the ratio between d; and the link distance.

3.1. Spatial repetition coding, SRC

Considering a suitable transmitter structure under the design assumption presented in Fig. 2, the
photocurrent at the receiver for the proposed SRC system can be expressed as follows

M
0
y=x1 LR Z ho, +2, 3)
=
———
hsrc

where 1 < p < M, x is the LD optical intensity, R is the photodetector responsivity which is
assumed to be the unity, and h,, is the optical intensity fluctuation through the optical path
between the i-th transmit LD source and the receiver. The noise at the receiver, denoted as z,
primarily originates from the photodetector and includes shot and thermal noise. Although solar
background noise may slightly affect UOWC links in clear ocean waters at very shallow depths,
shot and thermal noise are typically the most significant noise sources due to the high absorption
effect of solar background noise, especially in turbid waters [48]. As noted in [49,50], when the
optical intensity is high, i.e., meaning the number of photons at the receiver becomes large, shot
noise can be accurately modeled by an infinity sum of many independent Poisson distributed
random variables, which approaches to a Gaussian distribution by the central limit theorem.
Additionally, thermal noise, which is independent of the received optical signal, is also modeled
as a Gaussian distribution [51]. Hence, the noise is modeled as a statistically independent additive
white Gaussian random process which is characterized by a variance Ny/2 and a zero mean.
Unlike current UOWC MISO literature, the proposed system allows for adjustment between a
per-source power constraint and a per-transmitter power constraint. Specifically, in the scenario
where p = 1, the optical intensity at each source is restricted such that it is divided by the total
number of LD sources, denoted by M, resulting in an transmitted optical intensity of x - % This
configuration assumes an average power constraint per-transmitter. Conversely, when p = M,
each LD operates at its maximum optical intensity, resulting in an transmitted optical intensity
of x - % = x, representing a power constraint per-source. Hence, the proposed SRC scheme
can reduce the negative effect of scattering as the leading adverse factor in hostile maritime
environments by using the maximum power of each source when a power constraint per-source
is considered. Consequently, the resulting total transmitted optical power is M - P;, by increasing
the maximum optical power with respect to the common approaches in theoretical analysis of
SRC systems based on a power constraint per-transmitter considered in the literature. However,
the transmitter can optimize p to preserve the emitted power, considering the inherent energy
limitations of autonomous underwater vehicles (AUV) that are typically powered by batteries.
Regarding the form of the composite fading coefficient, while an accurate PDF of hgrc was
obtained in [52] as an infinite summation, this form is not tractable for the analysis of the
performance of SRC schemes in terms of the channel parameters, such as the severity of the
oceanic turbulence and the link distance. In order to address this inconvenience, the PDF in (2)
can be approximated by a tractable single polynomial term using the Taylor expansion, such as

pi-1
Jn,(ho) = g—; ( [%) . In Section 5, it will be demonstrated that the proposed approximation
achieves satisfactory results without compromising the accuracy of the outcomes. By assuming

independent and identically distributed fading channels, the PDF f;..(h) can be obtained by
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using the moment generating function and the Inverse Laplace Transform as follows [53]

)M MBI

Pirg)

“
i

thRC (h) = ( m,

where I'(+) is the Gamma function.

3.2. Generalized transmit laser selection, GTLS

In this subsection, we present a generalized TLS (GTLS) system, which contains both the ideal
TLS scheme analyzed in the literature as well as the incorporation of imperfect CSI at the
transmitter. In contrast to the SRC scheme shown in Fig. 3, a TLS scheme transmits utilizing a
single source at a given time instant, while the remaining sources remain idle, as shown in Fig. 4.

Laser 1

Transmitter Laser 2 Receiver

Laser M

Fig. 3. Block diagram of the proposed SRC system.

Transmitter / Receiver

\

\
Emitter / Channel
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/ : T
A ¥ 1
' .
1

Feedback

Fig. 4. Block diagram of the proposed TLS system.

In atmospheric TLS schemes, the CSI is usually sent to the transmitter node by a RF low-rate
feedback channel [32,34]. However, the use of RF feedback links is not a viable option in
underwater environments due to the significant attenuation of RF signals in seawater. Here, an
acoustic feedback link is proposed as its low data rate and propagation delay are not problematic
for underwater TLS systems, given the slow-fading nature of underwater optical power fluctuations
and the relatively short to moderate link distances [54,55].

According to the existing UOWC literature, to the authors’ knowledge, there has been no work
on realistic implementation of a TLS system in an underwater setting. In this regard, consider
imperfect CSI knowledge at the transmitter due to errors in the feedback link and/or outdated
CSI. In practice, due to imperfect CSI knowledge, the transmitter eventually transmits with an
LD from a set of available options. According to the order statistics, the transmitter selects the
r-th smallest channel gain, where 1 < r < M and r € N. In this sense, the largest order statistic is
represented by the M-th smallest channel gain. Hence, the ideal TLS scheme is modeled when
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r = M, i.e., the channel with the largest gain is always selected. The PDF of &, given the r-th
smallest channel gain can be described as follows [56, Eq. (2.1.3)]

M! B 51
TR

r—1 _ 2 \P1
x > (-1 ! (e_(ﬁz) )
=0 k

In order to shed light on what channel parameters determine the TLS ABER performance, we
obtain an asymptotic expression of f;,, (h | r), as previously mentioned in Section 3.1, as follows

Low
fho,(h | r) = (r— 1)!(M—l’)!ﬁ;ﬁl

oo, (| 1) =

(k+1+M-r) (%)

(6)

M-r
M-r| 1 _
X Z(_l)k kﬁl hﬁ](}”+k) 1.
=0 k| B,

To model a realistic scenario, consider the possibility of random incorrect channel selections
due to the degradation in the feedback channel or outdated CSI at the transmitter. Hence, r
can be modeled as a non-negative discrete random variable with a finite number of probability
mass points for a given mean E[r]|. Therefore, we propose to quantify the accuracy of the CSI
by constraining the mean of r. According to the principle of maximum entropy, if there is
no knowledge about the random variable r except the mean and non-negative constraints, the
distribution of r, i.e., f;(r), should be a geometric distribution due to the fact that presents the
maximum entropy under these constraints [57,58]. To the best of our knowledge, this approach has
not yet been considered in optical wireless communication systems. As a result, the probability
of selecting the r-th smallest channel gain can be calculated as follows

el~r

+0) = =

i=1¢€

; )

li

where [ is the growth constant. It should be noted that the normalization of the exponential
ensures er"i J+(r) = 1. Furthermore, the inherent flexibility and versatility of the exponential
function allows us to model a wide range of scenarios involving imperfect CSI at the transmitter
with the help of a growth constant. On the one hand, scenarios where the CSI is rarely outdated
at the transmitter and obtains a high likelihood of success are associated with a larger growth
constant due to the probability increases by a factor e. On the contrary, scenarios where the
CSI is commonly outdated or unknown at the transmitter are described with a lower growth
constant due to the fact that the whole of emitters present a similar probability of being selected.
A useful perspective is to consider a success probability p,s as the probability of selecting the
best channel gain, i.e., the probability of r = M. Consider defining the growth parameter /
from a success probability pys by performing the inversion of Eq. (7) when » = M. This can be
numerically accomplished with the help of mathematical software packages such as Wolfram
Mathematica. This correlation between the growth parameter and the success probability provides
novel and valuable insights into the characteristics and implications of the CSI at the transmitter
in the system performance. In Fig. 5, the proposed approach is computed for different success
probabilities of obtaining a perfect CSI at the transmitter. As can be observed, our novel approach
encompasses a spectrum of scenarios, covering the entire range between the two extreme cases.
In the worst case of imperfect CSI, which is equivalent to an absence of CSI, the transmitter
uniformly selects an emitter, i.e., py = %, which is described by / = 0. Otherwise, the case
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of having always perfect CSI at the transmitter (best case), i.e., pyy = 100%, is described by
| — oo. In practice, an [ greater than 4.6 is enough to obtain a py; > 99%, as shown in Fig. 5.
As mentioned above, E[r], py and [ provide the same information regarding the CSI at the
transmitter. However, for the reader’s convenience, throughout the remainder of the article,
only the probability of selecting the best channel gain ps will be used. Hence, the PDF of the

proposed GTLS can be obtained by averaging (7) in (5) as follows

M
Frans () = D 1) - fi, (| 7). ®)
r=1
1= : 1= : 1— :
(%) = 25% par (%) = 33% par (%) = 50%
=l [l—=0 | =l [l=02 | = [l=0.6 -
015 g = 25 015 Ml S04 0-15 ) = 3.18
£ 05) 1 o0s) 1 o0s) .
0.25 | 1 o02s) 1 02s) .
1 2 3 1 1 2 3 1 1 2 3 4
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1= : 1— : 1— : —
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Fig. 5. Probability mass function of r with 4 laser sources.

4. BER performance of MISO systems

In this section, the ABER performance of UOWC systems is analyzed when using the proposed
MISO schemes and on off keying (OOK) modulation under the composite fading channel. It
should be noted that non-return-to-zero (NRZ) OOK modulation is assumed due to its lower
bandwidth requirements. Furthermore, it is assumed that the CSI is perfectly known at the
receiver. As stated in [59], the conditional ABER at the receiver for the case of equally likely
transmitted symbols and a SISO system can be calculated as follows

PoEIR) = 0 (V2y - L-h,)., ©)

where Q(-) represents the Gaussian-Q function, y = P,\T},/ V20, is the normalized optical SNR
in the absence of fading, and T}, is the bit period. The ABER is determined by taking the average
of the PDF f}, () as follows

Py = /O”Q(\rzy.L.h) fi (B} dh. (10)
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4.1. SRC performance
The corresponding ABER of the MISO UOWC channel with SRC scheme can be calculated as

V2 pL N he - N dh
v 2ok || [, (o ah (11)

i=1 i=1

PbSRc:/ / Q
0 0
———
M

Unfortunately, as far as we know, (11) is mathematically intractable. Hence, the asymptotic
ABER solution at high SNR can be derived by using (4) to gain novel insights into the dominant
factors that impact on the ABER performance when using the SRC system. The ABER behaves
asymptotically as P, = (ch)‘Gd, where G, and G4 denote the coding gain and diversity order,
respectively [60]. Hence, by substituting (4) into (11), a closed-form asymptotic expression can
be easily derived as follows

(m (&)™ F(&))M

=M
y M, (12)
prmpr (M 4 1)

Ppgpe =

4.2. GTLS performance
The corresponding ABER of the MISO UOWC channel with a GTLS scheme can be estimated as

Pois = [ 0(Vy-L-n)f, 01 . (13)

By substituting (5) into (13) and using [61, Eq. (07.34.21.0012.01)] and [61, Eq. (06.27.26.0006.01)],
the ABER performance of a GTLS system, which transmits through the r-th smallest channel
gain, is obtained as follows

sk 1)
BiM! k

(r= DM = ! 4y7 (BLy7)
ia[Eem=ren| (£15).(1-5.8)
2,2 (WLﬁz)ﬁl (0, 1)’ (_T'Bl, %) ’ >

where Hﬁl’z (+) is the H-Fox function [62, Eq. (1.1.1)]. Similarly to the SRC scheme, the
corresponding asymptotic solution is calculated by replacing (6) into (13) as

PbTLs(r) =
(14)

m o T(Res+0)
"M -l e BLyP

Based on the approach proposed in (7), the ABER performance of a GTLS system can be
expressed as a function of the growth parameter / by averaging in r as follows

Ppys(r) = s)

M
Ppgrs = Zfr(r) “ Ppyy (1) (16)
r=1

In the same way, the asymptotic ABER performance of a GTLS system can be calculated by
substituting the asymptotic expression of Py,  proposed in (15) into (16).
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5. Numerical results

In this section, we assess the performance of the ABER for SRC and GTLS techniques in various
realistic UOWC scenarios. Firstly, we compute the ABER expressions for clear ocean and coastal
water environments to determine the benefits of these spatial diversity techniques under different
scattering conditions. It is worth mentioning that harbor water scenarios have been excluded due
to their high losses, which limit the maximum achievable distance to less than 15 meters [11].
Therefore, we consider practical link spans such as d = {30, 50,60} m and d = {20, 30,35} m for
clear ocean and coastal waters, respectively. Moreover, the parameters 51 and 3, are calculated
when the salinity-balance parameter w = —1, which represents an hostile salinity-induced oceanic
turbulence scenario [10,46]. In order to establish the baseline ABER performance, we also
include the ABER performance of a SISO UOWC system. Furthermore, the ABER results of the
conventional SRC and ideal TLS schemes are calculated to analyze the differences between the
two proposed MISO schemes and the previously reported results of SRC and TLS schemes in the
literature.

Monte Carlo simulations verify analytical and asymptotic results. The proposed simulation
platform consider 10'° bits to ensure a BER precision up to of 107 [63]. The range of SNR
considered is directly related to providing a practical average BER analysis below 107 and up to
107, which is considered a standard range benchmark in optical communication systems for
robust data transmission and a practical error-free information rate. At the receiver side, the
transmitted signal is detected using a matched filter, which maximizes the sampled SNR, and a
maximum likelihood detector is employed to minimize symbol error probability. The remainder
of configuration parameters are summarized in Table 3.

Table 3. UOWC system parameters.

Parameter Symbol Value
LD divergence angle 0 12 mrad
Wavelength A 532 nm
Photodetector surface diameter D 20 cm
Photodetector field-of-view - 180°
Salinity-balance parameter w —1 (unless specified otherwise)
Number of LDs M 4 (unless specified otherwise)
Distance between emitters d; 8.2 mm
SRC balance parameter P [0, 1]
Probability of perfect CSI at the transmitter Py (%) [0, 100]%

In Figs. 6(a), and 6(b), we present the ABER performance of two SRC schemes and GTLS
scheme with perfect CSI at the transmitter, i.e., an ideal TLS (r = M), when M = 4 laser sources
are considered in clear ocean and coastal waters, respectively. The proposed SRC scheme is
applied in order to increase the total emitted optical power, so we assume a per-source power
constraint under the assumption of Fig. 2 (o = M). That is, the proposed SRC scheme transmits
an optical power of P, from each LD source, i.e., the maximum permissible average optical power.
In the same way, each LD source in GTLS scheme also transmits P,. Hence, the comparison is
based on the number of sources and the transmitted optical power by each of them. In order to
compare these results with conventional SRC systems that have been presented in the UOWC
literature, the ABER of an SRC under a per-transmitter power constraint, i.e., p = 1, is also
depicted.

As mentioned in Section 3, an ideal TLS is included in the proposed GTLS scheme by assuming
perfect CSI (pys = 100%). As shown in Figs. 6(a), and 6(b), we demonstrate that the asymptotic
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Fig. 6. ABER in UOWC links in clear ocean (a), and coastal waters (b), under oceanic
turbulence, assuming a salinity-balance of w = —1 and several link distances when the SRC
and GTLS schemes are used with 4 emitters when perfect CSI is assumed.

expressions for ABER performance in (12) and (15) for SRC and GTLS systems, respectively, as
well as the analytic ABER performance expression for GTLS scheme in (14), match closely with
the Monte Carlo simulation results across the entire optical SNR regime. These results confirm
the high accuracy and the usefulness of the proposed closed-form expressions in both clear ocean
and coastal waters and different link distances. It is important to mention that the pathloss L is
evaluated for both clear ocean and coastal waters in Figs. 6(a) and 6(b), respectively. Despite the

short range of the link, the high pathloss
performance. In fact, at a link distance of
for a SISO system in clear ocean water i

in coastal water has a significant impact on the ABER
d =30 m and a SNR of 55 dB, the ABER performance
s P, = 1.8 x 1078, while in coastal water is P, = 0.17

when the same turbulence conditions are considered. Thus, it is remarked the dramatic impact of
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scattering, which represents the main impairment for UOWC links. At the same time, Figs. 6(a),
and6(b) also illustrate that the SRC technique outperforms the ideal TLS scheme in both kinds
of water, despite the unrealistic assumption of having perfect CSI knowledge at the transmitter.
These results highlight for the first time the advantage of using the proposed SRC system over a
TLS system due to the significant impact of scattering on the UOWC channel. This is because an
SRC system properly designed according to Fig. 2 is capable of transmitting more optical power
with the eye-safety constraint per-source by using the same number of transmitters sources, as
illustrated in Eq. (3) when p = M. Unlike the proposed SRC scheme, a conventional SRC system
with per-transmitter power constraint, i.e., p = 1, obtains a higher ABER than an ideal TLS
system. At a link distance of d = 30 m and a SNR of 60 dB, the ABER performance for the
proposed SRC system in coastal water is reduced at P, = 7.5 x 107, while in TLS scheme is
Py = 1.19 x 10~* and in a conventional SRC system is P, = 0.012.

As can be observed, the difference between the proposed SRC system and TLS system is
reduced significantly as the link distance increases. In this regard, in order to provide further
insights into the impact of the UOWC channel parameters on the ABER performance for both
schemes, we can compute mathematically the gain of the proposed SRC configuration with
respect to a TLS configuration, because both curves present asymptotically the same slope in a
log-log scale, i.e., the same diversity order, G4, at high SNR. In fact, in Fig. 6, it is clear that
there exists a gap in the abscissa-axis between the TLS and SRC ABER curves, which shows a
difference in decibels (dB) in order to achieve the same ABER performance. This gap can be
asymptotically obtained using (12) and (15) to yield

10 ((p)MBI r'(1 +Mﬁ1)).

G=——Io
Mp; 810 T(1+ g

i a7

On the one hand, in Fig. 7, we investigate the impact of the link distance on the gain of
an SRC configuration relative to a TLS scheme for different strengths of turbulence based
on the salinity-balance parameter w by assuming w = {-3,—1} when 2 and 4 laser sources
are considered. On the other hand, Fig. 8 presents similar results, where the performance
enhancement of the SRC versus TLS is plotted as a function of the numbers of laser sources with
a salinity-balance parameters of w = {—3, —1} and a link distance d = {30, 50} m.

—— M=2—-e-M=4

6 T
w=—1

54 n
= at :
=
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Fig. 7. The gain G in (17) of an SRC scheme compared to a TLS scheme as a function of
the link span, assuming p = M and perfect CSI when different severity of oceanic turbulence
conditions and number of LD sources are considered.

Firstly, it can be observed that the performance enhancement due to diversity techniques shows
different behavior for TLS and SRC schemes. It can be inferred that the coding gain of the
TLS scheme increases faster than the SRC coding gain as the link distance increases. These
conclusions can be extrapolated to both strength of oceanic turbulence. Therefore, the findings



Research Article Vol. 32, No. 24/18 Nov 2024 / Optics Express 42360 |
Optics EXPRESS A N \

6 T 6 T T T
w= -3 w=—1

S | S| |
m
=4 - 41 .
O

i H [ 11

2 2=

2 3 4 5 6 7 8 2 3 4 5 6 7 8
M M

Fig. 8. The gain G as a function of the total number of transmitter sources M, assuming
p = M when different link spans are considered under different severity of oceanic turbulence.

suggest that the benefit of the SRC in comparison to the TLS scheme is likely to become less
pronounced for extended link distances and a considerable number of light-emitting components.
However, despite the fact that a TLS system tends to exhibit a better behavior than the SRC
system at very long link distances and with several emitters, in none of the realistic analyzed
scenarios does it manage to improve the coding gain of the proposed SRC system. As mentioned
before, this assertion maintains validity because the SRC system is designed according to Fig. 2.
If the total emitted power of the source is subjected to a per-transmitter constraint, the SRC
system would exhibit a higher ABER than a TLS system. Unlike previous studies that neglect
the importance of an appropriate transmitter structure design, our findings clearly illustrate that
an alternative SRC system outperforms the TLS system in mitigating the dramatic underwater
attenuation under realistic link distances and oceanic turbulence. In addition, the aforementioned
findings can be employed to assess whether the performance in terms of BER of the SRC scheme
provides an adequate trade-off for the higher energy consumption associated with a per-source
power constraint, specially in battery-powered communication devices.

In Figs. 9(a), and 9(b), we show the ABER performance of a TLS scheme in which the
transmitter always selects the r-th smallest channel gain due to the imperfect CSI for clear ocean
and coastal water, respectively. These results provide a lower and upper bounds for the ABER
performance of a TLS system which always selects the smallest channel gain and the best channel
gain, respectively. It is essential to highlight that the ABER performance bounds in TLS systems
has been studied in terrestrial FSOC research, but not in underwater contexts. It should also be
noted that the SISO system can actually provide better performance than a TLS configuration
where the emitter selector always chooses the LD with the smallest fading coefficient in both
types of water. In clear ocean water at a link distance of 50 m and an optical SNR of 60 dB, the
UOWC SISO system achieves an ABER performance of P, = 5.16 x 1073, while a TLS system
with r = 1 achieves an ABER performance of P, = 0.02. By comparison, a TLS system with
r = 2 achieves P, = 5 x 107, a TLS system with r = 3 achieves P, = 7.8 X 107, and an ideal
TLS achieves P, = 5.3 x 1078,

After the comprehensive ABER comparison above, we turn our attention to the performance of
realistic and feasible TLS systems, in which the transmitter node randomly uses the LD with the
r-th smallest channel gain due to imperfect CSI knowledge. As opposed to Figs. 9(a), and 9(b),
where the transmitter consistently selects the r-th smallest channel gain due to imperfect CSI, the
proposed generalization for the TLS scheme, i.e., the GTLS scheme, allows that the transmitter
randomly transmits with an LD from a set of available options. Hence, in Figs. 10(a), and 10(b),
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Fig. 9. ABER in UOWC links in clear ocean (a), and coastal waters (b), under ocean
turbulence, assuming a salinity-balance of w = —1 when an imperfect TLS scheme transmits
trough the r-th smallest channel gain.

we investigate more realistically the impact of potential errors in the emitter selector block on the
ABER performance of a TLS system due to an imperfect CSI at the transmitter. We consider
different scenarios for several probabilities of obtaining perfect CSI at the transmitter. Here, we
show scenarios with a success probability of py; = {50%, 75%, 90%, 99%}, which is defined in
(7) when considering r = M. According to our results, the proposed ABER performance in (16),
in both its analytical and asymptotic form, closely matches the Monte Carlo simulation results,
validating the usefulness of these expressions. Furthermore, as anticipated, the performance of the
GTLS system is highly susceptible to imperfection in the source selection process, despite the low
probability of selecting incorrect laser sources. In order to achieve the forward-error-correction
(FEC) threshold of 3.8 x 1073, the GTLS system with py; = 50% requires an optical SNR of
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Fig. 10. ABER in UOWC links in clear ocean (a), and coastal waters (b) when a GTLS
scheme are used with 4 source lasers for several imperfect CSI at the transmitter scenarios,
under salinity-induced turbulence with a salinity-balance of w = —1.

56 dB when a link distance of 50 m and a salinity-balance parameter of w = —1 are considered
in clear ocean water. This represents an improvement of only 4 dB compared to the 60 dB
required for a SISO system under the same environmental conditions. As expected, as the
probability of obtaining perfect CSI at the transmitter increases, the gain improvement becomes
more significant, with improvements of 11 dB, 21 dB, and 29 dB computed for GTLS system
with pys = 75%, ppyr = 90%, and py; = 99%, respectively. These results contribute significantly
to exactly quantify the consequence of imperfect CSI at the transmitter in TLS systems, shedding
light on the practical feasibility and performance limitations of such systems. Further, the receiver
is able to deduce the CSI at the transmitter from the theoretical ABER in order to enhance the
feedback link. Secondly, note that the diversity order, i.e., the asymptotic slope of the ABER
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Fig. 11. Diversity order of ABER when a GTLS scheme are used with 4 source lasers for
several imperfect CSI at the transmitter scenarios in clear ocean (a), and coastal waters (b),
under salinity-induced turbulence, assuming a link distance of 35 m and a salinity-balance
of w=-1.

performance of GTLS systems, decreases as the SNR increases. Although the transmitter has a
probability of obtaining the CSI exceeding 90%, the GTLS scheme exhibits a diversity order
similar to that of a SISO system at high SNR.
To provide novel insights into the GTLS performance, we analyze the behavior of the diversity
order as follows
P (0

Gy(l) = dy

(18)
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For the convenience of the reader, we do not include the non-tractable analytic expression due
to its complexity. Asymptotically, we can also obtain a more tractable expression as follows

N w107 5030 DL 11g,))
10581 =r=1 — (M=-r)ir-1)!LB)
— rﬁ
2 M 10710 de-DE(L(148y)
L=l P

Ga(l) =

19)

Figures 11(a), and 11(b) provide insights about the diversity order of the ABER performance
of the GTLS system with 4 laser sources for several probabilities of obtaining perfect CSI at
the transmitter. We consider a salinity-balance parameter w = —1 and a link distance of 35 m
for clear ocean and coastal waters. As a reference, the diversity order of Py, ((r) in (15) is also
plotted for » = {1,2,3,4}. It should be noted that the asymptotic expression in (19) matches
accurately with analytic results at high SNR in both kinds of water. Although the probability of
obtaining a perfect CSI at the transmitter is 99%, the diversity order is far from what is obtained
when a perfect TLS system is considered. For the first time, it can be concluded that the full
diversity gain can not be achieved with a realistic TLS system when practical oceanic turbulence
scenarios are supposed, even with a py; = 99%. Furthermore, the trend of the diversity order
after the peak corroborates the results obtained in Figs. 10(a), and 10(b), where the slope of the
imperfect GTLS tends to the SISO slope, i.e., G; = 81 /2. As predicted in Fig. 10, the diversity
order falls earlier when pj, is low. These results confirm that an imperfect TLS is susceptible to
errors in the feedback link and outdated CSI at the transmitter. As can be seen, an additional
SNR is required to achieve the same G, diversity order in coastal water as in clear ocean water
with the same oceanic turbulence, which is consistent with the previous results. The inflection
point of the py; = 90% scenario is achieved at 36 dB in clear ocean water, while the same peak is
obtained at 68 dB. In Fig. 10(b), the purple circle indicates the maximum diversity order achieved
for the pys = 90% case in coastal water.

6. Conclusion

This paper analyzes the ABER of MISO UOWC systems, which are designed to compensate
for underwater absorption and scattering, as well as oceanic turbulence, in hostile maritime
environments by employing a novel view of optical power constraint in MISO systems based
on eye-safety regulations. This new perspective on optical power constraints enables a more
reasonable adaptation of UOWC transceivers to underwater environments. Further, a generalized
TLS system is proposed in order to consider an imperfect CSI due to feedback link errors and
outdated CSI. The paper presents a novel tractable exponential approach for modeling random
source selections based on the success probability of obtaining a perfect CSI at the transmitter.
This is capable of modeling a wide range of scenarios by only modifying the success probability
of perfect CSI. Analytical and asymptotic expressions are derived from comparing the ABER
performance with SRC and GTLS strategies over realistic oceanic scenarios. According to the
results obtained here, the SRC system, with an appropriate structural design, outperforms the TLS
system due to the its ability to effectively reduce the negative impact of absorption and scattering.
Hence, in scenarios with flexibility in the transmitter design which allows for enough distance
between sources and allows a per-source optical power constraint, the use of SRC emerges as the
preferable option. Conversely, in situations characterized by compact transmitters mandating
distance between sources constraints, it is recommended to use TLS schemes. In addition, in
accordance with the GTLS analysis, the ABER performance of a GTLS system is very susceptible
to imperfect CSI at the transmitter side, showing similar diversity order to SISO at high SNR.
Given the relevance of these results, this work provides a new accurate approach in the design
of practical UOWC systems under realistic underwater scenarios. However, significant challenges
remain in hostile UOWC environments, particularly regarding dynamic pointing errors and



Research Article

Optics EXPRESS

misalignment. The destabilizing effects of oceanic turbulence and tidal currents can lead to
substantial misalignment in non-stationary nodes, such as autonomous underwater vehicles
(AUVs) and remotely operated vehicles (ROVs), resulting in performance degradation of the
proposed MISO schemes. Therefore, further analysis is needed to assess how pointing errors
and misalignment, in combination with oceanic turbulence across different scattering conditions,
limit the performance of SRC and GTLS systems.
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